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Kurzfassung

Die Lunge erfüllt durch den Austausch von Atemgasen eine überlebenswichtige Aufgabe.
Der Gasaustausch erfolgt durch einen einfachen, aber entscheidenden passiven Diffusions-
prozess. Dieser findet in den Alveolen statt, ballonartigen Strukturen, die an die peripheren
Atemwege grenzen. Alveolen sind von einem dichten Netz aus kleinen Kapillaren umgeben.
Hier kommt die eingeatmete Luft in unmittelbare Nähe zu dem vom Herzen kommenden
sauerstoffarmen Blut und ermöglicht den Austausch von Sauerstoff und Kohlenstoffdioxid
über deren Konzentrationsgradienten.

Die Effizienz des Gasaustauschs kann anhand von Indikatoren wie der Sauerstoff-
diffusionskapazität der Lunge und der Reaktionshalbzeit gemessen werden. Beim Men-
schen besteht eine beträchtliche Diskrepanz zwischen physiologischen Schätzungen der
Diffusionskapazität und der theoretischen Maximalkapazität unter optimalen strukturellen
Bedingungen (der morphologischen Schätzung). Diese Diskrepanz wird durch eine Reihe
ineinandergreifender Faktoren beeinflusst, darunter strukturelle Elemente wie die Ober-
fläche und die Dicke der Diffusionsbarriere sowie physiologische Faktoren wie die Blutfluss-
dynamik. Um die verschiedenen Rollen dieser Faktoren zu entschlüsseln, untersuchten wir,
wie die morphologischen und physiologischen Eigenschaften der menschlichen alveolären
Mikroumgebung kollektiv und individuell den Prozess des Gasaustauschs beeinflussen. Zu
diesem Zweck entwickelten wir einen integrativen in silico Ansatz, der 3D morphologische
Modellierung und Simulation von Blutfluss und Sauerstofftransport kombiniert.

Im Mittelpunkt unseres Ansatzes steht die Simulationssoftware Alvin, die als interaktive
Plattform für das zugrundeliegende mathematische Modell des Sauerstofftransports in
der Alveole dient. Unser räumlich-zeitliches Modell wurde durch die Integration und Er-
weiterung bestehender mathematischer Modelle entwickelt und liefert Ergebnisse, die mit
experimentellen Daten im Einklang stehen. Alvin ermöglicht eine immersive Auseinander-
setzung mit dem simulierten Gasaustausch, indem sie Parameteränderungen in Echtzeit
und die Ausführung mehrerer Simulationsinstanzen gleichzeitig ermöglicht während sie ein
detailliertes quantitatives Feedback liefert. Die beteiligten morphologischen und physio-
logischen Parameter wurden mit einem Fokus auf der Mikrovaskulatur weiter untersucht.
Durch die Zusammenstellung stereologischer Daten aus der Literatur und geometrischer
3D-Modellierung erstellten wir ein "sheet-flow" Modell als realistische Darstellung des
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menschlichen alveolären Kapillarnetzwerks. Blutfluss wurde mit Hilfe numerischer Strö-
mungsdynamik simuliert. Unsere Ergebnisse stimmen mit früheren Schätzungen überein
und unterstreichen die entscheidende Rolle von Viskositätsmodellen bei der Vorhersage
des Druckabfalls in der Mikrovaskulatur. Darüber hinaus zeigten wir, wie unser Ansatz
genutzt werden kann, um strukturelle Details wie die Konnektivität des alveolären Kapillar-
netzes mit dem Gefäßbaum anhand von Blutflussindizes zu untersuchen. Es ist wichtig zu
betonen, dass wir uns bislang auf verschiedene Datenquellen stützten und dass für weitere
Fortschritte eine experimentelle Vailidierung erforderlich ist.
Die Integration unserer Ergebnisse in Alvin ermöglichte die Quantifizierung des simulierten
Gasaustauschprozesses über die Sauerstoffdiffusionskapazität und die Reaktionshalbzeit.
Neben der Bewertung der kollektiven Einflüsse der morphologischen und physiologischen
Eigenschaften erleichterte unsere interaktive Software auch die Bewertung einzelner Para-
meteränderungen. Die Betrachtung des Blutvolumens und der für den Gasaustausch zur
Verfügung stehenden Oberfläche ergab lineare Korrelationen mit der Diffusionskapazität.
Die Blutflussgeschwindigkeit hatte einen positiven, nichtlinearen Effekt auf die Diffusions-
kapazität. Die Reaktionshalbzeit bestätigte, dass der Gasaustauschprozess in der Regel
nicht diffusionslimitiert ist. Insgesamt lieferte unser Alveolenmodell einen Wert für die
Diffusionskapazität, der in der Mitte der früheren physiologischen und morphologischen
Schätzung lag. Daraus lässt sich schließen, dass Phänomene auf Alveolarebene zu 50%
der Limitierung der Diffusionskapazität beitragen, die in vivo eintreten.
Zusammenfassend lässt sich sagen, dass unser integrativer in silico Ansatz verschiedene
strukturelle und funktionelle Einflüsse auf den alveolären Gasaustausch aufschlüsselt und
damit die traditionelle Forschung in der Atemwegsforschung ergänzt. Zusätzlich zeigen wir
seinen Nutzen in der Lehre oder bei der Interpretation veröffentlichter Daten auf. Um unser
Verständnis zu verbessern, sollten künftige Arbeiten vorrangig darauf ausgerichtet sein,
einen zusammenhängenden experimentellen Datensatz zu erhalten und ein geeignetes
Viskositätsmodell für Blutflusssimulationen zu finden.
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Abstract

The lung plays a vital role by exchanging respiratory gases. At the core of this gas exchange
is a simple yet crucial passive diffusion process occurring within the alveoli. These balloon-
like structures, connected to the peripheral airways, are surrounded by a dense network
of small capillaries. Here, inhaled air comes into close proximity with deoxygenated blood
coming from the heart, enabling the exchange of oxygen and carbon dioxide across their
concentration gradients.

The efficiency of gas exchange can be measured through indicators such as the diffusion
capacity of the lung for oxygen and the reaction half-time. A notable discrepancy exists in
humans between physiological estimates of diffusion capacity and the theoretical maximum
capacity under optimal structural conditions (morphological estimate). This discrepancy is
influenced by a range of interrelated factors, including structural elements like the surface
area and thickness of the diffusion barrier, as well as physiological factors such as blood
flow dynamics. To unravel the different roles of these factors, we investigated how morpho-
logical and physiological properties of the human alveolar micro-environment collectively
and individually influence the process of gas exchange. To this end, we developed an in-
tegrative in silico approach combining 3D morphological modeling and simulation of blood
flow and of oxygen transport.

At the core of our approach lies the simulation software Alvin, serving as an interactive
platform for the underlying mathematical model of oxygen transport within the alveolus. De-
veloped by integrating and expanding existing mathematical models, our spatio-temporal
model produces results in agreement with experimental data. Alvin allows for real-time
parameter adjustments and the execution of multiple simultaneous simulation instances
and provides detailed quantitative feedback, offering an immersive exploration of the simu-
lated gas exchange process. The morphological and physiological parameters at play were
further investigated with a focus on the microvasculature. By compiling a stereological
database from the literature and 3D geometric modeling, we created a sheet-flow model as
a realistic representation of the morphology of the human alveolar capillary network. Blood
flow was simulated using computational fluid dynamics. Our findings were in line with pre-
vious estimations and highlighted the crucial role of viscosity models in predicting pressure
drop across the microvasculature. Furthermore, we showcased how our approach can be
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harnessed to explore structural details, such as the connectivity of the alveolar capillary
network with the vascular tree, using blood flow indices. It is important to emphasize that
so far we have relied on different data sources and that experimental validation is needed
to move forward.
Integration of our findings into Alvin allowed quantification of the simulated gas exchange
process through the diffusion capacity for oxygen and reaction half-time. In addition to eval-
uating the collective influences of the morphological and physiological properties, our inter-
active software facilitates the assessment of individual parameter value changes. Exploring
blood volume and surface area available for gas exchange revealed linear correlations with
diffusion capacity. The blood flow velocity had a positive, non-linear effect on diffusion ca-
pacity. The reaction half-time confirmed that under normal conditions, the gas exchange
process is not diffusion-limited. Collectively, our alveolar model yielded a diffusion capacity
value that fell in the middle of previous physiological and morphological estimates, implying
that alveolar-level phenomena contribute to 50% of the diffusion capacity limitations that
occur in vivo.
In summary, our integrative in silico approach disentangles various structural and functional
influences on alveolar gas exchange, complementing traditional investigations in respira-
tory research. We further showcase its utility in teaching and the interpretation of published
data. To advance our understanding, future work should prioritize obtaining a cohesive
experimental data set and identifying an appropriate viscosity model for blood flow simula-
tions.
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Chapter 1

Introduction

The lung is the central organ of the respiratory system and it performs an essential task:
gas exchange. It enables the body to take up oxygen and release carbon dioxide, thereby
maintaining vital metabolic processes. This intricate process relies on the passive diffusion
of respiratory gases. As described by Fick’s law (Fick, 1855), the rate of diffusion depends
not only on the concentration gradient but also on structural parameters: the surface area
and thickness of the diffusion barrier.
Alveoli, saccular structures opening into the peripheral airways, are the key to gas exchange
(Figure 1.1). Their epithelium is extremely thin and collectively constitutes the majority of
the lung’s surface area (Gehr et al., 1978; Hsia et al., 2016). The alveolar wall is interwo-
ven by a very dense network of small capillaries (Mühlfeld et al., 2010). In some regions,
only a barrier thinner than a micrometer, consisting of the alveolar epithelium, the capillary
endothelium and a shared basement membrane, separates the alveolar air space from the
capillary blood (Gehr et al., 1978; Weibel et al., 1993). In addition to these morphological
conditions, the efficiency of gas exchange is also influenced by physiological parameters.
In the blood, oxygen binds to hemoglobin in the erythrocytes, a reaction that is influenced
not only by the concentration of respiratory gases in the blood but also by factors such as
temperature and pH value (Dash and Bassingthwaighte, 2010). The blood volume and the
amount of erythrocytes determine how much oxygen can be transported. The flow veloc-
ity determines capillary transit time and thus the period available for the diffusion process.
If there is an increased demand, for example during exercise, the oxygen uptake can be
drastically enhanced by increasing the cardiac output (West, 2012).
One key indicator of the lung’s ability to transport oxygen from inhaled air into the blood-
stream is the pulmonary diffusing capacity for oxygen (DLO2). DLO2 quantifies the rate of
oxygen consumption V̇O2 in liters per minute (l/min) relative to the average oxygen partial
pressure gradient between air and blood, ∆pO2 (Lindstedt, 1984):

DLO2
=

V̇O2

∆pO2

(1.1)
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Figure 1.1: Schematic representation of the lung with its alveoli. The alveoli are connected to the

peripheral airways. They are surrounded by a dense capillary network and have a remarkably thin

epithelium. As a result, the inhaled air comes in close proximity to the blood and gas exchange takes

place.

Physiological and morphological estimates of diffusion capacity differ considerably. While
the physiological estimate of 30 ml/(mmHg·min) (Hsia et al., 2016) corresponds to the net
oxygen consumption at rest, the morphological estimate of 158 ml/(mmHg·min) (Weibel,
2009) describes the maximum capacity under optimal structural conditions. The discrep-
ancy between the two values signifies that the maximal capacity is not being exploited in
vivo. In addition to the above-mentioned morphological and physiological factors at the
alveolar level, these limitations can also be related to higher-level phenomena like the ratio
of perfusion to ventilation or to non-pulmonary factors associated with the cardiovascular or
skeletal muscle system (Hsia, 2002).

The experimental investigation of the factors that influence the efficiency of gas exchange
at the alveolar level represents a major challenge: On the one hand, the tissue is subject
to major volume changes and deformations during a breathing cycle. Secondly, the dimen-
sions of the alveolus with a diameter of approximately 200 µm (Hansen and Ampaya, 1975;
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Mercer et al., 1994) are below the resolution of current non-invasive characterization and
imaging techniques. Consequently, we rely on fixation of the tissue. Depending on the
fixation method, however, different biases and information losses must be accepted (Tuğcu
et al., 2013; Braber et al., 2010; Hausmann et al., 2004; Javed et al., 1994; Mooi and Wa-
genvoort, 1983). As a result, although tissue structure and function are closely intertwined,
experimental studies are typically not integrating both.
Whenever experimental methods reach their limits in the elucidation of a system, theoretical
models emerge. With regard to gas exchange, this involved mathematical formulations for
fundamental processes such as the diffusion of oxygen across the tissue barrier (Weibel
et al., 1993) or the binding of oxygen to hemoglobin in erythrocytes (Dash et al., 2016). Be-
yond this, in silico models of alveoli have been developed to study gas exchange, taking into
account structural and functional influences. These models vary in focus, with some empha-
sizing oxygen transport in either the air (Hofemeier et al., 2016) or blood space (Zurita and
Hurtado, 2022), representing the other compartment and the diffusion barrier as boundary
conditions. More holistic approaches have employed simplified, single-compartment mod-
els to simulate oxygen diffusion and transport in both air and blood spaces (Ben-Tal, 2006).
Remarkably generic, these models can represent different systems, from the entire lung
to specific components like an acinus (a whole branch of the airway tree in the respiratory
zone) or individual alveoli, depending on the chosen boundary conditions. In a more recent
and sophisticated approach, the distribution of oxygen transport in the air, across the tissue
barrier and with the blood has been studied taking into account the respiratory dynamics
in the alveolus (Si and Xi, 2022). While holding great potential, this work has primarily fo-
cused on the physiological processes that govern gas exchange in the alveolus. The tissue
structure has been simplified due to the limited computing capacity.
Our objective was to build on this previous work and complement it by developing an in-
tegrative in silico model of the alveolus that takes into account both morphological and
physiological details.

Objective

This thesis addresses the question of how morphological and physiological characteristics
collectively and individually influence the process of gas exchange in the human alveolar
micro-environment. We investigated this topic with a particular focus on the alveolar capil-
lary network. From Fick’s law of diffusion we know that the capillary surface area influences
the diffusion rate of the respiratory gases. We also know that the capillary and blood vol-
ume determines the capacity to transport gases and that the blood flow velocity sets the
time available for the diffusion process. We set out to simulate the interplay between these
factors and quantify their influence on gas exchange using key indicators such as the DLO2
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and reaction half-time. This implied the integration of morphological and physiological data.
At the heart of the project is the interactive application Alvin, which simulates the gas ex-
change process based on a time-resolved mathematical model (Figure 1.2). In Alvin, the
simulation results are displayed both visually in the form of a 3D model and quantitatively
in the form of dynamic graphs. The model parameters can be configured by the user, the
default settings are based on reference values from the literature. It is possible to run sev-
eral simulation instances simultaneously and compare their results. We present how Alvin
can be applied in teaching or to interpret and review published data. Alvin and its appli-
cation use cases were published in Schmid et al. (2022). In Alvin, the parameters can be
configured individually and independently of each other. In reality, however, there are in-
terdependencies between them. This also applies to the factors that are the focus of our
interest: the morphology of the capillary network and the dynamics of blood flow. To fur-
ther investigate these relationships, anatomically realistic models of the alveolar capillary
network were created in the next part of this study based on morphometric data from the
literature. To predict the dynamics of blood flow in this capillary geometry, we used compu-
tational fluid dynamics simulations. This method provides an in-depth understanding of the
flow paths and the distribution of flow velocity and static pressure in the model. By intro-
ducing variation in morphology, we can quantify its influence on indices such as mean flow
velocity within capillaries and arteriole-to-venule pressure drop. Conversely, we demon-
strate how this approach can be used to infer structural details from blood flow parameters.
Finally, the findings from data-based 3D modelling and blood flow simulation are integrated
into Alvin to investigate their influence on DLO2 and reaction half-time.
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Figure 1.2: The software Alvin serves as an interactive platform for simulating gas exchange in the

human alveolus. The user may configure the model parameters and results are displayed both visu-

ally and quantitatively. A database of morphometric and physiologic measurements forms the basis

for the default parameter settings in Alvin, for the 3D tissue modeling and for the choice of boundary

conditions for the blood flow simulations. The results of the latter two are in turn incorporated into

the parameter settings of Alvin.
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Chapter 2

Methods

Methodologically, the study can be divided into three main parts. In the first and overarching
part, the simulation software Alvin was developed. Alvin and its underlying mathematical
model were implemented in Unity, a game engine for creating interactive real-time con-
tent (https://unity.com/). The second part of the study involved in silico modeling of
the alveolar tissue, with a specific focus on the alveolar capillary network. We conducted
this work in the open-source 3D creation suite Blender® (https://www.blender.org/,
which provides powerful tools for 3D modelling. Lastly, we performed blood flow simula-
tions in Ansys® Fluent®, a leading commercial CFD software (https://www.ansys.com/
products/fluids/ansys-fluent). It is worth noting that the coupling between 3D mod-
eling and CFD simulation required several intermediate steps and the use of additional
software tools. Cross-software data analysis and plotting of results was performed using
the Python programming language v3.11.5 (https://www.python.org/). ChatGPT was
used to revise the text for this thesis.

2.1 Simulation software Alvin

The development of the Alvin application was an interdisciplinary project carried out by a
team of developers and supervising experts in games engineering, mathematical modeling
and physiological education. The design of this software commenced with a requirements
analysis, which encompassed the identification of target user groups and the crucial func-
tionalities envisioned for this application. Our primary target group were scientists. Alvin
was intended to convey the state of the art in gas exchange modeling to peers in the re-
search domain, as well as to undergraduate students as part of their education. The primary
aim of Alvin was not solely to present finalized simulation outcomes, but also to facilitate
dynamic interactions with model parameters during simulations. This, in turn, allows for
exploration of the model and testing of new hypotheses.

https://unity.com/
https://www.blender.org/
https://www.ansys.com/products/fluids/ansys-fluent
https://www.ansys.com/products/fluids/ansys-fluent
https://www.python.org/
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2.1.1 Requirements analysis

Based on our goals, a catalogue of requirements was developed in a user-centered en-
gineering approach. This involved the formulation of requirement concepts based on the
anticipated needs of the target users. In an iterative process, these concepts were reviewed
by the supervising experts. Concepts were either approved or returned for further refine-
ment. Later, following the same principle, prototypes of the application were tested by the
supervising experts and volunteers. The feedback was actively incorporated into the design
and engineering process. The final requirements were divided into three categories based
on whether they pertain to Scientific (S), Educational (E), or Accessibility (A) aspects.

Scientific Requirements
S.1 Gas exchange model suitable for interactive configuration.

S.1.1 Model parameters as public variables.
S.2 Interfaces for interaction.

S.2.1 UI that allows configuration of model parameters and a simulation that
responds directly to these configurations.

S.2.2 The application should allow comparisons of simulations with different
model configurations.

S.2.3 Possibility to reset the simulation.
S.3 Quantitative simulation output.

S.3.1 Quantitative results in the form of graphs and key conclusion values.
S.3.1.1 Dynamic plots that provide immediate feedback to model configura-

tions by the user.
S.3.1.2 Readouts that allow comparison with experimental data (for model

validation and application in research): DMO2, DLO2, reaction half-
time.

S.3.2 Possibility to follow the simulation time.
S.4 Visual feedback that emphasizes the connection between structure and func-

tion of the alveolus.
S.4.1 Zoomed-in system visualization: realistic, three-dimensional model of an

alveolus.
S.4.2 Illustration of both model configurations (starting partial pressures of

O2/CO2, blood volume and -flow velocity, thickness of tissue barrier) and
simulation output (partial pressures of O2, erythrocyte O2 saturation) on
the 3D model.

S.4.3 Emphasis on the connection between parameter configurations and out-
put.
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Educational Requirements
E.1 Presentation of educationally relevant respiratory phenomena.

E.1.1 Consideration of both healthy and common disease conditions (pneumo-
nia, ARDS, COPD, pulmonary fibrosis, pulmonary embolism) and means
of comparison.

E.1.2 Consideration of the Bohr / Haldane effect.
E.1.2.1 The model parameters to be configured must include those that are

decisive for the Bohr effect.
E.1.2.2 Oxygen binding curve as an additional quantitative output.

E.2 Facilitate autonomous work with the application.
E.2.1 Background information on model parameters, disease conditions and

output in the form of explanatory text.
E.2.2 Helping the user understand how to relate the simulation to physiology.

E.2.2.1 Classification of the parameter configuration in relation to physiologi-
cal value ranges.

E.2.2.2 Classification of the (quantitative) simulation output in relation to phys-
iological value ranges.

Accessibility Requirements
A.1 Compatibility with common devices (computers or tablets with windows, iOS or

linux).
A.2 Simple and clear GUI (to enhance the intuitive use of the system).

A.2.1 A GUI that juxtaposes model configuration and output (visual and quanti-
tative) to provide an overview of the most important functionalities at first
glance.

A.2.2 Well arranged design of parameter menu.
A.2.2.1 Model parameters sorted into meaningful groups.
A.2.2.2 Sliders (convenient) and input fields (explicit) for parameter configu-

ration.
A.2.3 Detailed information on model parameters and output that appears only

when needed (in the form of pop-up windows and tooltips) to avoid over-
loading the GUI.

A.3 Applicability to the widest possible range of scientific issues.
A.3.1 Possibility to configure a wide range of parameter values.
A.3.2 Common gas units (mmHg and SI unit kPa).
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2.1.2 An integrative, spatio-temporal model of oxygen transfer from

alveolar air to hemoglobin in pulmonary capillary blood.

The core of the Alvin application is a mathematical model for gas exchange in the human
alveolus. The process of oxygen uptake can be divided into two steps (Roughton and
Forster, 1957): 1. The diffusion of O2 from the air into the blood and the interior of ery-
throcytes, and 2. the binding of O2 to hemoglobin. In accordance with these two steps,
we structured our mathematical model into two sub models. To account for O2 and CO2

pressure gradients within the blood compartment, we discretized a representative capillary
into equally sized sections (Figure 2.1). In a first step, the oxygen diffusion from the alveolar
air is calculated for each capillary section successively. Let us consider blood entering the
first section with a given pO2. According to Fick’s law, the oxygen flow ν across the barrier
is a function of morphological parameters and the pressure gradient ∆pO2 between air and
blood (Weibel et al., 1993), such that

ν = DMO2 ·∆pO2 =KO2 ·
s

τ
·∆pO2 (2.1)

The membrane diffusing capacity for oxygen (DMO2) is the ratio of surface area s to barrier
thickness τ multiplied by the permeability coefficient KO2 . The amount of oxygen that dif-
fuses into this capillary segment results from ν and the residence time of the blood in this
segment, the latter being dependent on the flow velocity. With this amount of oxygen, the
pO2 of the blood in the next capillary section is updated and a new cycle of calculation as
described above is started.
The quantity of CO2 diffusing out of the capillary and into the alveolus is governed by the
respiratory exchange ratio, which is defined as the ratio of CO2 produced to O2 consumed.
It is determined by analysis of exhaled air in comparison to ambient air and its average
value for the human diet is approximately 0.82 (Sharma et al., 2020).
The part of our mathematical model that describes the binding of O2 and CO2 to hemoglobin
was taken from Dash et al. (2016) and reads:

SHbO2 =
(pO2/p50)

nH

1 + (pO2/p50)nH
. (2.2)

This Hill function sets hemoglobin oxygen saturation (SHbO2) in relation to pO2, the Hill
coefficient nH and p50, the value of pO2 at which hemoglobin is 50 % saturated with O2.
The Hill coefficient nH depends on pO2, so that

nH = α− β · 10(−pO2/γ), (2.3)

where α, β and γ are parameters associated with the apparent cooperativity of O2 and
Hb. The values of these parameters were taken from Dash et al. (2016) and are listed in
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Figure 2.1: Schematic depiction of the model capillary with erythrocytes, isolated from the alveolar

space by a single layer of alveolar epithelium. A) To reconstruct O2 and CO2 pressure gradients

along the capillary, it is discretized into equally sized sections. The pressure gradient (∆pO2) be-

tween the alveolar space and blood, along with the resultant oxygen flow, is sequentially computed

for each section. Subsequent sections are influenced by the oxygen flow of the preceding one, which

impacts pO2 and thus ∆pO2. Oxygen diffusion, contingent on ∆pO2, follows Fick’s law (Weibel et al.,

1993). B) Guided by the pO2 and pCO2 gradients across the capillary sections resulting from step

1, the hemoglobin oxygen saturation (SHbO2) is determined for each section. The corresponding Hill

equation has been established and fitted to experimental data (Dash et al., 2016). Adapted from

Schmid et al. (2022).

Table 2.2. The parameter p50 depends on blood pCO2, blood temperature (T), erythrocyte
pH (pHrbc), and the concentration of the organic phosphate 2,3-bisphosphoglycerate ([2,3]-
DPG). Dash et al. (2016) described these dependencies in polynomial expressions and
fitted them to experimental data:

P50 = P50,D · (P50,∆pH

P50,D

) · (P50,∆CO2

P50,D

) · (P50,∆DPG

P50,D

) · (P50,∆T

P50,D

) (2.4)
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P50,∆pH = P50,D − 25.535(pH − pHD) + 10.646(pH − pHD)
2 − 1.764(pH − pHD)

3

(2.4a)

P50,∆CO2 = P50,D + 0.1273(pCO2 − pCO2,D) + 1.083 · 10−4(pCO2 − pCO2,D)
2 (2.4b)

P50,∆DPG = P50,D + 795.63([DPG]− [DPG]D)− 19660.89([DPG]− [DPG]D)
2 (2.4c)

P50,∆T = P50,D + 1.435(T − TD) + 4.163 · 10−2(T − TD)
2 + 6.86 · 10−4(T − TD)

3. (2.4d)

The default values for all model parameters from Equation 2.4 and Equations 2.4a-2.4d,
indicated with a ’D’, were adopted from Dash et al. (2016) and are listed in Tables 2.1 and
2.2.
In our model, the SHbO2 for each capillary section is calculated as a function of the pO2 and
pCO2 values prevailing there, as determined in step 1.

2.1.3 Implementation

Alvin was implemented in Unity version 2020.1.16f1, using C# as the programming inter-
face. A comprehensive description of the application and its functionalities in meeting the
specified requirements is included in the Results Section 3.2. This section presents the
model parameters, background information on the simulation output and two different pro-
totypes.

Model parameters

The values of the morphological and physiological parameters used in the mathematical
model were chosen according to the existing literature. In Alvin, most of these parameters
can be configured by the user within a certain range of values (Table 2.1).
Other parameters are not configurable by the user and are not displayed on the user inter-
face of the application (Table 2.2). They are part of the mathematical model in the back-
ground (permeability coefficient and capillary length) or are required for the presentation of
simulation results in the form of dynamic graphs, as detailed in the next Section.

Simulation output

Parameter changes lead to a run-time update of the simulation and the simulation output.
The "Oxygen Saturation along Capillary" plot directly presents the result of the mathemati-
cal model by plotting the saturation values along the capillary as a function of transit time.
For the simulation output "Oxygen Uptake," further calculations need to be performed, tak-
ing into account several parameters (Table 2.2). The amount of oxygen taken up by the
representative capillary is calculated from the number of RBCs reaching the end of the cap-
illary and their oxygen saturation, assuming the number of hemoglobin molecules per RBC.
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Parameter Unit Default
value

Reference Value Range

Alveolar pO2 mmHg 100 Sharma et al. (2020) 1 - 150
Blood pO2 mmHg 40 Dash et al. (2016) 1 - 150
Alveolar pCO2 mmHg 40 Sharma et al. (2020) 1 - 150
Blood pCO2 mmHg 45 Dash et al. (2016) 1 - 150
Surface area µm2 121000 Mercer et al. (1994) 0 - 210000
Thickness of
tissue barrier

µm 1.11 Gehr et al. (1978);
Weibel et al. (1993)

0.1 - 0.3

Blood flow velocity mm/s 1 Abstracted from:
Weibel et al. (1993);
Petersson and
Glenny (2014)

0.01 - 2

Blood volume µm3 410000* (50 %
"capillary recruitment")

Abstracted from:
Mühlfeld et al.
(2010); Okada et al.
(1992)

1 - 820000

Blood
temperature

°C 37 Dash et al. (2016) 20 - 44

Erythrocyte pH
(pHrbc)

7.24 Dash et al. (2016) 5.8 - 8.2

Concentration of
[2,3]-DPG

mM 4.65 Dash et al. (2016) 1 - 10

Table 2.1: Configurable model parameters in Alvin and their default settings. Depending on these

morphological and physiological parameters, the mathematical model in Alvin predicts the course

of gas exchange in one alveolus. The default settings were chosen based on literature values

and represent mean values corresponding to a single alveolus. In Alvin, these parameters can be

configured within the specified value range. *Estimates for the entire lung were scaled down to a

single alveolus, assuming a total number of 480 million alveoli in the human lung (Ochs et al., 2004).

Results are extrapolated to the entire alveolus via the number of capillaries per alveolus.
Similarly, to calculate the diffusion capacity of the whole lung, the alveolar oxygen uptake is
multiplied by the number of alveoli in the human lung. The "Oxygen Dissociation Curve" is
calculated independently of the main simulation. Considering the model parameter config-
urations, the second sub-model (Equation 2.2) is used to predict Hb oxygen saturation for
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Parameter Unit Value Reference

Permeability coefficient KO2 cm2/(s·mmHg) 5.5·10-10 Weibel et al. (1993)
α 2.82 Dash et al. (2016)
β 1.2 Dash et al. (2016)
γ mmHg 29.25 Dash et al. (2016)
p50 at default conditions
p50D

mmHg 26.8 Dash et al. (2016)

Capillary length µm 500 Weibel et al. (1993)
Number of capillaries 52 Calculated from capillary

volume, radius and length
Mühlfeld et al. (2010);
Weibel et al. (1993)

Number of Hb molecules
per RBC

270·106 Pierigè et al. (2008)

Number of alveoli in human
lung

480·106 Ochs et al. (2004)

Table 2.2: Constant model parameters in Alvin and their references.

a range of partial pressure values.

Prototypes

Two distinct prototypes of Alvin were developed to suit the different use cases detailed in
this study. One prototype was tailored for educational purposes (Section 3.3.1), offering
two levels of varying complexity. In the initial level, only a single simulation instance can
be executed at any given time. Access to the more intricate second level, which unlocks
the full complexity, is granted through an access code. The second prototype, designed for
research purposes, has additional readouts. In particular, it provides data on the "mem-
brane" diffusion capacity for oxygen (DMO2) and the reaction half-time, which is crucial for
model validation (as discussed in Section 3.1). In addition, this prototype includes the lung
diffusion capacity for oxygen, DLO2, in the simulation output.
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2.2 3D in silico modeling of the human alveolus and alve-

olar capillary network

Three-dimensional models of the alveolus and the ACN were created in Blender® (https:
//www.blender.org/) version 2.82 (Alvin model) and 3.3 (refined models). A simplified
model of the alveolar tissue, including the capillary bed, served as the basis for visualizing
the simulated gas exchange process in Alvin. The 3D model’s proportions were roughly
aligned with literature references to represent tissue structure as realistically as possible.
As the project progressed, the 3D modeling of the ACN was refined, and its alignment with
morphometric literature values was monitored more rigorously. Two different concepts of the
ACN geometry, the tube-flow and sheet-flow, were compared, employing different modeling
strategies in Blender. To investigate the connection between the capillary network and the
vascular tree, the sheet-flow ACN model was linked to different configurations of arterioles
and venules.

2.2.1 3D visualization of the alveolus and alveolar capillary network

for Alvin

The 3D model of the alveolus in Alvin was aimed to realistically represent tissue structure
and facilitate the visualization of gas exchange. To this end, the sizes of the alveolus and
the alveolar capillary network were based on literature values, as summarized in Table 2.3.
The alveolus was modeled as a truncated sphere, with an opening, the ’alveolar mouth’,
forming the access to the airways. It comprises a single layer representing the tissue barrier,
including connective tissue fibers, epithelial cells, and alveolar lining fluid. The capillary
bed, a network of branching tubes, was modeled around this alveolus according to the
tube-flow concept. The connection of the ACN to other capillaries and/or the vascular tree
is illustrated by two representative connecting vessels. To facilitate the visualization of blood
flow processes in Alvin, a path along the capillary network was cut open, providing a view
into its interior.

2.2.2 Refined data-based model of the human alveolar capillary net-

work

First, an alveolar base in the form of an open 3/4 spheroid was modeled as a scaffold for
the ACN (Figure 2.2 A). For this, we drew on input parameters comprising the alveolar
volume or diameter (Hansen and Ampaya, 1975; Mercer et al., 1994; Ochs et al., 2004),
the diameter of the mouth (Hansen and Ampaya, 1975; Matsuda et al., 1987) as well as
the number and diameter of pores of Kohn (Kawakami and Takizawa, 1987; Toshima et al.,

https://www.blender.org/
https://www.blender.org/


2.2 3D in silico modeling of the human alveolus and alveolar capillary network 23

Parameter Unit Literature
value

Reference Blender
model

Alveolar diameter µm 225 (Mercer et al., 1994) 225
Alveolar volume µm3 4.2·106 (Ochs et al., 2004) 5.4·106

Alveolar surface area µm2 121000 (Mercer et al., 1994) 150000
Capillary volume µm3 820000* (Mühlfeld et al., 2010) 787000
Capillary surface area µm2 540000* (Mühlfeld et al., 2010) 335000
Capillary radius µm 3.15 (Mühlfeld et al., 2010) 4.28
Capillary segment length µm 5.92 (Mühlfeld et al., 2010) 8.62

Table 2.3: The 3D visualization of the alveolus and the alveolar capillary network in Alvin was

created in Blender®, based on literature measurements. *Estimates for the entire lung were scaled

down to a single alveolus, assuming a total number of 480 million alveoli in the human lung (Ochs

et al., 2004).

2004). The resulting surface area, depth and volume or diameter of the alveolar base model
were considered output parameters and evaluated by comparison with corresponding liter-
ature values (Hansen and Ampaya, 1975; Mercer et al., 1994; Ochs et al., 2004; Stone
et al., 1992). All reference values and model measurements are detailed in the Results
Section 3.4. Similarly, we applied a set of input parameters to model the ACN and utilized
others as output parameters for evaluation purposes. We considered two distinct concepts
of ACN geometry that have been proposed in the literature: the tube-flow (Mühlfeld et al.,
2010) and the sheet-flow (Fung and Sobin, 1969). The differences between these geo-
metric concepts are reflected in different input parameters for modeling (Figure 2.2 B). The
tube-flow ACN is constructed based on the diameter and the length of capillary segments
(Mühlfeld et al., 2010). For the sheet-flow ACN, the thickness of the sheet as well as the di-
ameter of the pillars and their distance to another was taken into account. It is worth noting
that for the sheet-flow input parameters, we only found reference data from feline models
(Sobin et al., 1970). To accurately represent the morphology of the human ACN in the
context of the sheet-flow concept, we made these assumptions: the thickness of the sheet
corresponds to the capillary diameter, and the spacing between pillars matches the length
of capillary segments. The diameter of the pillars was derived by assuming the ratio of pillar
diameter to interpillar distance of about 0.5 observed in cats (Sobin et al., 1970). The out-
put parameters assessed were ACN volume and surface area (Mühlfeld et al., 2010; Gehr
et al., 1978). In addition, the surface area of the ACN in contact with the alveolar base was
measured and interpreted as the surface area available for gas exchange. Again, reference
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values and model measurements are provided in Results Section 3.4.

Figure 2.2: A) The alveolar base in the form of an open 3/4 sphere served as the basis for modeling

the capillary network. B) Two distinct concepts of the capillary bed geometry, tube-flow and sheet-

flow, were compared. The tube-flow capillary network is characterized by the length and diameter of

its capillary segments. In contrast, the sheet-flow capillary bed is determined by the sheet’s height,

the diameter of the tissue pillars, and the spacing between them (interpillar distance).

2.2.3 Modeling strategies in Blender

In Blender, different modeling workflows were used to create the tube-flow and the sheet-
flow geometries of the ACN (Figure 2.3). The initial step involved extending a surface
around the alveolar base, which formed the basis for the subsequent construction of the
ACN. We call this surface the capillary base surface. For the tube-flow model, this sur-
face was positioned at a distance equal to the capillary radius from the alveolar base (Fig-
ure 2.3 AI). Drawing inspiration from published electron microscopy images of the ACN
(Mühlfeld, 2021; Du et al., 2020; Buchacker et al., 2019), which predominantly displayed
trivalent nodes between capillary segments, we opted for a topology featuring hexago-
nal and pentagonal faces for the capillary base surface. This choice resulted in trivalent
vertices and was achieved using Blender’s Tissue add-on’s Dual Mesh algorithm. This al-
gorithm transforms a triangular mesh into a polygonal mesh by subdividing the faces and
subsequently dissolving the original vertices. The edges of these faces would later form the
centerlines of the capillary tubes. The face centers would be replaced by voids which, de-
pending on their diameter, represent capillary loops or interalveolar pores of Kohn. Subse-
quently, a voluminous body was formed from the capillary base. In the tube-flow model, this
transformation was achieved using the Wireframe modifier, which systematically processed
all faces and converted edges into quadrilateral polygons (Figure 2.3 AII). The thickness
setting of the modifier controlled the width of these polygons and thus the later capillary
diameter. Lastly, the capillary geometry was smoothed using two iterations of the Subdivi-
sion Surface modifier (Figure 2.3 AIII). For modeling the sheet-flow geometry, the capillary
base surface was positioned directly at the alveolar base (Figure 2.3 BI). The positions for
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tissue pillars were randomly distributed across this surface using a simple script, ensuring
a specified average distance between them. The script enforced a minimum spacing of
one and a half times the pillar diameter. Additionally, positions for the necessary number of
pores of Kohn were allocated manually. These positions were then punctured on the cap-
illary base surface with holes that matched the diameters of the tissue pillars and pores of
Kohn, respectively. By extruding the capillary base surface away from the alveolar base by
the desired sheet thickness, a voluminous body was obtained (Figure 2.3 BII). Again, two
iterations of the Subdivision Surface modifier were applied to smooth the capillary geometry
(Figure 2.3 BIII).

Figure 2.3: Tube-flow (A) and sheet-flow (B) models of the alveolar capillary network were modeled

in Blender following different workflows. The first step (I) involved creating a base surface for the

capillary network (red) around the alveolar base (brown). In second step (II) a voluminous body was

formed from the capillary base surface. In a final step (III), the capillary geometry was smoothed

using two iterations of the Subdivision Surface modifier.

2.2.4 Model geometries for connectivity analyses

Since the alveolar parenchyma including the capillary network resembles a sponge-like
continuum, it is difficult to quantify the connection between the ACN and the arterial and
venous vascular trees (Zhuang et al., 1985). To investigate this linkage, the 3D sheet-flow
model was connected to a pair of cylindrical vessels facing each other (Figure 2.4). One
arteriole and one venule, both with a diameter of 20 µm, were chosen as the default configu-
ration. There are different specifications in the literature for the diameter of the pre-capillary
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arterioles. This has led us to create further models with vessels of increasing diameter
from 20 µm to 60 µm in steps of 10 µm. The ACN is a continuous structure associated to
multiple arterioles and venules and extending across multiple alveoli (Mühlfeld, 2021). The
delineation of a distinct perfusion unit that is supplied by one arteriole and drained by one
venule is difficult. Therefore, to characterize the tissue structure, it is sensible to assess
the ratio of arterioles and venules to alveoli. In addition, therefore, we included models with
gradually increasing numbers of vessels from one to five. In so-called symmetrical model
sets, these vessel configurations were applied to both arterioles and venules. Furthermore,
asymmetric model sets comprised models with variations in only one of the vessel types
(arterioles or venules), while the other vessel retained the standard configuration.

Figure 2.4: The capillary network was linked to arterioles and venules. The default configuration (A)

involved one arteriole and one venule, each with a diameter of 20 µm. Further configurations were

introduced by changing either the diameter (B) or the number (C) of these vessels.

2.3 Computational fluid dynamics

Computational Fluid Dynamics (CFD) served as a powerful tool in our study, enabling us
to simulate blood flow dynamics within our 3D models of the ACN. Based on our model
geometries, flow domains were defined and high-quality computational meshes were built.
On these meshes, a physical model describing the flow was solved numerically. The quality
of the solution was assessed systematically.

2.3.1 Introduction to CFD

CFD is based on the Navier-Stokes equations, a system of non-linear partial differential
equations of second order that can fully describe the flow of a fluid (Ferziger et al., 2020;
Versteeg and Malalasekera, 2007; ANSYS, 2009a). This system of equations can generally
not be solved analytically. In order to solve them, discretization methods are employed and
simplifying assumptions are introduced.



2.3 Computational fluid dynamics 27

Conservation of mass and momentum

Fluid flow through a control volume is described by the conservation equations for mass
(Equation 2.5) and momentum (Equation 2.7). Detailed derivations of these are available in
established literature such as Bird et al. (2006) and Ferziger et al. (2020). In short, the con-
servation of mass, often referred to as the continuity equation, states that the rate of change
of mass within the control volume is equal to the net mass flux across its boundaries. In
differential form, this can be expressed with the divergence of the mass flux density vector
(ρv⃗), where ρ represents the fluid density, and v⃗ is the velocity vector:

∂ρ

∂t
+∇ · (ρv⃗) = 0. (2.5)

For incompressible fluids,∂ρ
∂t

can be neglected. In the three-dimensional Cartesian form,
the continuity equation then reads

∇ · (ρv⃗) = ∂(ρu)

∂x
+

∂(ρv)

∂y
+

∂(ρw)

∂z
= 0, (2.6)

where u, v and w represent the Cartesian components of the velocity vector v⃗.
The momentum conservation equation is derived from Newton’s second law of motion and
states that the rate of change of momentum within the control volume is balanced by internal
and external forces. In differential form, this principle can be expressed as:

∂(ρv⃗)

∂t
+∇ · (ρv⃗ ⊗ v⃗) = −∇p+∇ · ¯̄τ + ρg⃗. (2.7)

The term on the left hand side includes the rate of change of momentum and the convective
acceleration. On the right hand side, the pressure gradient −∇p and the divergence of
the stress tensor ∇ · ¯̄τ represent the internal forces and friction within the fluid, while the
gravitational body force ρg⃗ represent external forces. The stress tensor is directly influenced
by the fluid’s viscosity. In three-dimensional Cartesian form, the conservation of momentum
can be represented as follows:

∂(ρu)

∂t
+

∂(ρuu)

∂x
+

∂(ρuv)

∂y
+

∂(ρuw)

∂z
= −∂p

∂x
+

∂τxx
∂x

+
∂τxy
∂y

+
∂τxz
∂z

+ ρgx

∂(ρv)

∂t
+

∂(ρvu)

∂x
+

∂(ρvv)

∂y
+

∂(ρvw)

∂z
= −∂p

∂y
+

∂τyx
∂x

+
∂τyy
∂y

+
∂τyz
∂z

+ ρgy

∂(ρw)

∂t
+

∂(ρwu)

∂x
+

∂(ρwv)

∂y
+

∂(ρww)

∂z
= −∂p

∂z
+

∂τzx
∂x

+
∂τzy
∂y

+
∂τzz
∂z

+ ρgz

(2.8)

Discretization and solution

Ansys Fluent uses the finite volume method (FVM) for discretization of the governing equa-
tions (ANSYS, 2009b). In FVM, the solution domain is divided into a finite number of non-
overlapping control volumes (Ferziger et al., 2020). The conservation equations are then
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integrated over each control volume to obtain a finite, or integral, form of the equations.
The variable values are calculated at computational nodes in the centroid of each control
volume. The variable values on the control volume surfaces are expressed by interpolation
of the values at its computational node and those at computational nodes of neighboring
control volumes. The results are algebraic equations for every control volume that can be
solved numerically. When solving these equations, one is confronted with the following
challenges (Versteeg and Malalasekera, 2007): These equations are intricately coupled as
all velocity components contribute to each momentum equation (Equations 2.8) as well as
the continuity equation (Equation 2.6). Additionally, the momentum equations involve non-
linear terms due to the convective effects. The central challenge revolves around the role of
pressure. While it appears in all momentum equations, there is no dedicated equation, such
as a transport equation, to describe its behavior. To overcome this, an additional condition
for the pressure is derived by reformatting the continuity equation (ANSYS, 2009b).
The system of equations is then solved using an iterative solver. There are pressure-based
and density-based solvers. We employed a pressure-based coupled algorithm that op-
erates as follows (ANSYS, 2009b; Versteeg and Malalasekera, 2007): Initially, using the
momentum equations, the velocity and pressure fields for the flow domain are implicitly
estimated. Subsequently, a correction is applied to ensure the fulfillment of the continuity
equation. These two steps, velocity and pressure prediction followed by continuity correc-
tion, are iteratively performed until convergence of the velocity and pressure fields.

2.3.2 Finite volume meshes

As noted previously, CFD simulations require a mesh that discretely represents the geo-
metric domain within which fluid flow is to be characterized. To this end, we have developed
finite volume (FV) meshes for our 3D ACN models, encompassing the inlet (arteriole) and
outlet (venule) vessels. These FV meshes consist of a surface mesh that delineates the
geometry’s walls, including both inlet and outlet surfaces, as well as a volumetric mesh that
defines the interior (Figure 2.5). Ensuring an accurate simulation of fluid-wall interactions
demands high-resolution mesh elements in close proximity to the boundary. Consequently,
the volumetric mesh includes a high-resolution boundary layer of prism elements positioned
near the wall, while the remaining volume is occupied by coarser polyhedral elements.

Preparation of finite volume meshes

Generating FV meshes from the 3D ACN models involved several steps. First, the Blender
models had to be converted into a format suitable for finite volume meshing. To this end,
the Blender models, consisting of around 2 million faces, were exported in STL (stere-
olithography) format. STL is a standard file format that represents 3D object surfaces us-
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Figure 2.5: The finite volume mesh is divided into a surface mesh (gold) and a volume mesh

(turquoise). The surface mesh delimits the geometry and represents the capillary wall and the inlet

and outlet surfaces as defined in the Blender model. The volumetric mesh defines the interior of

the geometry. It consists of a high-resolution boundary layer of prism elements near the walls and a

coarser mesh of polyhedral elements in the centre of the volume.

ing a mesh of triangular faces. These STL files were then processed using Autodesk®

Meshmixer™software version 3.5.474 (https://meshmixer.com/) to reduce the surface
mesh complexity to around 500,000 triangles while maintaining the geometry’s integrity.
Subsequently, the STL files were converted into CAD (computer-aided design) files us-
ing FreeCAD version 0.20.1 (https://www.freecad.org/), an open-source software. The
CAD format facilitated compatibility with Ansys’ SpaceClaim modeling software. Within the
SpaceClaim environment, the ACN geometry was organized into distinct zones, which in-
cluded the inlet, wall, and outlet components necessary for CFD simulations.

Finally, the FV mesh was generated using Ansys Fluent Meshing software, employing a
guided ’watertight geometry’ workflow. This specific workflow is tailored for creating finite
volume meshes from clean boundary meshes, ensuring that the geometries have no leaks
or structural issues. The workflow starts by generating the surface mesh along the ACN
wall and the inlet and outlet surfaces using a method called ’curvature size function’. This
method governs the distribution of mesh sizes on a surface, guided by several user-defined
parameters, including minimum and maximum values for the size of the mesh edges, a
’growth rate’ determining the maximum size variation between neighboring mesh elements,
and the curvature normal angle. The latter specifies the permissible surface curvature that
a single mesh element can cover. The result of this method is a surface mesh that has a
particularly high resolution in areas with strong curvature. Subsequently, the boundary layer
of prism elements was generated, commencing from the surface mesh at the wall zone, uti-
lizing the ’last ratio’ meshing method. This technique governs the distribution of the prism
layers based on the innermost layer, which serves as the transition to the polyhedral ele-
ments. The transition ratio, representing the ratio of height to length for individual elements
in this transition layer, was specified. Moreover, the number of layers and the height of the
initial layer (the layer nearest to the wall) were determined. The prism layers were arranged

https://meshmixer.com/
https://www.freecad.org/
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in such a way that their height gradually increased from the wall toward the center of the
volume. Lastly, the remaining volume was filled with polyhedral elements. The size function
settings for this step, encompassing maximum element size and growth rate, mirrored those
employed for the surface mesh. For each ACN model geometry, two FV meshes of distinct
complexity were generated. The input parameters for the meshing workflow were scaled
from the coarser mesh to the finer mesh by a factor of 1.6 (Table 2.4).

Coarse mesh Fine mesh
Surface mesh
Minimum size (µm) 0.02 0.0125
Maximum size (µm) 2 1.25
Growth rate 1.2 1.2
Curvature normal angle (°) 9.6 6

Boundary layer
Number of layers 6 10
Transition ratio 0.5 0.5
First height (µm) 0.02 0.0125

Volumetric mesh
Growth rate 1.2 1.2
Max cell length (µm) 2 1.25

Table 2.4: Finite volume meshes for computational fluid dynamics were generated using the ’Wa-

tertight Geometry’ workflow in Ansys Fluent Meshing. The surface mesh, the boundary layer mesh

and the volumetric mesh were generated successively, taking into account a number of user-defined

input parameters. The input parameters between the coarse and fine meshes differ by a refinement

factor of 1.6.

Quality of finite volume meshes

Mesh quality significantly influences the accuracy and stability of numerical computations.
The quality of our FV meshes was assessed using three different parameters (Table 2.5).
The first parameter, inverse orthogonal quality (IOQ), is a measure of how closely each
mesh element conforms to orthogonality with respect to its faces. IOQ values can vary
between 0, signifying an ideal scenario where all element angles are 90°, and 1, indicating
poor mesh quality. The IOQ of a mesh impacts its scalability, as well as the discretization
error and iterative convergence of numerical solutions. Our meshing process required all
elements to have an IOQ below a threshold of 0.95 to ensure high mesh quality. The mean
IOQ of our meshes ranged from 0.16 to 0.19. The second parameter evaluated was size
change, which reflects the volume ratio between adjacent elements. A low value close
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to 1 is desirable to minimize errors in interpolation between control volumes. The mean
size change in our meshes ranged from 3.8 to 3.9. The aspect ratio is a measure of how
stretched a mesh element is. According to ANSYS (2009d), it is calculated as the ratio of
the maximum value to the minimum value of any of the following distances: the distances
between the element centroid and face centroids, and the distances between the element
centroid and nodes.

Mesh size and quality Coarse mesh Fine mesh
Number of cells (106) 4.9 7.6
IOQ 0.17 0.2
Size change 3.88 3.92
Aspect ratio 18.0 26.4

Table 2.5: Quality of finite volume meshes was assessed using the parameters inverse orthogonal

quality (IOQ), size change and aspect ratio. The specified values are the average of all mesh

elements.

2.3.3 Model assumptions and simulation setup

The flow simulations were performed with the software Ansys® Academic Research CFD,
release 2022 R2 (ANSYS, 2022). In Ansys Fluent Solution, different flow models and
solvers can be used depending on the fluid’s characteristics and the specific flow condi-
tions. This includes whether the flow is assumed to be laminar or turbulent, compressible
or incompressible and whether it is a Newtonian or non-Newtonian fluid. In this Section, the
settings we have made in Ansys (Table 2.6) will be presented and justified.

Incompressible laminar flow

In laminar flow, fluid particles move in parallel, well-defined layers or streamlines, with mini-
mal mixing or intermixing of adjacent layers (Ferziger et al., 2020; Ghaib, 2019). In contrast,
fluid particles move in random directions and patterns in turbulent flows, leading to mixing
and fluctuations in velocity. One can estimate whether a flow is laminar or turbulent using
the dimensionless Reynolds number (Re) (Reynolds, 1883). For flow in a circular tube of
diameter D, it is defined as follows:

Re =
ρUD

µ
, (2.9)

where U is the average flow velocity and µ is the dynamic viscosity of the fluid. Re rep-
resents the ratio of convective to diffusive flow. If it exceeds a certain threshold value, the
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General
solver type pressure-based
time steady
viscous model laminar

Material Settings
type fluid
density 1050 kg/m3

viscosity, Newtonian fluid 0.002 kg/(m·s)
viscosity, non-Newtonian fluid Carreau model (Equation 2.10)

Boundary Conditions
inlet velocity magnitude 0.0023 m/s
wall stationary, no-slip
outlet gauge pressure 1127 Pa

Solution Methods
pressure-velocity coupling - scheme coupled
spatial discretization - gradient Green-Gauss node based
spatial discretization - pressure second order
spatial discretization - momentum second order upwind

Table 2.6: Parameter settings for the computational fluid dynamics simulations in the Ansys® Fluent

Solution software. Fluid viscosity was either set constant or expressed by the non-Newtonian Car-

reau model.

probability that the flow is turbulent is high. A commonly applied rule of thumb suggests
that the transition from laminar to turbulent flow typically occurs at a Reynolds number of
approximately 2300 (Rotta, 1956). With a capillary diameter of 6.3 µm and our settings for
fluid properties and boundary conditions (Table 2.6), Re is 0.0076. Hence, we opted for a
laminar flow model.

The choice between modeling a flow as compressible or incompressible depends on the
magnitude of density variations in the flow. If the density of the fluid remains nearly con-
stant throughout the flow field, incompressible flow assumptions are adequate and simplify
computational modeling. In CFD studies, it is common practice (Albors et al., 2023; Sousa
et al., 2012; Figueroa et al., 2006) to approximate blood flow as an incompressible flow.
Accordingly, we chose a constant density of 1050 kg/m3 (Pries et al., 1996) and a pressure-
based solver.
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Newtonian and non-Newtonian viscosity models

The classification of a fluid as Newtonian or non-Newtonian depends on the behavior of its
viscosity (Oertel et al., 2015). A Newtonian fluid exhibits a linear relationship between shear
stress and shear rate, thus maintaining a constant viscosity regardless of applied stress or
shear rate. In contrast, a non-Newtonian fluid does not have a constant viscosity. The latter
changes with the applied shear rate or shear stress, resulting in a non-linear relationship
between shear stress and shear rate. In our simulations, we considered both fluid types:
the first being a Newtonian fluid with a constant viscosity of 0.002 kg/(m·s), and the second,
a non-Newtonian fluid characterized by the Carreau viscosity model (Carreau, 1972). In
this model, the apparent viscosity η is expressed as a function of shear rate γ as follows:

η = η∞ + (η0 − η∞)[1 + γ2λ2](n−1)/2, (2.10)

where η0 = 0.056 kg/(m·s) and η∞ = 0.0035 kg/(m·s) represent the upper and lower lim-
iting values of fluid viscosity, respectively, λ = 1.902 s is a time constant and n = 0.3568
the power-law index. The parameter values were adopted from Albors et al. (2023) and
represent blood conditions (Figure 2.6).

Figure 2.6: The Carreau model for non-Newtonian behaviour expresses the apparent viscosity as

a function of shear rate. Model parameters include η0 and η∞, the upper and lower limiting values

of fluid viscosity, respectively, the time constat λ and the power-law index n. We used parameter

values suitable for blood conditions as suggested by Albors et al. (2023).

Boundary conditions

Boundary conditions are a critical component of any CFD analysis, as they provide the
necessary context for the simulated flow within its surroundings. The boundary conditions
specified in our study were a velocity at the inlet and a pressure at the outlet. The inlet
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velocity was 0.0023 m/s, based on a value measured in the bullfrog (2.3 mm/s (Horimoto
et al., 1979)). The outlet pressure was set to 1127 Pa, corresponding to the measured pres-
sure in feline venules (11.5 cmH2O (Nagasaka et al., 1984)). A no-slip boundary condition
was applied at the walls, which were assumed to be rigid.

Discretization scheme

When discretizing the governing equations using the finite volume method, face values are
interpolated from the centroid of the control volume using the second-order upwind scheme
(ANSYS, 2009b). Gradients were derived using the Green-Gauss node-based gradient
evaluation.

Simulation output

The solution was recorded on surfaces placed in parallel at several locations in the 3D
model: At the inlet, in the capillary network near the junction with the arteriole(s), in the
center of the capillary network, in the capillary network near the junction with the venule(s)
and at the outlet. We focused on two target values: the flow velocity within capillaries and
the pressure drop from arteriole to venule. To this end, we measured the mass-weighted
average of flow velocity at the plane crossing the center of the capillary network. The
pressure drop was calculated from the mass-weighted average values at the inlet and outlet
surfaces. The results presented in this work correspond to the mean of four technical
replicates, with the coefficient of variation indicated.

2.3.4 Error analyses

Since numerical solutions are approximations, there will always be differences between
the calculated results and reality. The types of systematic errors that numerical solutions
introduce are: physical model error, iterative convergence error, discretization error and
computer rounding error (Ferziger et al., 2020; Schwarze, 2013; Versteeg and Malalasek-
era, 2007). In order to conduct a high quality CFD study, these errors must be controlled
and minimized.

Physical model error

Physical model errors result from uncertainties in the model formulation and deliberate sim-
plifications of the model (Versteeg and Malalasekera, 2007). They relate to the choice of
governing equations and assumptions about fluid properties. Estimating model errors re-
quires validation against experimental data. In this work, we could not determine the model
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error because no suitable experimental data was available. However, we could ensure the
other systemic errors were as small as possible, as they must be substantially smaller in
magnitude than the model error in order to be able to estimate the latter in the future.

Iterative convergence error

The iterative convergence error is defined as the difference between the numerical (itera-
tive) and the exact solution of the discretized equations (Versteeg and Malalasekera, 2007).
The error magnitude depends on the stopping point of the iterative method. To identify an
ideal stopping point at which the iteration error is sufficiently small, certain sensors are
monitored and convergence criteria are introduced. These sensors include residual values,
solution imbalances and coefficients of variation of target values (Figure 2.7). For every
iteration, the residual values indicate the local imbalances of variables within each control
volume (ANSYS, 2009c). For each variable, residual values from all control volumes are
summed, scaled by a flow rate representative scaling factor, and then normalized. Conver-
gence criteria are met and the iteration process is stopped when residual norms fall below
a specific threshold. We set this threshold to 1·10-5.

Furthermore, we applied a "human-in-the-loop" approach to verify the other sensors. After
convergence was indicated, manual checks were performed to ensure the global mass
balance approached zero (values ranged from 10-18 to 10-13 kg/s). Additionally, we ensured
that the target values had stabilized at a constant level. The coefficients of variation for the
mean capillary velocity ranged from 8.2·10-8 to 1.5·10-4, while those for the pressure drop
ranged from 7.6·10-7 to 3.1·10-4.

Discretization error

The discretization error arises from truncation error, which is the difference between the
continuous and the discrete representations of the governing equations (Schwarze, 2013;
Ferziger et al., 2020). The discretization error corresponds to the discrepancy between
the respective solutions. Both errors are influenced by the choice of discretization scheme
and the size and quality of the mesh. Most importantly, they scale with the mesh width,
i.e., the size of the control volumes. Moreover, mesh orthogonality enhances accuracy
of spatial discretization and interpolation. The same holds for a uniform size ratio among
neighboring control volumes. Consequently, the quality of our meshes was evaluated care-
fully (Section 2.3.2). Using finer meshes reduces discretization errors, but it also demands
higher computational resources. Hence, it is crucial to assess the discretization error and
determine an optimal mesh width that strikes a balance with the available computational
capacity. We compared two meshes with different levels of complexity (Table 2.4). The
results presented in this work were obtained using the fine meshes. We estimated the



36 Methods

Figure 2.7: The iterative convergence of the computational fluid dynamics solution was systemati-

cally assessed using multiple sensors. First, residual values of model variables (A) were employed

to gauge their imbalance in the finite volume equations. Our convergence criterion required that

these residuals, having been scaled and normalized, fell below a predefined threshold of 1·10-5.

Additionally mass balances (B) were monitored by calculating the sum of the mass flow rates of

all inlet and outlet surfaces. In the case under consideration, the global mass balance reached -

1.3·10-15 kg/s at the end of the iteration process. Lastly, we ensured the convergence of the target

values, mean capillary flow velocity (C) and pressure drop (D). In this specific instance, the mean

flow velocity had stabilized at 0.398 mm/s when the simulation had stopped, with a coefficient of

variation of 5.7·10-5. The pressure drop, with a value of 1.68 mmHg (224 Pa), exhibited a coefficient

of variation of 3.1·10-5 over the last ten iterations.

corresponding discretization errors by applying Richardson extrapolation with the coarse
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meshes (Schwarze, 2013), as follows:

eh ≈ ffine − fcoarse
rp − 1

, (2.11)

where ffine and fcoarse are the solution on the fine and coarse meshes, respectively, r is the
refinement factor between the two meshes and p is the order of the discretization scheme.
In our simulation results for the mean capillary velocity, the discretization error ranged from
0.15 % to 0.39 % of the velocity values. For the pressure drop, the discretization error was
between 0.09 % to 0.95 % of the result values.

Computer rounding error

Rounding errors in computation depend on the precision with which floating numbers are
stored in the computer. In our true-to-scale models, we employed double precision, follow-
ing Ansys’ recommendation for FV meshes with exceptionally small minimum face areas.
(The minimum face area in our meshes is on the order of 10-19 m2.)

2.3.5 Sensitivity analyses

We performed sensitivity analyses to assess how the simulation results are affected by
variations in the boundary conditions at the inlet and outlet, as well as changes in the
fluid properties of density and viscosity. For this purpose, we varied these parameters
separately, while keeping the remaining parameters at the standard settings used in our
main experiments (Table 2.6). The value ranges for boundary conditions and fluid density
were selected to have, in our estimation, reasonable magnitudes, with our standard values
positioned approximately in the middle of their respective range: The inlet velocity was
varied from 0.5 mm/s to 3 mm/s in increments of 0.25 mm/s. The outlet pressure was varied
from 500 Pa (3.75 mmHg) to 1500 Pa (11.25 mmHg) in increments of 100 Pa. The density
was varied between 500 kg/m3 and 1500 kg/m3 in increments of 100 kg/m3. The viscosity
was varied between 0.001 kg/(m·s) and 0.056 kg/(m·s) in increments of 0.0055 kg/(m·s).
This range of values was chosen to encompass both the viscosity value of our Newtonian
fluid model (0.002 kg/(m·s)) and all values that can be adopted within the non-Newtonian
viscosity model.

Flow velocity within the model depends on the mass flow rate and fluid density (Equa-
tion 2.5). Mass flow rate in our system is governed by the inlet velocity boundary condition.
Indeed, we observed a linear relationship between inlet velocity and the mean flow veloc-
ity within capillaries (Figure 2.8 A). Meanwhile, variations in outlet pressure, fluid viscosity
and density did not have any effect on the mean flow velocity within the ACN, as we had
anticipated.
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Figure 2.8: Sensitivity analyses for the effects of the boundary conditions inlet velocity (A) and outlet

pressure (B), as well as the fluid properties viscosity (C) and density (D) on the target value mean

flow velocity within capillaries. Simulations were performed in the default model geometry with one

arteriole (inlet) and one venule (outlet), both 20 µm in diameter.

In order to understand the dependence of the pressure drop on the boundary conditions and
the fluid properties, the conservation of momentum (Equation 2.7) must be taken into ac-
count in addition to the continuity equation. Here, the stress tensor and thus a dependence
on fluid viscosity comes into play. The results of the sensitivity analyses are consistent with
these expectations (Figure 2.9). The pressure drop depends linearly on both the inlet ve-
locity and the fluid viscosity. While variations in outlet pressure affected the overall pressure
in the model, the relative pressure drop remains unchanged. The variation in fluid density
did not have an effect on this target value either.
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Figure 2.9: Sensitivity analyses for the effects of the boundary conditions inlet velocity (A) and outlet

pressure (B), as well as the fluid properties viscosity (C) and density (D) on the target value pressure

drop from arteriole to venule. Simulations were performed in the default model with one arteriole

(inlet) and one venule (outlet), both 20 µm in diameter.
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Chapter 3

Results

3.1 Verification and validation of the mathematical model

of gas exchange.

We developed a spatio-temporal model of the entire respiratory oxygen transport from in-
spired air to the hemoglobin in the blood (Section 2.1.2). All essential model parameters
and their default values were taken from the literature. They represent a normal, healthy
state (Table 2.1). This model had to be verified and validated. First, we considered our sub-
models from step 1 and step 2 individually and verified that we had appropriately adopted
them from the literature.

Along with their diffusion equation (Equation 2.1), Weibel et al. (1993) have estimated a
value of 0.079 ml/(s·mmHg·kg) for the membrane diffusion capacity (DMO2) of the whole
lung relative to body weight (bw). Assuming a standard body weight of 70 kg, this results
in a value of DMO2

(Weibel, bw 70 kg) = 5.53 ml/(s·mmHg). Within our model framework, we
estimated oxygen diffusion within a single alveolus. To make a meaningful comparison
between Weibel’s estimate and our model result (DMO2

(model)), we needed to extrapolate it
to the organ scale. By multiplying DMO2

(model) by a number of 480·106 alveoli in the human
lung (Ochs et al., 2004), we obtained a DMO2

(model, extrapolated) of 2.88 ml/(s·mmHg), which is
markedly lower than the DMO2

(Weibel, bw 70 kg). Weibel et al. (1993) based their estimate on
morphometric measurements conducted on fully inflated, fluid-filled lungs. However, it is
acknowledged that in an air-filled lung, only approximately 60-70% of the alveolar surface
is exposed to air (Gil et al., 1979; Bachofen et al., 1987). Our model’s default surface area
value (121000 µm2) was based on a study on perfusion-fixed, air-filled lungs (Mercer et al.,
1994). Since DMO2 is proportional to the gas exchange surface area, it is plausible that
the difference between our result for DMO2 and the estimate from Weibel is due to the
different assumptions on the alveolar surface area. Indeed, when we increased the alveolar
surface area setting in Alvin to 207000 µm2 (a value measured in fluid-filled lungs (Stone
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et al., 1992)), we obtained a DMO2 of 4.9 ml/(s·mmHg) which was substantially closer to
Weibel’s estimate. Nevertheless, we consciously opted for the surface area value from the
perfusion-fixed lung study as the default setting in Alvin to align as closely as possible with
the in vivo situation.

The submodel that describes the hemoglobin oxygen saturation was taken directly from
Dash et al. (2016) without modification. We recreated Hb-O2 dissociation curves across
various parameter ranges outlined in this publication (Figure 4 E-H in Dash et al. (2016)),
and these curves indicate a correct implementation of the model (Figure 3.1).

Figure 3.1: Parameter sweep for the oxygen dissociation curve following the example of Dash et al.

(2016). This encompasses parameter value ranges for A) pH in erythrocytes (pHrbc), B) blood pCO2,

C) concentration of [2,3]-DPG and D) blood temperature. Taken from Schmid et al. (2022).

Beyond that, we validated the complete model using published experimental data. An es-
sential feature of our model is its temporal and spatial resolution. Instead of mean val-
ues, our model provides information about oxygen partial pressure and saturation gradients
along the alveolar capillary. We observed that hemoglobin saturation with oxygen reaches
equilibrium by the end of the capillary. This temporal resolution permits the determination
of parameters of physiological interest such as reaction half-time. Reaction half-time is
defined as the time it takes until 50% of the oxygenation that blood undergoes during its
transit along the alveolus is completed. With default parameter settings in Alvin, this time
is 0.04 s for a total increase in saturation from 81% to 97% (Figure 3.2). A corresponding
measurement in mice recorded a time of 0.037 s (Tabuchi et al., 2013), and it has been
argued that there are only minor variations across species (Lindstedt, 1984).

In summary, we have shown that we have properly adopted and reasonably adapted ex-
isting models of different gas exchange processes. As a result, we obtain our integrative,
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Figure 3.2: The intensity of diffusion gradually decreases along the model capillary (top). Along this

trajectory, the oxygen saturation in the blood initially rises rapidly until it approaches a maximum. A

screenshot of the output graph for oxygen saturation along the capillary in Alvin (bottom) displays

this process for a simulation with pO2 values of 97 mmHg in the alveolar space and 46 mmHg in

the deoxygenated blood. All other parameters were retained at their default settings. The reaction

half-time refers to the time point when 50% of the blood’s oxygenation during its transit along the

alveolus is attained. Taken from Schmid et al. (2022).

time-resolved model, which produces results in agreement with experimental data (meeting
S.1, Section 2.1.1).

3.2 Alvin: An interactive platform for exploring alveolar-

level gas exchange

Interaction with content improves the quality of insight (He et al., 2021; Pike et al., 2009) and
facilitates deeper exploration of concepts. Following the establishment of our mathematical
model, we developed the Alvin simulation software to foster the conception and exploration
of the process of gas exchange within an individual alveolus.
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3.2.1 Visualization

Alvin is a desktop application implemented in Unity. It is accessible across Windows, ma-
cOS, and Linux environments (meeting A.1, Section 2.1.1). The following components
shape the user interface of Alvin: a three-dimensional visualization of an alveolus illustrat-
ing the simulation process, a configuration menu for the model parameters and a panel
with dynamic graphs (Figure 3.3). One feature worth highlighting is the option to run and
compare multiple simulation instances at the same time. Two different prototypes of the
application were developed for the use in teaching and in research (Section 2.1.3).

Figure 3.3: A screenshot showcasing the interactive application, Alvin. (1) Model parameters are

grouped into categories. They can be configured. Colors and information text provide possible real-

world context for the values. (2) An animated simulation of an alveolus corresponds to the active

parameter set, offering a visual representation of the effect of model parameter values. (3) The pos-

sibility to compare multiple simulation instances increases the exploratory value of the application.

(4) Dynamic plots color-coded for each active instance of the simulation present quantitative simu-

lation results. (5) Simulation time is monitored and can be reset as needed. (6) Utility functions and

settings are available. Taken from Schmid et al. (2022).

The dynamic, three-dimensional model of an alveolus serves as a visual representation of
the ongoing simulation (Figure 3.3, center). The alveolus model contains small animated
spheres representing air molecules in Brownian motion. Each of these spheres corre-
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sponds to approximately 2·109 molecules of oxygen (red), carbon dioxide (blue) or nitrogen
(white). Changes in the model parameter "thickness of tissue barrier" are visually indicated
by the thickening or thinning of the tissue layer. Animated erythrocytes traverse the cut-
open capillary, their number resulting from the blood volume setting and a standard value
of 5·106 cells per µl blood (Pagana et al., 2019). The relative position of an erythrocyte
along the capillary path is constantly traced. The model calculates gradients in oxygen
partial pressure (Equation 2.1) and hemoglobin oxygen saturation (Equation 2.2) along this
same path. Consequently, erythrocytes are color-coded based on their oxygen saturation,
and the cumulative amount of oxygen taken up by the erythrocytes throughout the simula-
tion is recorded (Figure 3.3, graph "oxygen uptake"). For visualization purposes, simulation
time is decelerated by a factor of 40 compared to the gas exchange process occuring in
vivo. If several simulation instances are active, only the course of the selected instance is
visualized in the 3D model.

Taken together, one can appreciate the simulated gas exchange process by observing the
movement of the gas spheres as they cross the tissue barrier and the changes in color of
the capillary and erythrocytes. To quantitatively assess the simulation results, three distinct
graphs are provided (meeting S.3, Section 2.1.1) (Figure 3.3, right). They show the oxygen
saturation of hemoglobin as a function of pO2 in the blood (oxygen dissociation curve),
or as a function of time (oxygen saturation along capillary). The total amount of oxygen
acquired is recorded as a function of the time since the start or reset of the simulation
(oxygen uptake). Each graph corresponds to a specific simulation instance, distinguished
by its unique instance color.

3.2.2 Interactivity

The user can adjust model parameter values via the parameter panel (Figure 3.3, left)
whereupon the 3D visualization and the quantitative graphs update in real-time (S.2, Sec-
tion 2.1.1). A traffic light color code and keywords help to classify the selected parameter
values in relation to their healthy or pathological range (E.2, Section 2.1.1). Users can
access more detailed information by clicking on the respective info button, indicated by a
question mark. To enhance user experience and comprehension, model parameters are
categorized based on their association with specific compartments of the tissue (alveolar
air, blood or tissue barrier). Visual cues within the 3D alveolus model accentuate these
associations (S.4, Section 2.1.1). For example, when the cursor is moved over the window
with the model parameters related to the blood, all tissue components except the capillary
are color-muted. Users can explore the 3D model in depth by moving, rotating or zooming it.
Furthermore, hovering the mouse over a graph provides detailed quantitative information.
The instance menu allows multiple simulation instances to be run simultaneously for direct
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comparison of different parameter settings (Figure 3.3, bottom). Consistent coloring and
customized naming simplify the distinction between different simulation instances. Users
can copy, delete, or reset a selected instance to its initial parameter values. Parameter
presets are provided for healthy and common pathogenic conditions (E.1, Section 2.1.1)
(Table 3.1). Finally, there are control elements for monitoring or resetting simulation time
and for switching between pressure units and visual highlighting modes.

Pathogenic Condition Pathophysiology /
Symptom

Parameter Value
Shift

Pneumonia Fever Temperature ↑
Tissue damage Surface area ↓
Accumulation of
fluids and dead cells

Barrier thickness ↑

ARDS (acute respiratory distress
syndrome)

Collapse (alveolar
aelectasis)

Surface area ↓↓

Fever Temperature ↑

COPD (chronic obstructive pulmonary
disease)

Impaired exhalation Alveolar pCO2 ↑ and
blood pCO2 ↑

Impaired exhalation Alveolar pO2 ↓
Tissue damage Surface area ↓

Pulmonary fibrosis Thickened and
scarred connective
tissue

Barrier thickness ↑

Impaired inhalation Alveolar pCO2 ↓

Pulmonary embolism shunt Blood volume ↓↓
shunt Blood flow velocity

↓↓

Table 3.1: A set of parameter presets is available to represent pathogenic conditions. Each condi-

tion reflects pathophysiological issues or symptoms through increased (↑) or decreased (↓) values

of certain model parameters.
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In summary, the applications interactivity is highlighted by its real-time parameter adjust-
ments, detailed quantitative feedback through graphs, and the simultaneous execution of
multiple simulation instances for easy comparison. In parallel, its visualization features a
dynamic 3D alveolus model, where changes in parameter values are visually represented,
thus offering users an immersive and informative experience.

3.3 Examples of use of the Alvin application in teaching

and research.

We present two practical examples of the application of Alvin. The first involves the inte-
gration of Alvin into a virtual lab course at university level. The second is the use of the
interactive simulation for interpretation of published data.

3.3.1 Integration of Alvin into a university level physiology lab course

In the context of education, the advantages of employing interactive simulations have been
recognized and utilized early on (Dewhurst et al., 1988; Davis and Mark, 1990), and this
approach continues to be explored today (Jacob et al., 2012; Tworek et al., 2013). Thus, we
introduced Alvin into a university-level course on human biology, specifically within an on-
line practical session covering topics related to blood and respiration. In this course, Alvin
served as an interactive tool to illustrate the interplay between the circulatory and respira-
tory systems. To assess the suitability of Alvin for this educational context, we conducted
an online questionnaire. The course had a duration of 2 hours and 45 minutes and was
attended by students of teaching Biology, specifically of the German levels of Grundschule
(elementary school), Mittelschule (secondary school) and Gymnasium (grammar school).
The session began with a 45-minute lecture introducing the topic of ’Blood and Respiration.’
Subsequently, Alvin was briefly presented, demonstrating how to navigate the application,
interpret the 3D model, and understand the dynamic graphs. Participants were then given
a few minutes to become acquainted with Alvin, followed by a request for their feedback on
engaging with the application. We provided an online questionnaire to collect feedback from
the participants. Participation in the survey was voluntary and attendees had the option to
withdraw at any point during the event. Completing the entire questionnaire or responding
to individual questions was not mandatory. The questionnaire was divided into four parts,
and a translated version of the entire questionnaire can be found in the supplementary
material (Section S.1).

The first part comprised a general demographic questionnaire, which was supplemented
with specific inquiries about the students’ formal background and their familiarity with the
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subject. We collected a total of N = 101 submissions. Out of these N = 101 responses,
11 individuals identified as male, while 81 identified as female. The second part included
13 exercises centered around respiratory processes within the alveolus. These exercises
contained guidance on how to involve Alvin in the solution approaches. They explored var-
ious topics, including well-known concepts like the Bohr effect (Riggs, 1988). The average
overall score for all participants was 2.07, measured on a scale of 1-4, with 1 indicating
perfect answers (Figure 3.4 A). Any unanswered questions were assigned a score of 4.
Most exercises were completed correctly, with only a few incorrect answers; the majority of
score 4 ratings were due to missing responses. Two standardized questionnaires designed
to evaluate the visual aesthetics and the usability of the application formed the third sec-
tion of our online survey: Visawi-s (Visual Aesthetics of Websites Inventory - short version)
(Moshagen and Thielsch, 2010) and QUESI (Questionnaire for Measuring the Subjective
Consequences of Intuitive Use) (Hurtienne and Naumann, 2010). Visawi-s (Moshagen and
Thielsch, 2010) assesses four fundamental dimensions of aesthetics from the user’s stand-
point: simplicity, diversity, colorfulness, and craftsmanship. Participants were presented
with statements addressing these four dimensions and asked to rate them on a scale from
1 (strongly disagree) to 7 (strongly agree). The collective mean Visawi-s score, comprising
N = 72 responses, amounted to 5.8 (Figure 3.4 B). The standardized QUESI question-
naire is grounded on the premise that intuitive use arises from the unconscious application
of prior knowledge, leading to effective interaction (Hurtienne and Naumann, 2010). It is
a measure for usability, divided into the following subscales: Subjective mental workload,
perceived achievement of goals, perceived effort of learning, familiarity, and perceived er-
ror rate. The overall score of the questionnaire corresponds to the mean across all five
subscales. Generally, higher scores indicate a greater probability of intuitive use. The as-
sessment of Alvin by participants (N = 69) yielded a QUESI score of 2.98 (Figure 3.4 C).
Published benchmark scores for mobile devices and applications (Naumann and Hurtienne,
2010) vary from 2.39 (Alcatel One Touch 311) to 4.23 (Nintendo Wii). Moreover, it’s worth
noting that familiar products tend to perform better in the QUESI (Naumann and Hurtienne,
2010). Therefore, participants’ previous experience with similar systems in a broader sense,
such as computer games in general, is relevant. The majority of our participants (N = 59)
reported rarely (yearly to never) playing computer games, while a minority (N = 29) reported
frequent usage (monthly to daily).

Furthermore, the questionnaire contained open questions concerning the acceptance of the
software in the educational context. One of these questions was "Which benefits do you see
in this system compared to a traditional textbook?". An analysis of the responses showed
that the most frequently mentioned terms were "parameter", "better", "modify", "changes",
"by oneself", "illustrative", "testing", "see", "illustrated", "apparent", "interactive", and "im-
mediate" (Figure 3.4 D). Another question inquiring about general feedback received some
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Figure 3.4: Results of a survey involving undergraduate students who engaged with Alvin during

a physiology lab course. A) Answers to 13 subject-specific exercises were graded as either 1 -

correct, 2 - partially correct (e.g., subsequent faults), 3 - unclear or 4 - incorrect / missing. For each

exercise, the mean score (blue) and the number of submitted responses (grey) were presented.

B) Assessment of visual aesthetics based on the standardized Visawi-s survey (Moshagen and

Thielsch, 2010). 72 participant rated statements from 1 (strongly disagree) to 7 (strongly agree), the

mean overall score was 5.8. C) Assessment of usability based on the standardized QUESI survey

(Hurtienne and Naumann, 2010). The mean overall QUESI score across five sub scales was 2.98,

aggregated from 69 surveys. D) Frequency analysis on the participant’s answers to the question

"which benefits do you see in this system compared to a traditional text book?". Taken from Schmid

et al. (2022).

constructive criticism. Participants noted that the content of Alvin and the subject-specific
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exercises were too complex for this introductory event. Some also expressed that more
time would have been needed to become familiar with the application. Additionally, some
participants encountered challenges when switching between the German lecture content
and the English-language application. The participants successfully completed the subject-
specific exercises for the most part, indicating that Alvin is a suitable tool to support solving
such tasks. Responses to open-text questions revealed specific aspects of working with
Alvin that were particularly positively perceived. These included the ability to interact with
the simulation by configuring model parameters, the freedom to independently test different
conditions, and the highly illustrative presentation of simulated processes in Alvin.

Overall, the use of Alvin in the physiology lab course was considered a success and has
been repeated twice in a similar form.

3.3.2 Quantification of DLO2 as a function of blood flow and available

alveolar surface area.

To illustrate a potential research application of Alvin, we used the software to assess the
plausibility of pulmonary diffusion capacity measurements. There are substantial differ-
ences in the estimations of DLO2 in humans when based on physiological or morpholog-
ical measurements. Physiological estimates are around 30 ml/(mmHg·min) at rest (Hsia
et al., 2016), they are typically derived from measurements of diffusion capacity for carbon
monoxide (DLCO) (Forster, 1964; Crapo and Crapo, 1983). Morphological estimates, on
the other hand, yielded a value of 158 ml/(mmHg·min) (Weibel, 2009), greatly exceeding
the physiological estimate. This discrepancy can be attributed to several factors (Hsia et al.,
2016). One such factor is the assumption of complete capillary perfusion and the inclusion
of the entire alveolar surface in the morphological estimation calculations (Weibel, 1970).
In reality, however, under normal blood flow at rest, only about 50% of the alveolar capillary
segments are perfused by erythrocytes and thus contribute to gas exchange (Okada et al.,
1992) (Figure 3.5 A). Increased blood pressure, such as that resulting from heightened car-
diac output, leads to the recruitment of additional capillary segments. In addition, the lung
volume can fluctuate greatly depending on the transpulmonary pressure. At rest, the hu-
man lung holds about 3 liters of air, of which about 500 ml are exchanged per breath (West,
2012). During exercise, these values increase, and the total lung capacity is over seven
liters. These fluctuations are reflected in the total surface area of the ventilated alveoli. As
mentioned above, different fixation methods capture different states, resulting in significant
differences between surface area measurements: A surface area of 207,000 µm2, as mea-
sured in inflation-fixed lung tissue (Stone et al., 1992), corresponds to maximum surface
exposure (100%). In contrast, Mercer et al. (1994) reported an alveolar surface area of
121,000 µm2 in a perfusion-fixed lung. This value represents 58% surface exposure and
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was chosen as the default setting in Alvin as it more closely reflects the physiological sce-
nario of an air-filled lung. Capillary recruitment in Alvin is reflected in capillary blood volume,
with the default value of 410,000 µm3 corresponding to 50% recruitment.

We varied the ratios of capillary recruitment and alveolar surface exposure in Alvin and
observed their impact on DLO2. For instance, 100% alveolar surface exposure and 100%
capillary recruitment in Alvin resulted in a DLO2 of 200 ml/(mmHg·min). The combina-
tion of 58% alveolar surface exposure and 50% capillary recruitment lead to a DLO2 of
62 ml/(mmHg·min).

The effect of alveolar surface area exposure and capillary recruitment on DLO2 estimates
is nearly linear (Figure 3.5 B). Interestingly, their combined effect, which mirrors the coor-
dinated regulation of ventilation and perfusion (reviewed for example by Wagner (1981);
Petersson and Glenny (2014)), results in a non-linear increase in DLO2. This increase is
gradual at first and then becomes more rapid. Conversely, an anti-parallel combination of
alveolar surface exposure and capillary recruitment generally leads to low DLO2 estimates,
with a peak at 50% for each factor. Following this, we used these insights to interpret pub-
lished data with the help of Alvin. Kulish (2006) have estimated DLO2 from measurements
of DLCO and pulmonary blood flow. We investigated the corresponding predictions of DLO2

in Alvin. To do this, the amount of pulmonary blood flow, expressed as volume per unit time,
was controlled by adjusting the capillary blood volume parameter. The appropriate settings
for this parameter were calculated assuming a constant blood flow velocity of 1.5 mm/s, a
mean capillary length of 500 µm (Weibel et al., 1993) and a maximum capillary volume of
820,000 µm3 (Mühlfeld et al., 2010). The dependence of DLO2 on these blood flow settings
(3, 10, 20, 30, and 32 l/min) was predicted for different alveolar surface area exposures
(Figure 3.5 C). Although the measured DLO2 values were within the range of values of the
published data set, the slope of all our graphs deviated from the ratio observed by Kulish
(2006). Consequently, it appeared that Kulish’s predictions were not based on constant
alveolar surface exposure. Adjustment of alveolar surface area values (100, 87.5, 62.5,
55.0, and 60% surface exposure) together with the increasing pulmonary blood flow finally
allowed to reconstruct the results at blood flow values above 10 l/min.

In summary, our exploration within Alvin demonstrated the pivotal roles played by parame-
ters like alveolar surface area and capillary recruitment in influencing DLO2. Beyond con-
veying such general relationships between physiological and morphological parameters and
gas exchange, our showcase study also highlights the utility of Alvin in validating and re-
producing published data.

The ability to adjust each parameter individually in Alvin provides considerable exploratory
value and allows the effects of individual parameters to be identified in isolation. Never-
theless, this is quite unrealistic, as there are numerous dependencies among the different
model parameters. For example, physiological parameters such as available blood volume
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Figure 3.5: At the alveolar level, the pulmonary diffusion capacity for oxygen (DLO2) is greatly in-

fluenced by phenomena such as capillary recruitment and alveolar surface exposure. A) Capillary

recruitment in the alveolar capillary network is represented by changes in blood volume. Variations

in alveolar surface exposure are a consequence of alveolar expansion during breathing. B) DLO2’s

dependence on capillary recruitment and alveolar surface exposure is assessed for both parallel

(left) and antiparallel combinations (right). In Alvin, alveolar surface exposure is simulated by in-

crementally increasing alveolar surface area from 0 (0%) to 207,000 µm2 (100%) in 12.5% steps,

while capillary recruitment is portrayed by an incremental increase in capillary blood volume from

0 (0%) to 820,000 µm3 (100%) in 12.5% steps. C) A comparison with published DLO2 estimates

(Kulish, 2006) (black). In Alvin, pulmonary blood flow was represented by blood volume, assuming

a flow velocity of 1.5 mm/s and fixed morphological boundary conditions (mean capillary length of

500 µm (Weibel et al., 1993) and maximum volume of alveolar capillary bed 820000 µm3 (Mühlfeld

et al., 2010)). Alveolar surface exposure was either defined as constant values (blue dashed lines)

or adjusted with increasing pulmonary blood flow (red line). Adapted from Schmid et al. (2022).

and blood flow velocity strongly depend on the morphology of the capillary network. This
led to the next objectives of this work: Firstly, to refine the geometric model of the capillary
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network so that it represents stereological measurements from the literature as accurately
as possible. Secondly, to assess the direct impact of the morphological properties of the
capillary network on blood flow characteristics.

3.4 Data-based, 3D modeling of the human alveolar capil-

lary network morphology

We set out to create a 3D model of the alveolar microvasculature that was true to scale
and as close to reality as possible. A first step was to construct a geometric model of
the alveolus using the available quantitative morphological data. If we constructed the
model using literature values for the diameters of the alveolus and the alveolar opening, the
resulting alveolar volume exceeded the measurements reported in the same study (Hansen
and Ampaya, 1975) (Figure 3.6). Conversely, when we created an alveolar base model with
the appropriate volume, the diameter was smaller than what is specified in the literature
(Table 3.2). As a result, we have decided to continue using two different models: one based
on the diameter (AlveolusD) and the other on the volume (AlveolusV).

We then constructed tube-flow and sheet-flow capillary beds around the AlveolusD and
AlveolusV base models. Comparison of the ACN volume and surface area with the corre-
sponding literature values showed that our in silico models yielded lower values (Table 3.3).
In general, the AlveolusD ACN models were closer to the literature values than the AlveolusV

ACN models. The same trend applied to the sheet-flow models compared to the tube-flow
models. Overall, however, these differences were not substantial, and the truth probably lies
somewhere in the middle. We chose the AlveolusD sheet-flow model for further work be-
cause it showed the best agreement with the stereological data and the modelling process
was more convenient.

3.5 Prediction of blood flow using computational fluid dy-

namics simulations

In the next steps of this study, we wanted to gain insight into the blood flow dynamics within
the alveolar capillaries. To this end, we connected the sheet-flow ACN model surrounding
a single alveolus to an arteriole and a venule, 20 µm in diameter and positioned opposite
each other. Using CFD simulations, we predicted the flow paths within the capillary bed, as
well as the distribution of flow velocity and pressure (Figure 3.7).

Qualitatively, we observed the same flow behaviour in simulations with Newtonian and non-
Newtonian viscosity models. The flow velocity within the capillaries was reduced compared
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Figure 3.6: Input and output parameter values of the 3D geometrical model of an alveolus compared

with morphometric measurements from the literature (Hansen and Ampaya, 1975). The basis of the

3D model was an open spheroid, with the diameter, depth, and diameter of the opening (input

parameters) aligned with the corresponding literature-derived values.

to the inflow and outflow vessels, with flow primarily oriented parallel to the arteriole and
the venule. This resulted in some regions of the capillary network receiving more perfusion
than others. Pressure was evenly distributed across the model, with the highest pressure
at the inlet surface. However, there were quantitative differences between the simulation
results depending on the chosen viscosity model. The average flow velocity within the
capillary network yielded robust results with 0.39 mm/s (±0.004) or 0.4 mm/s (±0.003) in
the Newtonian or non-Newtonian fluid simulations, respectively. On the other hand, the
pressure drop in Newtonian fluid simulations, with a value of 1.64 mmHg (±0.043), was
notably lower compared to the pressure drop of 3.54 mmHg (±0.08) observed in non-
Newtonian fluid simulations.

In summary, we have advanced our in silico approach to simulate blood flow dynamics
within the morphological model, opening up new avenues for further investigations.
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Parameter Literature AlveolusD

Model
AlveolusV

Model

Modeling (input)

Alveolus - Shape 3/4 spheroid, truncated
cone, 1/4 spheroid, ...1

3/4
spheroid

3/4
spheroid

Alveolus - Diameter (µm) 2252, 2321 225 -
Alveolus - Volume (106 µm3) 4.61, 4.23, 3.42 - 4.6
Pores of Kohn - Number 174 17 17
Pores of Kohn - Diameter (µm) 7 - 194, 7.2 - 16.55 12.3 12.3
Alveolar Mouth - Diameter (µm) 1811, 2206 181 181

Evaluation (output)

Alveolus - Diameter (µm) 2252, 2321 - 216
Alveolus - Volume (106 µm3) 4.61, 4.23, 3.42 5.3 -
Alveolus - Depth (µm) 1741 178 167
Alveolus - Surface Area (105

µm2)
1.21,2, 2.17 1.52 1.39

Alveolar Mouth - Area (105 µm2) 0.31 0.26 0.24

Table 3.2: Input and output parameter values of 3D geometrical models AlveolusD and AlveolusV are

presented along with morphometric measurements from the literature. The key distinction between

these models lies in their input parameters: AlveolusD is based on the diameter, while AlveolusV is

based on the volume of an alveolus. The models were evaluated by comparing the resultant output

parameters with measurements from existing literature. References: 1(Hansen and Ampaya, 1975),
2Mercer et al. (1994), 3Ochs et al. (2004), 4Kawakami and Takizawa (1987), 5Toshima et al. (2004),
6Matsuda et al. (1987), 7Stone et al. (1992).

3.5.1 Connectivity analyses using blood flow simulations with a New-

tonian viscosity model.

With our CFD approach at hand, we were able to explore previously unknown aspects of the
connection between the capillary bed and the pulmonary vascular tree. Our investigations
included connectivity analyses, where we systematically varied the number (ranging from 1
to 5) and diameter (ranging from 20 µm to 60 µm) of the inlet and outlet vessels connected
to the ACN model. From Newtonian CFD simulation results, we compared the two target
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Parameter Literature AlveolusD Model AlveolusV Model

sheet-
flow

tube-
flow

sheet-
flow

tube-
flow

Modeling (input)

Capillary diameter / sheet height
(µm)

6.31 6.34 6.31 6.36 6.3

Capillary segment length /
interpillar distance (µm)

5.91 6.17 5.75 6.33 5.54

Capillary loop / pillar diameter
(µm)

3* 3.1 3.78 3.23 3.56

Evaluation (output)

Number of loops / pillars - 1796 1569 1714 1515
Capillary volume (105 µm3) 8.21,2 7.12 6.09 6.32 5.54
Capillary surface area (105 µm2) 5.41,2 3.42 3.23 3.12 2.93
Capillary surface area, available
for gas exchange (105 µm2)

1.11 1.09 0.98 0.95

Table 3.3: Our in silico models of the human ACN have lower surface area and volume in compar-

ison to corresponding estimates derived from morphometric studies. Four different morphological

models were introduced: Around the bases of AlveolusD and AlveolusV, sheet-flow and tube-flow

models of the capillary network were constructed, respectively. In this process, input parameters

were aligned with literature reference values. Subsequently, output parameters were determined

and compared with corresponding literature benchmarks for evaluation. References: 1Mühlfeld et al.

(2010), 2Ochs et al. (2004). *Derived from interpillar distance, assuming a ratio between pillar diam-

eter and interpillar distance of 0.5.

values: mean flow velocity within the capillaries and arteriole-to-venule pressure drop (Fig-
ure 3.8 A and B, respectively). We observed a linear increase in both quantities as the
volume of supply vessels rose. Notably, the mean flow velocity exhibited consistent behav-
ior regardless of whether the volume increase resulted from alterations in vessel diameter
or the number of vessels. The regression lines, represented by v = −0.01 + 0.000032 · V
and v = 0.03 + 0.000030 · V , respectively, closely aligned. However, the pressure drop
showed a more pronounced increase with vessel volume when the vessel diameter was
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Figure 3.7: Results from computational fluid dynamics simulations in the sheet-flow model of the

alveolar capillary network. One arteriole (inlet) and one venule (outlet), both with a diameter of

20 µm, were connected to the capillary sheet. Blood was approximated as a Newtonian fluid. Path-

lines are color-coded based on the magnitude of flow velocity. The distribution of pressure is repre-

sented by a heatmap.

enlarged (v = 0.83 + 0.00008 · V ) in comparison to the increase resulting from a higher
number of vessels (v = 1.01 + 0.00005 · V ).

In the following step, we introduced asymmetric model sets. In these sets, the modifica-
tions were limited to either the number or the diameter of one type of vessel, while the other
type of vessel remained at its default setting (one vessel with a diameter of 20 µm). Again,
CFD simulations were performed with a Newtonian viscosity model. The CFD results of the
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Figure 3.8: Comparison of CFD simulation results between models with different connectivity set-

tings. Either diameter (dark blue) or number (light blue) of arterioles and venules connected to the

ACN were increased. Blood was approximated as a Newtonian fluid. From the CFD simulation re-

sults, the mean flow velocity within capillaries (A) and the pressure drop from arteriole to venule (B)

were plotted against the volume of the inlet- and outlet vessels.

target values were juxtaposed with the results of the symmetric connectivity models (Fig-
ure 3.9). When only arterioles were added or their diameter was increased, we observed
no substantial change in flow velocity compared to the symmetric models. However, there
was a slightly more pronounced increase in pressure drop in the asymmetric models with
increased arteriolar supply compared to the symmetric models. On the other hand, increas-
ing the number or diameter of connected venules alone did not result in a clear effect on
the target values. Measurements at various locations within the 3D model unveiled that the
asymmetric configuration of venules exclusively affected flow velocity within the venules,
but not within the capillaries (supplementary Figures S.1 and S.2).

Our CFD results were compared with available reference values for different species, start-
ing with the mean flow velocity (Figure 3.9 A). We set the boundary condition for inlet
velocity at 2.29 mm/s based on measurements in arterioles of bullfrogs with a diameter of
50 µm (Horimoto et al., 1979). In alveolar capillaries, a mean velocity of 1.78 mm/s has
been documented in the same study. Notably, our models featuring arterioles with a di-
ameter of 50 µm exhibited a higher mean capillary flow velocity of 2.53 mm/s. Instead,
capillary velocities closely matched those observed in bullfrogs when our models were con-
nected to either a single arteriole with a 40 µm diameter (1.61 mm/s) or five arterioles with
20 µm diameters each (1.95 mm/s). In a study on rabbits reporting supply vessels with a
mean diameter of 25 µm, a capillary velocity of 0.75 mm/s has been measured (Schlosser
et al., 1965). This observation agrees well with our findings, as the value falls within the
range of mean capillary velocities measured in our models connected to single arterioles
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of 20 µm (0.39 mm/s) and 30 µm (0.91 mm/s) diameter. Alternatively, this benchmark was
also closely approximated in our models linked to two arterioles, each with a diameter of
20 µm (0.84 mm/s). Regarding the boundary condition for pressure at the outlet (venules),
we selected a value of 8.46 mmHg based on measurements in cats (Nagasaka et al., 1984).
This study also provided pressure measurements in arterioles, allowing us to calculate a
pressure drop of 2.87 mmHg. In this reference, arterioles had reported diameters rang-
ing from 30 µm to 40 µm, while venules ranged from 30 µm to 50 µm in diameter. In the
case of dogs and vessels with diameters between 30 µm and 50 µm, a pressure drop of
3.9 mmHg has been measured (Bhattacharya and Staub, 1980). Consistent with this, we
detected pressure drop values ranging from 3.02 mmHg to 4.8 mmHg in our models with
single arterioles ranging from 30 µm to 40 µm in diameter (Figure 3.9 B). Bhattacharya and
Staub (1980) have reported a pressure drop of 3.3 mmHg between arterioles and venules
with diameters of 20 µm, closely matched by a value of 3.1 mmHg in our models with three
20-µm-arterioles and -venules. In summary, our simulation results were within the range of
literature values from various species.

3.5.2 Connectivity analyses using blood flow simulations with a non-

Newtonian viscosity model

Complementary, we conducted the connectivity analyses using a non-Newtonian viscosity
model (Figure 3.10). Again, the resulting mean capillary flow velocities closely resembled
those obtained with the Newtonian viscosity model. Generally, the velocity values aligned
similarly well with literature values, including the minor discrepancies in arteriolar diam-
eter. The pressure drop exhibited an even stronger increase with values reaching up to
23.01 mmHg (±0.64) in the model with a 60 µm-diameter-arteriole and a 20-µm-diameter-
venule. Notably, only the pressure drop in models with a single arteriole of 20 µm diameter
fell within the range of literature values. Thus, a contradiction arose, as velocity values sug-
gest that the ACN of an alveolus is supplied by at least two arterioles or a single arteriole
with a diameter of at least 30 µm.

Concluding, the blood flow simulations in our connectivity models, on the whole, produced
results consistent with published benchmarks of blood flow dynamics in alveolar capillaries.
While the choice of viscosity model had little effect on the mean flow velocity, substantial
variations were observed in the pressure drop results.
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Figure 3.9: Results from blood flow simulations in our connectivity models were compared with ref-

erence values from the literature. Computational fluid dynamics simulations were performed with a

Newtonian viscosity model. The alveolar capillary network models were linked to varying numbers

(left panels) or diameters (right panels) of arterioles (yellow), venules (turquoise), or both (blue).

Measurements of capillary flow velocity (A) and of arteriole-to-venule pressure drop (B) were juxta-

posed with respective literature values of 1rabbit (Schlosser et al., 1965), 2bullfrog (Horimoto et al.,

1979), 3cat (Nagasaka et al., 1984) and 4dog (Bhattacharya and Staub, 1980). *A The inlet veloc-

ity boundary condition at the arterioles in the simulation were chosen based on a value from this

publication. *V The outlet pressure boundary condition at the venules in the simulation was chosen

based on a value from this publication.
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Figure 3.10: Results from blood flow simulations in our connectivity models were compared with

reference values from the literature. Computational fluid dynamics simulations were performed with

a non-Newtonian viscosity model. The alveolar capillary network models were linked to varying

numbers (left panels) or diameters (right panels) of arterioles (yellow), venules (turquoise), or both

(blue). Measurements of capillary flow velocity (A) and of arteriole-to-venule pressure drop (B) were

juxtaposed with respective literature values of 1rabbit (Schlosser et al., 1965), 2bullfrog (Horimoto

et al., 1979), 3cat (Nagasaka et al., 1984) and 4dog (Bhattacharya and Staub, 1980). *A The inlet

velocity boundary condition at the arterioles in the simulation were chosen based on a value from

this publication. *V The outlet pressure boundary condition at the venules in the simulation was

chosen based on a value from this publication.

3.5.3 Inference of connection of the ACN to arterioles from physio-

logical measurements.

The experimental data to which we compared our simulation results of the connectivity
analyses constitute a limitation. They were taken from different studies in different species.
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In the next step, we highlight the potential of our approach if consistent data sets were
available. We demonstrate how quantitative insight into arteriole and venule configurations
can be derived from blood flow parameters.

To quantify the relationship between capillary velocity and pressure drop with the volume of
arterioles in our models, we performed regression analyses (Figure 3.11). The regression
lines for capillary velocity overlap to such an extent that distinctions between different model
sets, representing symmetric or asymmetric variation of number of diameter of vessels, be-
come imperceptible. In contrast, the pressure drop regression lines show distinct variations.
Equipped with these analyses, we intend to predict the volume of arterioles from a pair of
sample values. For lack of corresponding experimental measurements, we have opted for
values from our simulation results. Consider a capillary flow velocity of 1.56 mm/s and a
pressure drop of 3.44 mmHg, as predicted within the model with four arterioles and four
venules. Using the regressions, one can assign this velocity to models with an arteriolar
volume of roughly 50000 µm3, which corresponds to models with single 40-µm-diameter
vessels or models with four 20-µm-diameter vessels (Figure 3.11 A).

Following the same procedure with the pressure drop value, we obtained different arterial
volumes from the distinct regression lines (Figure 3.11 B). The regression of the symmet-
rical model set with variations in the number of vessels indicates a volume of 48000 µm3,
which is closest to four vessels and aligns with the results from velocity regression. Accord-
ing to the other regression lines, this pressure drop value could also be found in models
with arteriolar volume less than 40000 µm3, for example in models with a 30-µm-arteriole
and a 20-µm-venule. However, these models can be ruled out because they do not fit the
velocity regression analysis.

In essence, we could use capillary flow velocity to deduce the arteriolar volume. The pres-
sure drop analysis gave us additional insights into possible configurations of arterioles and
venules. By combining these findings, we could identify the model geometry associated
with this pair of values. We conducted similar analyses with various pairs of values and usu-
ally found two plausible connectivity configurations in terms of vessel diameter and number
(supplementary Figure S.3). In this way, we could make unique or dichotomous predictions
about the number and / or diameter of vessels connected to the ACN around an alveolus if
experimental measurements on capillary flow velocity and pressure drop from arteriole to
venule were available to us.
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Figure 3.11: Inference of vessel arrangement from flow velocity and pressure drop. The simulation

results from a model with each four arterioles and venules were chosen as an example pair of values

(orange). Regression analyses yielded quantitative relationships between the target values and the

arrangement of arterioles and venules in our models. These arrangements comprise variations in

the number (dashed) or diameter (continuous) of solely arterioles (yellow) or both arterioles and

venules (blue). A) In terms of the mean flow velocity within capillaries, the regression curves for

the different model geometries overlap. B) The regression curves for pressure drop of the different

model types are distiguishable. Simulations were performed with a Newtonian viscosity model.

3.6 Refined estimation of gas exchange efficiency in

Alvin

We return to our integrative in silico model of gas exchange in the alveolus. How do the
differences in capillary blood flow dynamics we observed in our connectivity analyses af-
fect gas exchange efficiency? Parameter settings in Alvin were revisited with the knowl-
edge gained from 3D morphological modeling (Figure 3.12 A). Specifically, the capillary
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volume was set to 712.000 µm3 and the surface area available for gas exchange was set
to 111.300 µm2 (Table 3.3). Further, the velocity parameter in Alvin was adjusted to the
CFD results for the mean capillary velocity in each case. The simulation results showed
that oxygen saturation reached an equilibrium early during blood transit along the capillary.
To quantify the efficiency of gas exchange, we analyzed two output parameters in Alvin:
DLO2 (Figure 3.12 B) and the reaction half-time normalized to transit time (thalf / ttransit,
Figure 3.12 C). For better comparability, this value was normalized to the total transit time.
At a blood flow velocity of 0.4 mm/s, which was measured in our default model, we obtain
a DLO2 of 95.3 ml/(mmHg·min) and a normalized reaction half-time of 0.03 in Alvin. As the
number or diameter of connected arterioles rises, and with it the blood flow velocity within
capillaries, both output parameters also increase. DLO2 increases quadratically with the
arterial number (n) or diameter (d) according to DLO2 = a·(n|d)2 + b·(n|d) + c (supplemen-
tary Figure S.4). For the normalized reaction half-time, this occurs linearly (supplementary
Figure S.5).
In conclusion, an increase in blood flow velocity in the alveolar capillaries had a positive
effect on oxygen diffusion capacity. Although the reaction half-time was reached ever later
as the blood flow increased, it remained within the first quarter of the total transit time.
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Figure 3.12: Variations in blood flow impact the results of gas exchange simulations in Alvin. A)

Parameter settings in Alvin were revisited with the knowledge gained from 3D morphological mod-

eling (black arrows) and CFD simulations (colored arrow). The blood volume was set to the volume

of our sheet-flow AlveolusV ACN model. The value for surface area was chosen according to the

surface area available for gas exchange on our sheet-flow AlveolusV ACN model. The blood flow

velocity within capillaries was adjusted based on the CFD results from the different connectivity mod-

els (blue, yellow and turquoise). From the gas exchange simulations in Alvin, the following output

parameters were analyzed : B) Pulmonary diffusion capacity for oxygen (DLO2
) and C) reaction half

time normalized to transit time (thalf / ttransit). Reaction half time is the time point at which 50% of

the oxygenation that blood undergoes during its transit along the alveolus is completed.
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Chapter 4

Discussion

The main objective of this study was to characterize and differentiate the influences of
various morphological and physiological factors on the process of gas exchange in the
human alveolus. To this end, the first crucial step involved the development of a suitable
mathematical model for calculating gas exchange within the alveolar micro-environment.

4.1 An integrative, spatio-temporal model of alveolar gas

exchange

We successfully combined existing mathematical models of different processes of gas ex-
change (Weibel et al., 1993; Dash et al., 2016). The model describes the entire transport
process of oxygen from the air to the hemoglobin in the blood. The previous models, that we
have adapted and adopted, have described the individual processes as stationary states.
In our integrative model, however, these processes are coupled in such a way that a spatio-
temporal resolution is achieved. This temporal resolution is a significant advancement in
our model, providing valuable insights into the gas exchange process (Sapoval et al., 2020).
It allows us to calculate the diffusion gradient and changes in oxygen saturation along the
erythrocyte flow direction within the capillary. With a constant velocity along the capillary,
we can use the transit time of an erythrocyte to determine its position within the capillary,
and vice versa. Further, the temporal resolution enabled us to derive additional physiologi-
cal parameters. For instance, the reaction half-time was determined for validation purposes.
The reaction half-time of 40 ms obtained from our model closely approximated the experi-
mentally measured value of 37 ms in mice (Tabuchi et al., 2013). In the same study, the
authors have argued that gas exchange commences in the terminal arterioles - a consid-
eration not taken into account in our theoretical estimate. Our model solely focuses on
processes in the alveolar capillary network. Consequently, it is reasonable to assume that
our value likely underestimates the in vivo reaction half-time in humans.
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In summary, we have created a spatio-temporal mathematical model of the complete
transport of oxygen from alveolar air into the blood and erythrocytes and its binding to
hemoglobin. The spatio-temporal resolution was an essential feature of our model and a
prerequisite for its use at the core of our interactive simulation software Alvin.

4.2 The simulation software Alvin enables interactive ex-

ploration of the underlying mathematical model

The interactive simulation software Alvin represents a progressive approach to making the-
oretical models accessible. It is designed to enable exploration of the influence of individual
factors on gas exchange and thus to reveal the underlying intricate relationships. The de-
cisive factor for this is allowing the user to configure model parameters. Parameter value
changes lead to an immediate response that can be observed both qualitatively through the
3D visualisation and quantitatively through dynamic graphs. The system further illuminates
interdependencies within the model by visually highlighting components of the 3D model
associated to the currently selected parameters. A key strength of the application is its
ability to run and compare multiple simulation instances simultaneously.

Alvin’s versatility was demonstrated in both educational and research context. The appli-
cation was successfully integrated into a university level lab course. By working on tasks
with the help of Alvin, a deeper understanding of the complex intricacies of gas exchange,
including well-known phenomena like the Bohr effect (Riggs, 1988), were to be conveyed.
The interactive nature of Alvin was highly regarded by course participants, evident from
their responses in post-course surveys. To establish a quantitative assessment of usability
and aesthetics, a comparative study with Alvin and similar systems would be necessary,
although initial results of the standardized QUESI and VISAWI questionnaires suggest that
the students found its use appealing and relatively intuitive.

Alvin also serves as a valuable tool for examining published data. For instance, Kulish
(2006) have estimated DLO2 as a function of blood flow. We found that we could only
replicate their results by considering additional dependencies on surface area. Kulish’s
estimations were grounded in physiological measurements. While invaluable, such mea-
surements in living organisms present challenges, as it is difficult to ensure the observation
solely reflects the impact of a single variable (in this case, blood flow) on the measured
value. It is possible that other factors, such as changes in surface area, also play a role.
In Alvin, all model parameters can be configured individually, providing a more nuanced
analysis.

While existing interactive approaches (Winkler et al., 1995; Kapitan, 2008) have focused on
the distribution of ventilation and perfusion ratios affecting gas exchange at a higher organ
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level, Alvin delves into the alveolar level of gas exchange. The ability to analyze multiple
simulation instances concurrently sets our approach apart from previous simulations. In
summary, Alvin serves as an interactive platform for investigating the gas exchange process
on an alveolar level. It can be employed in advanced university teaching and as a tool for
interpreting and complementing published data.
So far, the values for the model parameters were chosen based on individual reference
values from the literature. An objective of this work was to characterize these parameters
more precisely and to take into account their interdependencies. We began by modeling
the morphology of the alveolar capillary network in detail and based on data.

4.3 Comprehensive modeling of the human alveolar capil-

lary network morphology: Navigating interdependen-

cies in stereological data

We obtained the 3D geometry of the ACN using a data-driven sheet-flow model. Our mod-
eling approach relied on the existing literature, incorporating a 3/4 spheroid shape for the
alveolar base (Hansen and Ampaya, 1975) and considering sheet-flow (Fung and Sobin,
1969) and tube-flow (Mühlfeld et al., 2010) geometries for the ACN. To ensure accurate scal-
ing, our models were based on stereological measurements. However, we observed that
the combination of these assumptions and parameters did not always align, for example
concerning alveolar base diameter and volume. In sum, our ACN models exhibited smaller
volumes and surface areas compared to values reported in the literature, with sheet-flow
models showing a better fit than tube-flow models.
Minor discrepancies in data were anticipated. Our modeling parameters were collated from
measurements across different studies, which employed various fixation methods such as
airway instillation (Hansen and Ampaya, 1975; Ochs et al., 2004; Kawakami and Takizawa,
1987; Stone et al., 1992; Mühlfeld et al., 2010; Gehr et al., 1978), vascular perfusion of
fixative (Mercer et al., 1994), or other techniques (Toshima et al., 2004; Matsuda et al.,
1987). Besides potential measurement inaccuracies, it is necessary to acknowledge fur-
ther biases and information loss associated with tissue fixation. Additionally, assuming the
alveolus corresponds to a 3/4 spheroid is a simplification.
Although these limitations exist, the experimental data is invaluable and so far the only
source available. Nevertheless, we advocate that the parameters used to characterize
alveolar morphology should not be considered in isolation.
By integrating stereological data from multiple studies, our comprehensive approach to un-
derstanding ACN morphology extends beyond parameter measurements, taking into ac-
count the interdependencies among various variables. This is important since ACN geom-
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etry plays a critical role in gas exchange function, influencing the volume of blood that can
flow through alveolar tissue and the available surface area for diffusion.

4.4 Blood flow dynamics in the alveolar capillary network:

A comparative CFD study on Newtonian and non-

Newtonian viscosity models

Blood flow dynamics in the alveolar region are crucial for understanding gas exchange
efficiency. In this study, we employed CFD simulations to predict blood flow in our ACN
geometry, comparing results between Newtonian and non-Newtonian viscosity models.
The simulations showed that, in both viscosity models, flow velocity in the capillaries was
notably lower than in arterioles and venules, averaging around 0.4 mm/s. However, the drop
from inlet to outlet differed substantially between the two models, with the non-Newtonian
model resulting in more than double the pressure drop (3.54 mmHg) compared to the New-
tonian model (1.64 mmHg). To contextualize these findings, we compared them to existing
data. With their in vitro sheet-flow model, Stauber et al. (2017) have observed a flow ve-
locity of 0.3 mm/s at a 7 µm interpillar distance and a 3.75 mmHg pressure drop. Burrowes
et al. (2004) have developed a tube-flow model of blood flow in the capillaries of several
interconnected alveoli. At a pressure drop of 5.88 mmHg and different transmural pres-
sures, transit times have been measured from which flow velocities between 0.15 mm/s
and 1.07 mm/s could be derived. Zurita and Hurtado (2022) have simulated blood flow in a
simplified geometry of the murine capillary bed. At a pressure drop of 3 mmHg, they have
observed a velocity distribution between 0.07 mm/s and 0.36 mm/s. As such, the mean flow
velocity we measured in the capillaries agrees well with the literature. The same applies to
the pressure drop in our simulations with non-Newtonian fluid.
Notably, our sensitivity analyses revealed a linear relationship between pressure drop and
fluid viscosity. The selection of the Newtonian and Carreau viscosity models was deliberate,
with the former reflecting a realistic value for apparent viscosity in pulmonary capillaries
(Fung, 1984; Kiani and Hudetz, 1991; Fung, 1997; Grotberg and Romanò, 2023), while the
latter accounts for non-Newtonian properties, despite higher potential viscosity values.
In order to validate our CFD model, including the viscosity model, we need a suitable set of
experimental data. The experimental data available to us so far comes from various studies
carried out on different species. To further complicate matters, the measurements were
carried out on vessels with different diameters. A consistent data set would be necessary for
the selection of our boundary conditions and as a benchmark for comparing the simulation
results. Ideally, this should come from the same experiment, or at least from the same
species. It should contain the flow velocities in arterioles and capillaries, the blood pressure
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in arterioles and venules and the mean diameters of these vessels.

In summary, we have successfully simulated the blood flow in our alveolar capillaries. Our
results align with existing literature but emphasize the substantial impact of viscosity models
on pressure drop. In order to validate the CFD model, a coherent set of experimental data
is required.

4.5 A novel perspective on structure-function relation-

ships in the pulmonary vasculature

Our approach of 3D modeling coupled with CFD simulations provides a means to quantify
the influence of morphological variations of blood flow dynamics in the ACN. Consequently,
it can be used to investigate structural details such as the connectivity of the ACN with
the vascular tree using physiological indices. Comparison of our connectivity analysis with
the literature revealed either consistent or contradictory evidence for the configuration of
arterioles and venules. This depended on whether the simulations were performed with
Newtonian or non-Newtonian viscosity models. Consistent experimental data are needed
to identify realistic connectivity configurations.

Our research involves systematically altering the number and diameter of arterioles and
venules connected to the ACN model, thereby introducing morphological variations. The
results of the CFD simulations in these connection models were juxtaposed and compared
with literature values. The behavior of the simulation results, as these variations were intro-
duced, can be explained by the continuity equation (Equation 2.5), which is fundamentally
dependent on the total mass flow within the system. In our simulations, the latter is de-
fined as the velocity at the inlet and therefore depends linearly on the inlet surface area.
The linear or non-linear increase in the target values in CFD simulations in our connectivity
models is therefore a direct consequence of the linear or non-linear increase in the total
inlet surface area.

Overall, our simulation results across different model geometries fell within the range of
the published reference values for different species (Schlosser et al., 1965; Horimoto et al.,
1979; Nagasaka et al., 1984; Bhattacharya and Staub, 1980). When comparing velocity
values, we concluded that the ACN of an alveolus must be connected to at least two arte-
rioles with a diameter of 20 µm or to an arteriole with a diameter of at least 30 µm. The
pressure drop results from simulations with the Newtonian viscosity model confirmed this
conclusion. Conversely, simulations with the non-Newtonian viscosity model indicated that
the ACN of a single alveolus is not associated with more than a single arteriole of 20 µm.

In morphological studies, the classification of the terminal arterioles varies slightly (Huang
et al., 1996; Pump, 1966; Horsfield, 1978). In order to compare the findings of these publi-
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cations, the vessel diameter must be taken into account. All studies indicate that an arteriole
with a 20 µm diameter is connected to the ACN of multiple alveoli, with the specific number
ranging from 4.8 (Huang et al., 1996) to 24 (Horsfield, 1978). Based on these observa-
tions, one could assume that simulations with a single arteriole of 20 µm would result in
excessively high blood flow indices. Yet, our findings did not align with this assumption,
underscoring the need for experimental data to resolve this discrepancy. With an appro-
priate experimental data set, regression analyses of the simulation results could be used
to identify the connectivity configurations that most closely correspond to reality. Based on
physiological indices, conclusions are thus drawn about structural details of the morphol-
ogy. This approach represents a departure from previous in silico models for simulating
blood flow in the pulmonary vasculature, which typically rely on the most accurate mor-
phological representation possible to make predictions about function, such as blood flow
dynamics (Clark et al., 2010, 2011; Clark and Tawhai, 2018; Ebrahimi et al., 2022). The
inverse approach on structure-function-relationships, as we have proposed it, has so far
only been pursued on a cellular level. Chen et al. (2021, 2023) have inferred the position
and morphology of neurons from in vivo extracellular voltage recordings using biophysical
modeling.
This novel strategy can be transferred to other tissues and organs. It contributes to the
field of computational biology by shifting the perspective and potential insights gained by
emphasizing the connection between structural configuration and functional outcomes.

4.6 Deciphering the influences on gas exchange: Insights

from 3D modeling and simulations of blood flow and

gas exchange in the human alveolus

By combining the findings of our study, we could characterize the impact of morphological
and physiological parameters at the alveolar level on gas exchange. The results show that
our alveolar model captures 50% of the discrepancy between the physiological and mor-
phological estimates of DLO2. Furthermore, they confirm that, under normal circumstances,
the gas exchange process is not diffusion-limited.
By integrating the outcomes of our 3D modeling and blood flow simulations in Alvin, we
can predict DLO2, accounting for prevailing structural and functional influences in the alve-
olus. This encompasses factors such as the available surface area for gas exchange and
the volume and flow velocity of capillary blood. For our default connectivity model, we
calculated a DLO2 of 95.3 ml/(mmHg·min). This value falls right in the middle between
the physiological estimate of 30 ml/(mmHg·min) (Hsia et al., 2016) and the morphologi-
cal estimate of 158 ml/(mmHg·min) (Weibel, 2009). This signifies that factors related to
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alveolar-level processes and structures account for half of the discrepancy between the
physiological and morphological estimates of DLO2. The remaining half is likely caused by
factors associated with higher-level processes such as ventilation to perfusion mismatch or
with non-pulmonary processes of oxygen transport (Hsia, 2002).
The potential limiting factors at the alveolar level can be further dissected. Under normal
conditions, the partial pressures of respiratory gases reach equilibrium early during blood
transit through the alveolar zone (West, 2012). Our results align with this observation, show-
ing that even at higher blood flow velocities, the reaction half-time remains within the first
quarter of the transit time, highlighting blood flow as the limiting factor for oxygen uptake. If
the reaction were diffusion-limited, the respiratory gases would not reach equilibrium by the
end of transit.
In summary, our model can predict the course of gas exchange resulting from the joint
influence of various morphological and physiological parameters under normal conditions.
Previous computational approaches have directly coupled calculations of ventilation and
gas exchange (Hofemeier et al., 2016), of perfusion and gas exchange (Zurita and Hurtado,
2022) or even of ventilation, gas exchange and perfusion (Ben-Tal, 2006; Foy and Kay,
2019; Si and Xi, 2022) in their simulations. In contrast, we manually integrate intermediate
results in Alvin. However, the unique selling points of our approach lie in the morphological
detail of our model and the accessibility of the gas exchange simulation gained through
interactivity.

4.7 Conclusion and outlook

In this study, we addressed the question of how morphological and physiological character-
istics influence gas exchange in the human alveolus both collectively and individually. Using
3D geometric modeling and blood flow simulations, we characterized key parameters. The
interactive features within Alvin’s gas exchange simulation provide an ideal opportunity to
explore the individual influences of different model parameters on gas exchange.
A major challenge for our approach is the lack of suitable experimental data, specifically
a coherent data set comprising flow velocities in arterioles and capillaries, blood pressure
in arterioles and venules and the mean diameters of these vessels. This data is required
for the selection of boundary conditions and validation of our blood flow simulations. The
sensitivity analyses revealed that the simulation results strongly depended on the inlet ve-
locity and the fluid viscosity. In the absence of experimental data meeting the desired
requirements, a temporary solution to identify an appropriate viscosity model could involve
leveraging the data provided by Stauber et al. (2017). A comparative analysis of various
viscosity models should be undertaken to pinpoint the most suitable one for the physiolog-
ical problem (Krivovichev, 2022; Abbasian et al., 2020). Beyond classical models like the
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Carreau model, our exploration should encompass such that are designed for microves-
sel flow. Yen and Fung (1973) and Secomb (2011) have introduced models that consider
the dependence of apparent viscosity on hematocrit and sheet thickness - factors that play
major roles in capillary flow (Burrowes et al., 2004).
One of the strengths of our work lies in the morphological detail of our 3D model. In order to
exploit this further, it would be beneficial to refine the spatial resolution of our gas exchange
simulation in the future. To achieve this, we would integrate oxygen diffusion and transport
calculations directly into the blood flow simulations, following the example of Foy and Kay
(2019), Zurita and Hurtado (2022) and Si and Xi (2022). The Ansys software offers the
necessary functionalities to realize this. The diffusion of gases according to Fick’s law would
be implemented as a boundary condition on the capillary wall and gas transport within the
blood would be simulated using additional species. With this nuanced spatial resolution
of oxygen transport in the 3D model, our approach could then also be used to study the
gas exchange process under pathological conditions, such as those present in pulmonary
fibrosis. This includes deformations of the capillaries which affect the size and number of
pillars and the surface area of the capillaries (Schraufnagel et al., 1986).
Furthermore, we could consider the dependence of alveolar morphology on pressure dif-
ferences during a respiratory cycle. The alveolar microvasculature is very delicate and
elastic, undergoing deformation based on variations in transmural pressure, the pressure
difference between alveolus and capillary (West, 2012). Fung and Sobin (1972) and Sobin
et al. (1972) have established the relationship between transmural pressure and capillary
sheet thickness based on measurements in the cat. Leveraging Ansys’ capability for dy-
namic mesh simulation, this relation could be included in our model to study the effects of
breathing dynamics on gas exchange. Si and Xi (2022) have shown that different breathing
depths have a notable influence on blood flow dynamics in the alveolar capillaries. It would
therefore be of great interest to investigate the effects of altered breathing dynamics as
they prevail under pathological conditions that are accompanied by aberrations in alveolar-
(COPD, asthma, ARDS, mechanical ventilation) or vascular pressure (pulmonary arterial
hypertension).
In summary, our methodology holds immense potential to contribute to the broader field
of respiratory research, providing a nuanced exploration of the structural and functional
intricacies that govern the process of gas exchange in the human alveolus.
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Appendix A

Supplements

S.1 Questionnaire for evaluation of the integration of

Alvin in a university level physiology lab course

The questionnaire was translated from the German original.

Demographics

In this section, we ask you to answer questions for general demographic information. These
are relevant for a correct interpretation of your further answers.

1. Please indicate your age.

2. Please indicate your biological sex.

3. Do you have a visual impairment and will it be compensated for while using the sys-
tem?

4. Are you affected by color vision deficiency or color blindness?

5. What handedness do you have?

6. On average, how often do you use the following media?

• Internet
• Computer (in general)
• Computer games
• Smartphone
• Tablet

7. How would you rate your fluency in German?
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In this section, we ask you to answer questions about your prior knowledge in the subject
area of the course and regarding your previous educational background.

8. In the context of which study program are you attending this event?

9. What semester are you in?

10. Did you attend the Human Biology lecture in the summer semester of 2020?

11. Have you studied the literature recommended in the above lecture on the subject of
respiration?

• N.A. Campbell and J.B. Reece. Biology. Always learning. Pearson Deutschland,
2015. ISBN: 9783868942590.

• Robert F. Schmidt, Florian Lang, and Manfred Heckmann. Physiologie des Men-
schen. Springer-Lehrbuch. Springer-Verlag Berlin Heidelberg, 2011. ISBN:
978-3-642-01651-6.

12. Do you have other relevant prior knowledge from other sources?

• School
• Apprenticeship
• Personal initiative

Subject-related exercises

In this group of questions, you will be given tasks that you can answer using the system.
We ask you to discuss comments on the use of the app only in a joint round at the end of
the event in order to minimize influencing the other participants. Now, familiarize yourself
with the application. Look at how the graphs change in response to the controllers. Also
observe how different disease patterns affect the values.

1. Which correlations between the course of the oxygen saturation curve ("Oxygen sat-
uration along capillary") and the visualized simulation can you identify?

In this and the following blocks of questions, you will be given tasks to answer using the
system. After each task (there are 3 tasks in total, each with subtasks), the answers will be
discussed in plenary. We ask you to discuss comments on the use of the application only in
a joint round at the end of the event in order to minimize influencing the other participants.

2. How does the oxygen dissociation curve change, when the body temperature rises to
40 °C (fever)?
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3. How does this affect the ability of hemoglobin to bind oxygen in the lungs?

4. How does it affect the ability of hemoglobin to deliver oxygen to tissues?

Fever is normally accompanied by an increase in respiratory rate. By increasing the respi-
ratory rate, the increased CO2 produced by the increased metabolism during fever can be
better exhaled. The partial pressure of CO2 in the blood affects the ability of hemoglobin to
bind O2.

5. By how many mmHg must the venous CO2 partial pressure be lowered to achieve the
same oxygen saturation at 40°C as at 37°?

The cruising altitude of passenger aircrafts is around 10 to 13 km. At this altitude, the partial
pressure of oxygen is only between 30 and 44 mmHg. Therefore, the air pressure in the
cabins of passenger aircrafts is artificially increased, but only to a level corresponding to
the air pressure at about 2000-2500 m above sea level. Thus, an oxygen partial pressure
of approx. 60 mmHg is achieved in venous blood.

6. What oxygen saturation does this correspond to?

7. At what alveolar pO2 can a healthy person achieve this?

8. What oxygen saturation does the blood of a patient suffering from COPD reach at the
same atmospheric pressure?

9. What happens to the oxygen saturation of a person suffering from COPD if he or she
develops a fever during a flight?

In this block of questions, you will be given tasks to answer using the system. Please
configure the application using the activation code provided in the lecture. We ask that you
do not discuss comments on the use of the application until a joint round at the end of the
course to minimize influencing the other participants.

10. Sometimes a lung has to be surgically removed due to a disease. What effects does
this have on the oxygen saturation of the blood?

In tissues with very high metabolic rates, for example heavily used muscles, the CO2 con-
centration can increase.

11. How does this affect the oxygen dissociation curve?

12. How does it affect oxygen uptake in the lungs and oxygen delivery in the tissues?
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Start two simulation instances with the parameters for a healthy person. Increase the partial
pressure of CO2 in the arterial blood of one instance to 75 mmHg. Using the oxygen
dissociation curves, measure the absorbed oxygen in the lungs and the delivered oxygen
in the tissues.

13. At which blood pCO2 is more oxygen available to the tissue? This phenomenon is
called the Bohr effect.

Athletes, especially high-altitude mountaineers, can adapt to conditions at high altitude by
training for longer periods at low oxygen partial pressure. This increases the diphospho-
glycerate (DPG) concentration in the erythrocytes. Now, we would like to understand why
this is beneficial. Start a simulation instance with the parameters for a healthy subject. First,
reconstruct the conditions that exist when climbing at high altitudes: Decrease atmospheric
pressure until alveolar pO2 drops to a low value such as 40 mmHg. Arterial pO2 is also
reduced in these conditions. Set this to 30 mmHg.

14. What is the oxygen saturation of the blood?

Duplicate the instance. Now, set the DPG concentration in one of the two instances to the
maximum value (adjustment to high altitude).

15. What happens to the oxygen dissociation curve?

16. What happens to the oxygen saturation of the blood?

17. The effect you observed initially appears to be rather disadvantageous. Now, measure
the oxygen saturation in the lungs and in the tissue in the respective graphs and
determine the difference between these values.

The questions will now be discussed in the plenum of the event. We ask you to discuss
comments on the use of the application only in a joint round at the end of the event to
minimize influencing the other participants.

The phase of active use of the system is now complete. In the following, we ask you to an-
swer questions about your user experience. This is for systematic evaluation of the system.
Please note that for the first two questions a "soft" inquiry will appear if you do not answer
them or answer them only partially. The corresponding groups of questions are standard-
ized questionnaires, where a complete answer has a lot of value. Of course, you can still
skip them unanswered if you wish.
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QUESI – Questionnaire for Measuring the Subjective Consequences of Intuitive Use

This is a standardized questionnare (Hurtienne and Naumann, 2010). Try to base your
assessment of the system solely on the use of the system (and not, for example, on the
difficulty of the task itself). There are no right or wrong answers. Please answer sponta-
neously and do not omit any questions.
Answer scale with equidistant levels: 1 = "Fully disagree", 2 = "Mainly disagree", 3 = "Neu-
tral", 4 = "Mainly agree", 5 = "Fully agree".

1. I could use the system without thinking about it.

2. I achieved what I wanted to achieve with the system.

3. The way the system worked was immediately clear to me.

4. I could interact with the system in a way that seemed familiar to me.

5. No problems occurred when I used the system.

6. The system was not complicated to use.

7. I was able to achieve my goals in the way I had imagined to.

8. The system was easy to use from the start.

9. It was always clear to me what I had to do to use the system.

10. The process of using the system went smoothly.

11. I barely had to concentrate on using the system.

12. The system helped me to completely achieve my goals.

13. How the system is used was clear to me straight away.

14. I automatically did the right thing to achieve my goals.

Visawi-s - Visual Aesthetics of Websites Inventory- short version

This is a standardized questionnare (Moshagen and Thielsch, 2010). On a scale of 1
(strongly disagree) to 7 (strongly agree), please rate the extent to which you agree with the
following statements regarding the system.

1. The layout appears too dense. (r)
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2. The layout is pleasantly varied.

3. The color composition is attractive.

4. The layout appears professionally designed.

5. The layout is easy to grasp.

6. The layout is inventive.

7. The colors do not match. (r)

8. The layout is not up-to-date. (r)

9. Everything goes together on this site.

10. The design appears uninspired. (r)

11. The choice of colors is botched. (r)

12. The site is designed with care.

13. The site appears patchy. (r)

14. The layout appears dynamic.

15. The colors are appealing.

16. The design of the site lacks a concept. (r)

17. The layout appears well structured.

18. The design is uninteresting. (r)

Negatively-keyed items are indicated by (r) and are reverse-scored.

Customized questions on the use of Alvin

1. On a scale of 1 (strongly disagree) to 7 (strongly agree), please rate the extent to
which you agree with the following statements regarding the system.

• I frequently changed the "Incoming Deoxygenated Blood" parameter values for
completing the tasks.

• I frequently changed the "Alveolar Space" parameter values for completing the
tasks.
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• I frequently changed the "Tissue Structure" parameter values for completing the
tasks.

• The system supported me in the configuration and interpretation of the parame-
ters.

• I was confused by the information provided by the system.
• Assessment of the parameter values was useful for my understanding of the

processes.
• I found the ability to create, configure, and compare multiple instances useful.
• I found the ability to copy instances useful.
• I found the ability to reset instances to initial configuration useful.
• I have used the output graphs frequently during my use of the system.
• I could easily extract the information relevant to me from the graphs.
• I regularly read the exact numerical values of a plot using the mouse-over func-

tion.
• I found the visual highlighting of the simulated components of the alveolus when

the cursor was over a parameter group helpful.
• I found the visual highlighting distracting.
• I have disabled visual highlighting for most of the time I used it.
• I found the ability to reset the simulation time helpful.
• The mouse-over tooltips help assisted me in using the system.

2. On which device or which version(s) of the system did you use? You can use de-
tailed information and multiple selections if, for example, you used multiple usage
paths. Detailed information about the operating system (for example, "Windows 10
version 1903", "macOS 10.13"), as well as the device (for example, processor (i5-
5700) or graphics card (GeForce 2 MX), or computer model (MacBookPro Late 2015))
or browser (for example, Firefox 83.0, Safari 12) is helpful, especially if problems oc-
curred.

• Windows Desktop (.exe)
• macOS Desktop (.app)
• Linux Desktop
• Browser (WebGL)
• iOS Tablet
• Android Tablet
• iOS Smartphone
• Android Smartphone

3. On a scale of 1 (strongly disagree) to 7 (strongly agree), please rate the extent to
which you agree with the following statements regarding the system.
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• The system responded to my input immediately.
• Animations were smooth and without annoying leaps.
• The performance of the system affected my desired use.

4. Which benefits do you see in this system compared to a traditional text book?

5. For which topics from your previous studies would you have appreciated a comparable
application?

6. Assuming you’ll be teaching physiology - Could you imagine integrating this applica-
tion into your own teaching?

7. Could you imagine using a similar system on an appropriate topic in your classes (or
a similar event)?

8. Please share general comments, suggestions and feedback.

S.2 Connectivity analyses
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Figure S.1: Flow velocity and static pressure were assessed at various locations within the system:

Specifically, at the arteriole (inlet), the junction connecting the arteriole and the capillary net, the

central region of the capillary net, the junction connecting the capillary net and venule, and finally at

the venule (outlet). Three sets of models were compared, differing in whether the diameters of A)

arterioles and venules, B) arterioles only or C) venules only were varied.
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Figure S.2: Flow velocity and static pressure were assessed at various locations within the system:

Specifically, at the arteriole (inlet), the junction connecting the arteriole and the capillary net, the

central region of the capillary net, the junction connecting the capillary net and venule, and finally

at the venule (outlet). Three sets of models were compared, differing in whether the number of A)

arterioles and venules, B) arterioles only or C) venules only were varied.
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Figure S.3: Inference of vessel arrangement from mean flow velocity within capillaries and pressure

drop from arteriole to venule. The simulation results from a model with a single arteriole and a single

venule, each 40 µm in diameter, were chosen as an example pair of values (orange). Regression

analyses yielded quantitative relationships between the target values and the arrangement of arteri-

oles and venules in our models. These arrangements comprise variations in the number (dashed) or

diameter (continuous) of solely arterioles (yellow) or both arterioles and venules (blue). A) In terms

of the mean flow velocity within capillaries, the regression curves for the different model geometries

overlap. B) The regression curves for pressure drop of the different model types are distiguishable.

Simulations were performed with a Newtonian viscosity model.
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Figure S.4: The pulmonary diffusion capacity for oxygen (DLO2) was estimated in Alvin for vari-

ous blood flow velocities corresponding to different connectivity models. These flow velocity values

were specified based on the results obtained from simulations using the Newtonian viscosity model.

Comparisons were made between models featuring symmetric (blue) and asymmetric (yellow) arte-

riolar configurations, and regression analyses were conducted to assess the non-linear relationship

between DLO2 and vessel configurations.
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Figure S.5: The reaction half-time, normalized to the transit time (thalf / ttransit), was estimated

in Alvin for various blood flow velocities corresponding to different connectivity models. These flow

velocity values were specified based on the results obtained from simulations using the Newtonian

viscosity model. Comparisons were made between models featuring symmetric (blue) and asym-

metric (yellow) arteriolar configurations, and regression analyses were conducted to assess the

linear relationship between thalf / ttransit and vessel configurations.
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