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Abstract

Systems biology and systems medicine aim to understand complex relationships in

living systems. These living systems exhibit considerable variability due to genetic

predispositions, epigenetic modi�cations, and stochastic and environmental e�ects.

Further, observations are sparse in many biomedical areas due to complex measurements,

costs, and ethics. Addressing system complexity paired with sparsity and data variability

requires reliable modeling and uncertainty quanti�cation methods. Here, modeling

enables understanding and testing hypotheses about systems. At the same time,

uncertainty quanti�cation sheds light on the reliability of model predictions and the

prediction variability for a certain credibility level.

This thesis contributes to a systematic biomedical understanding and sound sta-

tistical analysis in three major aspects: (i) The Bayesian work�ow BayModTS was

developed to process and compare sparse and variable time series data and applied

to three hepatic datasets. BayModTS is a Findable, Accessible, Interoperable, and

Reproducible (FAIR) work�ow utilizing the retarded transient functions of Kreutz [42]

as a universal simulation model. It can be used to statistically test whether di�erent

dynamics stem from the same data-generating process and to process discrete and

variable time series data into continuous, uncertainty-equipped functions. (ii) Using

sparse data, deterministic and stochastic modeling is used to characterize the tumor-

suppressor protein DLC1 in the Epithelial-Mesenchymal Transition (EMT). We showed

that loss of DLC1 increases EMT plasticity, a crucial feature in cancer metastasis.

The modeling results are con�rmed by experimental data, showing a partial EMT

phenotype in DLC1-depleted cells. Further, narrow posterior marginals validate our

model and the uniqueness of the estimated parameters. (iii) Bayesian estimation shows

that papers with reproducible systems biology models get more citations. This con�rms

that reproducibility is valuable, as ten years after introducing the Systems Biology

Markup Language (SBML), papers with reproducible models get more citations than

papers with non-reproducible models. A heatmap visualization scheme for Bayesian
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Abstract

estimation multi-group comparisons was developed to assist in visual interpretation

and pattern identi�cation of the results. The heatmap contains the credibility of group

di�erences, thereby capturing the uncertainty in the data. We applied the heatmap

visualization to verify an increased citation count for sub-periods until 2020.

All methods and models are developed reproducibly, using state-of-the-art formats

and providing all code in public repositories with detailed reproduction instructions.

In short, statistical methods are paired with FAIR modeling approaches to gain insight

and provide trustworthy predictions into processes where only limited data is available.
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Deutsche Kurzzusammenfassung

Reproduzierbare Modellierung und Unsicherheitsquanti�zierung von

sparsen und variablen Daten

Systembiologie und Systemmedizin versuchen lebende Systeme und die zugrundeliegen-

den Prozesse zu verstehen. Lebende Systeme weisen aufgrund von genetischen Veran-

lagungen, epigenetischen Veränderungen, sowie stochastischen und Umweltein�üssen

eine erhebliche Variabilität auf. Aufgrund komplexer und kostenintensiver Messungen,

sowie etischer Aspekte haben Beobachtungen in vielen biomedizinischen Bereichen

zudem nur eine geringe zeitliche oder räumliche Au�ösung. Zuverlässige Methoden zur

Modellierung und Quanti�zierung der Unsicherheit sind notwendig um bei der gegebe-

nen Systemkomplexität, Prozesse zu verstehen. Hierbei ermöglicht die Modellierung,

Hypothesen zu testen und das Verständnis über Systeme zu vertiefen. Gleichzeitig

gibt die Quanti�zierung der Unsicherheit Aufschluss darüber, wie zuverlässig Modell-

vorhersagen sind und wie groÿ die Variabilität von Vorhersagen für ein bestimmtes

Glaubwürdigkeitsniveau ist.

Die vorliegende Arbeit trägt in drei Hauptaspekten zu systematischem biomedizinis-

chem Verständnis und einer fundierten statistischen Analyse bei: (i) Der Bayessche

Work�ow BayModTS wurde entwickelt, um zeitlich schlecht aufgelöste und variable

Zeitreihendaten zu verarbeiten und zu vergleichen. BayModTS ist universell und re-

produzierbar anwendbar und basiert auf den Retarded Transient Functions von Kreutz

[42] als universelles Simulationsmodell. Der Work�ow kann verwendet werden, um

statistisch zu prüfen, ob unterschiedliche Dynamiken aus demselben datenerzeugenden

Prozess stammen, und um aus diskreten und variablen Zeitreihendaten, kontinuier-

liche und unsicherheitsbehaftete Dynamiken zu berechnen. Die Anwendung auf drei

Leberdatensätze demonstriert den Mehrwert der Analyse im Vergleich zu aktuellen

Methoden. (ii) Deterministische und stochastische Modellierung wird verwendet, um die
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Deutsche Kurzzusammenfassung

zeitlich schlecht aufgelösten Daten des Tumorsuppressorproteins DLC1 im Epithelialen-

Mesenchymalen Übergang (EMT) zu charakterisieren. Wir konnten zeigen, dass der

Verlust von DLC1 die EMT-Plastizität, ein entscheidendes Merkmal bei der Metas-

tasierung von Krebs, erhöht. Die Modellierungsergebnisse wurden durch experimentelle

Daten bestätigt, die einen partiellen EMT-Phänotyp in DLC1-depletierten Zellen

zeigen. Darüber hinaus zeigen die engen Marginalverteilungen des Posteriors, dass

unser Modell eine eindeutige Bestimmung der Parameter zulässt. (iii) Die Anwendung

der Bayesian Estimation Methode, eine Bayes'sche Art des Hypothesentestens, hat

gezeigt, dass Paper mit reproduzierbaren systembiologischen Modellen häu�ger zitiert

werden. Daraus folgt, dass Reproduzierbarkeit ein Wert an sich darstellt, da zehn

Jahre nach Einführung der Systems Biology Markup Language (SBML) Paper mit

reproduzierbaren Modellen öfter als Paper mit nicht reproduzierbaren Modellen zitiert

werden. Zur Unterstützung der visuellen Interpretation und der Identi�zierung von

Mustern in den Ergebnissen von Bayesian Estimation Multigruppenvergleichen wurde

eine Heatmap-Visualisierung entwickelt. Die Heatmap erfasst die Wahrscheinlichkeit

für einen Gruppenunterschied basierend auf der Unsicherheit in den Daten und wurde

angewandt, um eine erhöhte Zitationszahl für den Zeitraum bis 2020 zu veri�zieren.

Alle Methoden und Modelle wurden reproduzierbar und auf der Basis der Stand

der Technik Formate entwickelt. Der Code wurde in ö�entlichen Datenbanken mit

detaillierten Reproduktionsbeschreibungen bereitgestellt. Zusammenfassend wurden

statistische Methoden mit reproduzierbaren Modellierungsansätzen gepaart, um neue

Erkenntnisse in komplexen Prozessen zu gewinnen, für die nur begrenzte Daten zur

Verfügung stehen.
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Chapter 1

Introduction

This dissertation introduces new �ndings in systems biology, focusing on modeling and

uncertainty quanti�cation. It highlights the importance of FAIR (Findable, Accessible,

Interoperable, and Reusable) principles, which are employed in all included applications.

First, the results of a FAIR Bayesian work�ow to process sparse and variable

time series data are presented. Afterward, the tumor suppressor protein DLC1 is

characterized in the Epithelial-Mesenchymal Transition (EMT) using sparse real-time

polymerase chain reaction (qPCR) data. Finally, it is shown that reproducibility

in systems biology modeling makes a measurable di�erence. Overall, this thesis

demonstrates the added value of combining reproducibility with reliable modeling and

uncertainty quanti�cation methods in various scenarios.

1.1 Motivation and own contribution

The �elds of biology and medicine still strive for methods to make reliable state-

ments based on complex data. Here, large omics datasets pose di�erent challenges

than sparse samples from time- and labor-intensive measurement methods like

western blots or blood samples. This thesis aims to gain as much knowledge

as possible from sparse data with limited information. Methods, models, and

predictions contributing to this goal should ful�ll three major requirements: (i)

uncertainty should be quanti�ed reliably as predictions are always uncertain, (ii)

they should adhere to the FAIR principles [78] as reproducibility is vital for trust

in science, and (iii) results should be communicated understandably and clearly to

prevent misinterpretation. Communication thereby needs audience-speci�c forms
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Chapter 1 Introduction

to create understanding in interdisciplinary teams and among the public. This

thesis contributes to reliable predictions in systems biology and systems medicine

by:

1st providing a reproducible Bayesian work�ow to quantify the uncertainty

of di�erent experimental conditions based on a �exible phenomenological

model [SH3].

2nd applying FAIR modeling to investigate the behavior of the MCF10A breast

cancer cell line in the EMT and characterize its behavior in the absence of

DLC1 [SH2].

3rd showing that reproducible models in systems biology get more citations [SH5],

aiming to promote the awareness and importance of reproducibility.

In particular, I was able to model the sparse and variable BayModTS liver and

MCF10A EMT datasets, gaining valuable insights by combining knowledge about

the biological systems with challenging data. Here, I integrateddlc1 into an

existing EMT model, enabling predictions underdlc1 wild-type and knockdown

conditions. The extended model captures the experimentally observed fold-changes

under dlc1 knockdown well. Further, the population heterogeneity of MCF10A

cells during EMT could be predicted by stochastic simulations and model state

distributions were identi�ed by parameter variation. Further, the model EMT

states were characterized by bifurcation analysis, explaining the observed behavior

during the stochastic simulations and the reversibility of the mesenchymal state

under dlc1 knockdown.

BayModTS is a work�ow based on Bayesian inference that enhances the relia-

bility of dynamic model predictions. The reliability is enhanced by �ltering noise

and including the uncertainty of the observed data in model predictions. Further,

the work�ow is based on the FAIR principles, which allow versatile applicability

to numerous problems. Ultimately, BayModTS should enhance the modeling and

interpretation of biological time series data, contributing to improved comparison

of dynamical processes and integrating discrete data into continuous models. The

applicability and improvement to state-of-the-art methods of BayModTS was

2



1.2 Sparse and variable data in biology

demonstrated for three hepatic datasets.

By applying Bayesian estimation, I showed that reproducible modeling in sys-

tems biology promotes the number of citations. Furthermore, a trend toward an

increased citation count for standardized data integration was indicated but has

to be validated as more data becomes available. A heatmap visualization scheme

for Bayesian multi-group comparisons was developed for these analyses and has

already been applied to various liver metabolite datasets. I believe this is an

essential contribution to convincing people to make their work reproducible and

for funding agencies or journals to foster reproducibility.

The developed reproducible methods were applied to exciting problems. This

doctoral thesis was made possible through an interdisciplinary collaboration with

Hans-Michael Tautenhahn, Uta Dahmen, Jürgen Rainer Reichenbach, Karl-Heinz

Herrmann, Matthias König, Mohamed Albadry, Eva Marie Kindler, Wan-Ting

Zhao, and Weiwei Wei of the QualiPerF (Quantifying Liver Perfusion-Function

Relationship in Complex Resection) research network; Monilola Olayioye, Raluca

Tamas, and Merih Özverin from the Institute of Cell Biology and Immunology

at the University of Stuttgart; Jürgen Pleiss from Institute of Biochemistry and

Technical Biochemistry at the University of Stuttgart; and many other interdisci-

plinary research partners. The applications are examples of these interdisciplinary

collaborations with sparse and variable data. Method development was always

problem-oriented, focusing on visualization and credible approaches for communi-

cation.

1.2 Sparse and variable data in biology

Sparse and variable data are ubiquitous in most scienti�c and industrial �elds. Spar-

sity mainly arises from limitations of the measurement method and cost restrictions,

leading to a low resolution. The main causes of variability in biology and biomedicine

are noise and biological variability. Ethical aspects further restrict sample sizes to a

minimum that is essentially needed for the analysis. Here, the biological variation we

observe is caused by a combination of chemical and physical e�ects like temperature or
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Chapter 1 Introduction

irradiation and inter-individual di�erences like genetics, epigenetics, or overall develop-

ment. Taking an evolutionary perspective, biological inter-individual variability is very

important [135]. For example, population heterogeneity in immune defense ensures

not all individuals are susceptible to the same pathogenic mechanisms. Understanding

variability is therefore essential.

In addition to the inherent variability, the molecular processes in biology are com-

plex [107]. Cell fates are typically decided by many interconnected enzymatic cascades

with feedback and feedforward loops. On an organ level, these cellular outcomes are

integrated and combined with signals or molecules from other organs. This results in a

complex network on several scales that in�uence each other and react to environmental

stimuli. One example of such a complex process on the organ level is liver regeneration.

Hepatocytes, stellate cells, in�ammatory cells, and endothelial cells coordinate liver

regeneration. Here, the hepatocytes are the main parenchyma of the liver and regulate

proliferation and survival [25]. However, even though we know a lot about these

pathways and cells, we are still far from understanding the entire liver regeneration

process in all its facets [SH7]. Only by combining modeling approaches with existing

knowledge and new data will we be able to understand biological complexity.

Sparse data with low signal-to-noise ratios are the focus of this thesis (Fig. 1.1). A

low signal-to-noise ratio describes a weak biological signal compared to the background

noise, which may be due random variations, measurement errors, or irrelevant infor-

mation. In this context, the liver organ scale and the molecular scale of the DLC1

protein in the EMT are investigated. Both applications have a low signal-to-noise ratio

and a sparse time sampling in common. For example, the DLC1 mRNA and protein

concentrations were quanti�ed by qPCR and western blots, respectively. Both qPCR

and western blots provide relative measurements, which might introduce variability or

shifts during data processing. Further, cells are harvested for qPCR and western blot

analysis, making these analyses cost- and labor-intensive, necessitating a selection of

measurement times. The liver data stems from rodents and patients, ethically limiting

the number of samples. One animal can often only be evaluated at one point, and the

liver regeneration of hepatectomy patients was only assessed when the patient had

complications and returned to the clinic. Therefore, the obtained data was sparse. For

example, we examined if steatosis a�ects the drug metabolism of ca�eine, midazolam,
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1.2 Sparse and variable data in biology

Fig. 1.1: Insight into sparse and variable time series data by leveraging
statistical methods. This thesis addresses the challenges of sparse and variable
data from biological systems on di�erent scales. All investigated datasets show a
high variability and were sparsely sampled in time. We include process knowledge
via mathematical modeling to gain insight into these limited information settings and
characterized the system's behavior via stochastic and deterministic simulations. In
addition, Bayesian statistics is used to quantify the uncertainty in the data and transfer
the uncertainty from the data to model predictions. The FAIR principles, applied to
data storage, integration, modeling, and Bayesian analysis, stand above all.

and codeine in mice for three conditions with four to six replicates and ten measurement

time points throughout six hours [SH6]. The huge variability in this dataset and the

low number of replicates complicated the statistical analysis.

Ultimately, the inter-individual variability of the cells or organisms in these examples

is paired with measurement errors and environmental changes like temperature �uctua-

tions, leading to a low signal-to-noise ratio. Methods that allow credible predictions in

these settings must be developed and enhanced to learn from di�cult but expensive

and valuable data. These methods must strike a balance between being conservative

due to high uncertainty in the data and making the best possible use of the available

data to enable predictions to be made at all.

In short, the methods presented in this thesis address sparse and variable data

coming from cost and time-intensive measurement methods and ethically restricted

sample sizes.
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Chapter 1 Introduction

1.3 Systems biology - gaining knowledge from sparse

biomedical data

Systems biology strives to understand complex relations of biological systems through

mathematical and computational approaches. Obtaining suitable data for this task is

challenging in many aspects. First, biological data is typically noisy due to the stochas-

tic nature of many biochemical processes, inter-individual variability, and physical

conditions like temperature �uctuations. Second, it is challenging to get enough data

for reliable statistics due to cost and ethical reasons. Begley and Ellis [103] summarized

this by saying there are no perfect stories in biology. Nonetheless, modeling can give

insights to sparse data by integrating system knowledge with data.

1.3.1 Systems medicine of the liver

Systems medicine takes systems biology approaches towards medical data and pa-

tients [102]. The liver is the largest internal organ of humans. Venous blood from the

intestine, spleen, and pancreas enters the liver through the portal vein. This blood is

involved in many processes inside the liver, including fat and carbohydrate metabolism,

bile production, and vitamin and mineral storage. Nutrients are absorbed, and toxins

are cleared. The vena cava inferior collects the venous blood from the liver and guides

it to the heart (Fig. 1.3).

The liver parenchyma largely consists of hepatocytes. Here, the metabolic function

of the hepatocytes depends on their position in the liver lobule. Liver lobules are

the functional units of the liver (Fig. 1.2). For its metabolic processes, the liver

receives oxygen from the hepatic artery and glucose and fatty acids from the portal

vein. This de�nes an oxygen and nutrient gradient from the portal to the central

vein [65]. The hepatocytes have di�erent metabolic repertoires due to this gradient,

simultaneously determining it. This functional specialization of the hepatocytes is

called metabolic zonation and prevents metabolic competition [65]. It considerably

impacts organ function and in�uences disease progression [17]. At the organ level,

diseases like non-alcoholic fatty liver disease further show spatial inequalities [55].
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1.3 Systems biology - gaining knowledge from sparse biomedical data

Fig. 1.2: Anatomy of liver lobules. Liver lobules are hexagonal, with portal triads at
the corners and the portal vein in the center. Hepatocytes are the predominant cell type
in the lobules and participate in various metabolic processes, including lipid, glycogen,
and vitamin storage, bile secretion, detoxi�cation, and protein synthesis. Each portal
triad comprises a hepatic artery, a portal vein, and a bile duct. Sinusoids transport
the blood from the portal to the central vein, de�ning a nutrient and oxygen gradient.
The metabolic functions of hepatocytes vary along this gradient, with hepatocytes
near the central vein performing glycolysis and those near the portal vein performing
gluconeogenesis [65].

As the liver plays a key role in detoxi�cation, it evolved mechanisms to recover from

toxin damage, resulting in remarkable regenerative capacities [137]. This regenerative

capacity is used in hepatectomies, where parts of the liver are removed to resect primary

liver tumors like hepatocellular carcinomas or hepatic metastases. In humans, 70 to 80%

of a healthy liver can be resected safely, while this safe fraction decreases for steatotic

and cirrhotic livers [104]. Therefore, the limiting factor for a hepatectomy is the size

of the future liver remnant and its functional capacity. If the size of the future liver

remnant is deemed insu�cient, two-step procedures initiating liver growth before the

actual hepatectomy are considered [80]. Here, diverting the blood �ow of the portal vein

is typically used to initiate hypertrophy in the hyperperfused liver tissue. Associating

Liver Partition with Portal vein ligation for Staged hepatectomy (ALPPS) [106] is

one of these procedures (Fig. 1.3). First, the ligation andin situ split of the right

lobe initiate hypertrophy in the left lobe. Ligation and in situ division result in the

separation of the two lobes of the liver, redirecting blood from the right lobe to the left

lobe. Second, the right lobe is resected after the size of the left lobe is deemed su�cient.

The idea of ALPPS is to enable resections in cases where too much liver tissue is dam-
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Chapter 1 Introduction

Fig. 1.3: Associating Liver Partition with Portal vein ligation for Staged
hepatectomy (ALPPS). ALPPS is a two-step procedure for resections with limiting
liver remnant sizes. In the �rst step of ALPPS, the right portal vein is ligated, and the
tissue of the right lobe is dissected from the healthy tissue (in situ split). This causes
hyperperfusion and hypertrophy in the left lobe. In the second step, the right lobe is
resected, and the remaining left lobe must function independently.

aged, and the remaining part of the liver would be too small to ful�ll the liver's function.

Besides the successful application of ALPPS and related methods in recent years,

there is an ongoing debate about when these procedures should be applied [3, 80].

In particular, two-step methods mean a second operation for patients who are often

weakened anyway. Furthermore, it is still poorly understood how a gain in liver mass

relates to actual function gain [SH7].

This thesis contributes to a broader understanding of the perfusion-function relation

of the liver in several aspects. In particular, Bayesian statistics was applied to make

credible statements and predictions in sparse and variable data settings. First, the FAIR

BayModTS [SH3] work�ow was developed to analyze and compare the sparse perfusion

and metabolite data we obtained from our research partners. BayModTS can be applied

to sparse and variable time series data in general and makes uncertainty-equipped

and time-continuous predictions about dynamical processes. For broad applicability,

BayModTS leverages the Retarded Transient Functions (RTF) [42] as a universal

simulation model. Still, any mechanistic ODE or explicit equation can be incorporated

using the SBML as the underlying model format.

We applied BayModTS to (i) Magnetic Resonance Imaging (MRI) perfusion data of

8



1.3 Systems biology - gaining knowledge from sparse biomedical data

rats after portal vein ligation, (ii) metabolic drug metabolization pro�les of mice with

micro- and macrosteatosis, and (iii) to regeneration courses of quanti�ed computed to-

mography liver volumes of 24 human patients after hepatectomy. For the MRI perfusion

data, we could improve the data visualization and calculate a continuous postoperative

perfusion pro�le with uncertainty bands for the individual lobes. Continuous perfusion

pro�les enable us to couple the discrete perfusion data to metabolic models. Ultimately,

this approach should explain the relation between perfusion changes and metabolic

function in rats and pave the path for predictions [SH3].

1.3.2 TGF B induced epithelial-mesenchymal transition in breast

cancer cells

Epithelial-Mesenchymal Transition (EMT) has important physiological functions in

wound healing and embryonic development. Furthermore, EMT enables epithelial

cells to leave their cell structure and get motile, a mechanism of metastasis in tumor

progression [48]. To treat malfunctions in EMT and prevent metastasis, we need to

understand the EMT process with its interconnected feedback loops and the connections

to related proteins and pathways.

The Transforming Growth Factor beta (TGFB) is the main inducer of EMT [28].

TGFB activates Smad signaling. Smad is a family of signal transducers that mediate

cell growth and development. Here, the activated Smads form a complex that modi�es

a SNAIL, ZEB, and bHLH transcription factor response. This response is characterized

by a decrease in epithelial marker genes like E-cad and an increase in mesenchymal

marker genes like N-cad [119]. The transition from the epithelial to the mesenchymal

phenotype proceeds through multiple intermediate partial states (Fig. 1.4). The partial

state has a mixture of epithelial and mesenchymal properties and is stable at medium

TGFB concentrations [74]. Mesenchymal cells lose their adhesion properties completely

and can migrate and invade other tissues.

Recent studies show that the transition from the epithelial to the mesenchymal state

consists of many intermediate states [16]. These partial states seem to promote cancer

metastasis, using their mesenchymal properties to invade tissues and their epithelial

properties to colonize them [85]. Still, more research is needed here to understand the
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