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Towards a Mathematical Description of Health: from Phenotypical
Stability to Ecological Resilience

A key feature of healthy biological systems is their ability to adapt and respond to environmental and genetic
fluctuations while simultaneously maintaining their stability, homeostasis, and resilience. Understanding how this
balance between robustness and plasticity is maintained in health and lost in disease is one of the most pressing
questions in biology.

In my research, | tackle this question from a systems biology perspective. Specifically, | construct and analyse
mechanistic mathematical models of complex biological systems and ask under which conditions health emerges
from the system's interactions. Qualitative transitions between healthy and disease states can be interpreted as
catastrophic shifts, or bifurcations, of the mathematical model. Using this approach, it has been possible to
contribute to understand, prevent, diagnose, and reverse health-to-disease transitions in complex biological
systems ranging from individual cells to whole ecosystems.

The time is ripe to critically think about the features of these models from a theoretical perspective. Questions to be
addressed include:

(1) What are the shared structural properties of the regulatory networks that maintain homeostasis in biological
systems operating at different scales?

(2) Can we define the health of complex biological systems as a trade-off between robustness and plasticity in
response to perturbations?

(3) What are the methodological scopes, limitations, and implications of using catastrophe theory to study the
health of complex biological systems?

In this project, | will tackle these questions by constructing, validating, analysing, and comparing a set of minimal
mathematical models that represent critical bifurcations of complex biological systems operating at three different
scales: (1) Cellular-level phenotypical stability; (2) Physiological homeostasis, and (3) the Integrity of an ecological
community.

This project will contribute to an integrative and systems-level understanding of health in complex biological
systems across different scales and to improve the strategies for the prevention, early detection, and reversal of
unwanted cata-strophic transitions.
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Untangling the Wires that Maintain Health

Healthy physiological systems are simultaneously plastic and robust. This is, they dynamically respond to changing
environments without large or long-lasting deviations from a homeostatic set point. This fine balance is achieved
through exquisitely connected networks of regulatory interactions between biological players such as molecules,
cells, and tissues. What are the key structural features of these intricate feedback control structures maintaining
homeostasis? In my research, | tackle this question from a dynamical systems biology perspective. This means that |
study the interactions of biological networks through the mathematical framework of dynamical systems theory.
With this, | aim to move from a descriptive to a predictive understanding of the mechanisms through which health
is maintained and lost. In this endeavour, my main object of study has been the epithelium, which is the main tissue
that separates us (and any other animal - even sponges!) from the outside. Now, | am zooming in and out of my
comfort zone, focusing also on cellular-level decision-making processes of a developing fungus and on ecological-
level interactions in a closed community. By assembling and comparing such a multi-level collection of systems, my
dream is to distil the essential regulatory features into an abstract mathematical model - a so-called network motif
- to propose a richer and yet more mathematically formal definition of health.
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