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To dive into the depth of complexity without
losing touch with the surface, it is essential
to be willing to propose pathways, explore
them, realize how inaccurate they might be,
acknowledge oneself lost and allow the most
accurate paths to unveil describing the studied
phenomenon . This, in order to respect the
phenomena themselves, and life expressing
through them.

To Life itself in all its possible ways, sprouting

love inside me.

Para adentrarse en las profundidades de
la complejidad y no perder contacto con
la superficie, es necesario estar dispuesta a
proponer rutas, explorarlas, darse cuenta de
lo desviadas que pueden estar, reconocerse
perdida y permitir que se develen las que
mejor describen el fenémeno al que se estd
haciendo referencia. Por respeto al fenémeno
mismo, por respeto a la vida expresandose en él.

A la vida misma, en todas sus formas posibles,
haciendo brotar amor en mi.
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Titulo en espanol: Una Mirada Sistémica de la Vida en Modelos Semi-Fisicos de
Base-Fenomenolégica. Un Modelo Matematico del Ciclo Ovulatorio-Menstrual.

Resumen

Los sistemas vivos tienen una enorme capacidad de organizarse en redes altamente inter-
conectadas, con fenomenos complejos que sostienen diferentes procesos y patrones auto-
regulados. Los cuerpos de las mujeres no son la excepcion y, de manera espec ca, las in-
teracciones entre el Ciclo Ovulatorio Menstrual (COM) con el resto del cuerpo son de gran
importancia para un estado sano de las mujeres desde una perspectiva sistemica de la vida y
la salud. Las irregularidades en el COM tienen un impacto profundo en la con guracion de
otros sistemas como el cardiovascular; el metabolico; el inmune; el sistema musculo-esqueleti-
co y, por tanto, la manera en que el cuerpo entero expresa estados de salud. EIl COM es con
frecuencia estudiado y observado exclusivamente desde su funcion reproductiva, por tanto,
sus irregularidades se tratan desde un paradigma de fragmentacion. Los tratamientos se de-
sarrollan con la intencion de apagar s ntomas, lejos de la comprension de un estado de salud
en el cuerpo femenino como un todo; ademas, las irregularidades se tratan inhibiendo las
dinamicas hormonales propias del organismo, como si apagarlas solo afectara la posibilidad de
gestar. Historicamente, la siolog a de las mujeres ha sido poco estudiada desde la naturaleza
propia de sus dinamicas y procesos. El objetivo de esta tesis es desarrollar modelos semi-f si-
cos de base fenomenologica (MSBF) en el contexto de los sistemas dinamicos complejos, para
comprender mejor los estados de salud como una expresion de la capacidad auto-reguladora
y auto-ordenadora de los sistemas vivos; por medio del estudio espec co de los estados sanos
en las mujeres. Dichos modelos matematicos estan basados en los fenomenos y los procesos
que se despliegan en un sistema vivo, lo cual establece una base para acercarnos a la vida
escuchando sus caracter sticas inherentes y observando sus formas de prosperar - orecer-
a traves de las conexiones que la sostienen; en lugar de perseguir estados asintomaticos y
despreciar las interacciones sistemicas. Se desarrollaron tres modelos matematicos, siguiendo
la metodolog a establecida para los MSBF. El objetivo de los modelos es describir algunas
de las interacciones entre el eje Hipotalamo-Pituitaria-Ovarios (HPO) y el ciclo endometrial,
el sistema cardiovascular y el sistema metabolico. Para esto, se propuso una metodolog a
de acople para describir las interacciones entre subsistemas de un sistema complejo y como
dichas interacciones impactan el estado del sistema entero. La metodolog a se usa primero
para describir el COM, acoplando las acciones del estradiol (E2) y la progesterona (P4) con el
ciclo endometrial, lo cual de ne un ciclo ovulatorio-menstrual completo. Luego, los impactos
del COM son estudiados en dinamicas del sistema cardiovascular y el sistema metabolico a
traves de las acciones del E2 y la P4, cuyas concentraciones son marcadores de las diferentes
fases del COM. La metodolog a de acople se formalizo asentada en el paradigma de espacio



de estados, evidenciando la importancia de la comunicacion entre diferentes sistemas con
senales de inhibicion y estimulacion, en la vida y en las mujeres cuando se trata de sostener
estados sanos. La respuesta de los modelos fue evaluada de manera cuantitativa y cualitati-
va, usando datos experimentales reportados en la literatura del ciclo endometrial, la presion
arterial, el ujo sangu neo y el metabolismo de glucosa e insulina, respectivamente. La me-
todolog a de acople propuesta, es un mapa de ruta para estudiar sistemas complejos bajo la
mirada de los fenomenos reales. Esta ruta permite un conocimiento mas preciso de las cone-
xiones a traves del acople matematico de procesos siologicos. As , se obtuvo informacion de
las interacciones entre el eje HPO y el ciclo endometrial para describir el COM completo; de
las interacciones entre el COM vy las caracter sticas dinamicas de los vasos sangu neos como
el diametro; y de la comunicacion de senales entre el COM y el metabolismo de glucosa.
Los resultados muestran la importancia de las acciones conjuntas del E2 y la P4, pues sus
efectos en el cuerpo se balancean entre s en una danza que sostiene ciclos armonicos tanto
en el crecimiendo del tejido endometrial, como en los sistemas cardiovascular y metabolico.
El estado sano es un estado c clico en el organismo entero femenino, principalmente durante
los aros c clicos en los que hay ovulacion en las mujeres. En este sentido, la proporcion entre
el E2 y la P4 es de gran importancia y es clave para mantener los lazos de retroalimentacion
auto-regulados que expresan salud. Por tanto, alterar concentraciones de E2 y P4 de manera
aislada, sin tener en cuenta la proporcion entre ambas hormonas, genera perturbaciones en
la estabilidad del ciclo endometrial y de la misma manera en el metabolismo de la glucosa
y la homeostasis entre la vasoconstriccion y la vasodilatacion en los vasos sangu neos. Esta
disertacion muestra el profundo sentido y la importancia de considerar la vida como una red
entera y compleja, lejos de las particiones aisladas, si se quiere atender y cuidar la misma
vida y a las mujeres tanto en estados de salud como en estados de s ntomas cronicos deno-
minados patologicos.

Palabras clave: Sistema sexual femenino; fisiologia femenina; Ciclo Ovulatorio Mens-
trual (COM); Sistemas Dindmicos Complejos; sistema vivo; vida; auto-regulacién; Mo-

delos Semifisicos de Base Fenomenolégica (MSBF); Teoria Sistémica, Salud.

Abstract

Living systems present a stunning capacity to organize themselves in highly interactive
networks, with highly complex phenomena sustaining di erent self-regulatory processes and
patterns. Female bodies are not the exception, and particularly the interactions between the
Ovulatory-Menstrual Cycle (OMC) with the rest of the body are remarkable in the state
of health of women from a systems view of health and life. Irregularities in the OMC ha-
ve a profound impact on the con guration of other systems, i.e., cardiovascular, metabolic,
immune, skeletal-muscle; and therefore, in the way the entire body expresses health. The
OMC is often looked at from a merely reproductive function, hence its irregularities are
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often treated from a perspective of fragmentation. On the one hand, with the objective to
only deal with symptoms, with treatments far from the comprehension of a state of health
in the whole female body; on the other hand, as if shutting down hormonal dynamics was
con ned to allowing or inhibiting pregnancy. Historically, female physiology has been unders-
tudied within the nature of its own dynamics and processes. The aim of this dissertation is
to develop phenomenological-based semi-physical mathematical models (PBSM) within the
realm of dynamic complex systems, to better understand states of health as an expression of
self-organization in living systems, speci cally in women. Such models are based on the phe-
nomena and the processes that a living system exerts, setting a ground to approach life by lis-
tening to its inherent characteristics and interconnected ways to thrive, rather than pursuing
an asymptomatic state and neglecting systemic interactions. Three mathematical models are
developed to describe some of the interactions between the Hipothalamus-Pituitary-Ovarian
axis (HPO) and the endometrial tissue cycle, the cardiovascular system, and the metabolic
system, using a well-known methodology for PBSMs. A coupling methodology is proposed
to describe interactions between subsystems in a complex system and how said interac-
tions impact the state of the whole system. The methodology is used to rst describe the
Ovulatory-Menstrual Cycle (OMC), coupling the actions of estradiol (E2) and progesterone
(P4) with the endometrial cycle, which de nes a complete ovulatory-menstrual cycle. Then,
the impacts of the OMC are studied on the dynamics of the cardiovascular system and the
metabolic system, through the actions of E2 and P4 as markers of the di erent phases of the
OMC. The coupling methodology is formalized based on the paradigm of state-space, which
elucidates the importance of crosstalk between di erent systems in life and women’s bodies if
aiming for health. The response of the models was qualitatively and quantitatively assessed
using experimental data reported in the literature on the endometrial cycle, blood pressure,
blood ow, glucose and insulin metabolism, respectively. The proposed methodology sets a
map of the route for studying complex systems in light of real phenomena and provides better
insight into the cross-talk by mathematically coupling physiological processes. In this way,
the models shed light on interactions between the HPO axis and the endometrial cycle to
describe the entire OMC; as well as on the interactions between the OMC and the dynamic
characteristics of blood vessels -i.e., diameter-, and on the crosstalk between the OMC and
glucose metabolism. The results show the importance of the actions of E2 and P4 together,
often counterbalancing and dancing to maintain harmonic cycles throughout the endometrial
cycle, the cardiovascular and metabolic systems. Health is a cyclic state within the entire
female body, mainly during the cyclic-ovulatory years. In this sense, the ratio between E2
and P4 is of high relevance, and it is key to keeping self-regulatory feedback loops that ex-
press health. Hence, altering isolated concentrations of E2 and P4 would lead to disruptions
in the stability of the endometrial cycle and in the same way in glucose metabolism and
blood vessel vasoconstriction. This dissertation shows the signi cance of considering life as a
whole complex network, far from isolation, when approaching and taking care of life and wo-
men in both states of health and chronic symptomatic states so-called disease and pathology.
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Keywords: Female physiology, female sexual system; Ovulatory-Menstrual Cycle (OMC);
Dynamic Complex Systems; living system; life; self-regulation; phenomenological-based
semi-physical model (PBSM); Systemic Theory, Health.
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1. Introduction

Deepening the knowledge about the female body is an endeavour not only concerning women,
but also humans and science. The ovulatory-menstrual cycle and sex hormones throughout
women's life support health and life quality beyond menstruating beings. It is key for the
society they belong to. The Hypothalamus-Pituitary-Ovarian (HPO) axis, as a center piece
of the endocrine system, regulates the dynamics of ovulation and menstruation. Most of the
research regarding women's bodies has been focused on the dynamics within this axis and
how to control them from a reproductive perspective. Nonetheless, the function of hormones
secreted by the glands in the HPO axis is vital not only for reproductive function, but also
for the state of health of the cyclic organism regardless of pregnancy. This brings about
the state of health as the expression of a highly complex interactive network of systems.
The central nervous system, the metabolic and cardiovascular, the endocrine and immune
systems, and all the body tissues, including muscles and bones, work together by receiving
signals from the HPO axis and sending back responses to the rest of the body during every
cycle. In other words, the HPO axis and the ovulatory-menstrual cycle aid the rest of the
systemic function and, at the same time, it is supported by their feedback.

Looking at the interactions among di erent systems allows a better understanding of the
complexity and deep underlying phenomena in the expressions of life in female bodies. Howe-
ver, it is a big challenge that a linear mindset and a ground of fragmentation cannot grasp.
The complexity resides precisely in the stimulatory and inhibitory e ects within the feedback
loops that sustain the interactions. Physiology reaches boundaries to describe such complex
loops, since in the whole living system, the track of causality starts to be unattainable and

it is not su cient within a mechanistic paradigm that insists on fragmentation with deeply
interconnected phenomena. Moreover, some experiments cannot be ethically performed in-
vivo to better understand entangled dynamics in living systems. It is necessary to imagine
other ways to approach life, its comprehension, and the way we take care of it, di erent from
the interventions that pretend to detach pieces and delete symptoms in all levels -socially,
physically, politically, psychologically, spiritually- to interact and restore the relationships
with ourselves in an embodied existence, with our minds and sensitivity, our living processes
as whole organisms, and our unbalances.

There have been humans who have already imagined some of these alternative paths and
proposed intrinsic characteristics of life as routes to better take care of it and all its expres-
sions within us: Ludwig Von Bertalan y, Irvin Yalom, Carl Rogers, Humberto Maturana &
Francisco Varela, Fritjof Capra & Pier Luigi Luisi (? 186; 152; 18; 114; 31). As intertwined
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as life is, it demands to bring together disciplines that might be able to shed light on the
high complexity of feedback-autopoietic interconnectedness in living systems that medicine,
biology, or any discipline looking at only one portion of the whole system, falls short in
comprehending entirely.

Mathematical models are powerful tools to buildn-silico environments, using approaches
developed throughout history to describe highly complex dynamics and elucidate information
from experiments that otherwise could not be performed. However, mathematical descrip-
tions of the ovulatory-menstrual cycle (OMC) have been limited to the HPO axis feed-back
loops, i.e., the crosstalk between ovaries and brain. Before current research, coupling it to
other subsystems had not been mathematically modeled, and physiological studies still show
contradictory descriptions. Mathematical models are routes to explore and shed light on the
e ects of sexual hormones, i.e., estradioH?2), progesterone P 4), testosterone, in other sys-
tems of the body, beyond said axis. This research proposes to use phenomenological-based
mathematical models to describe complex interactions between the HPO axis, as one of the
central components allowing the OMC to happen, and the rest of the body. The models rst
explore how the OMC is de ned, to dig into how it impacts other systems of the female body
through E2 and P4 signaling. The development of the models starts with the impacts of the
HPO axis on the endometrial cycle, followed by the ones on the cardiovascular system, and
concludes describing how the ovulatory-menstrual cycle impacts the metabolic system. This
dissertation is then a proposal to comprehend and attend to the OMC as a systemic pro-
cess, describing interactions with two of the systems involved: cardiovascular and metabolic
dynamics, through mathematical modeling based on physiology from a systemic view of life.
This is a thesis on mathematical modeling and engineering applied to physiology. It is also a
doctorate dissertation on philosophybout life. Therefore, there are discussions and conver-
sations among the dimensions where life is expressed, which means almost everything that
surrounds us and inhabits us. At the same time, not everything can be deeply treated, and
this brings a precise focus on the way in which multiple life dimensions can nurture the pre-
sented mathematical model building. The mathematical modeling methodology is grounded
on phenomenological-based approaches with the intention of staying close to the phenomena
themselves, in a descriptive manner rather than a predictive-centered one. This, aiming to
honor what life tells us to better comprehend its organization and underlying connections
sustaining health states. Such an approach allows us to use conservation laws to study trans-
fer phenomena in living organisms, so the mathematical models can give us information on
the interactions occurring within the portion of life that this thesis is capable of covering
within its scope and limits.



2. Life and its expression in women's
health

The way we see life guides the way we relate to it and the way we explore and represent its
phenomena when trying to better comprehend living systems and states of health. In other
words, it sets the physiology we describe and model.

Since the way we see life sets the physiology we model, this chapter describes a systemic
view of life as the ground to represent it mathematically.

2.1. Life as a Systemic Phenomenon

From a systemic perspective, life is described as a non-localized phenomenon that far from
being in one single part of an organism emerges from highly complex, dynamic, and inter-
active networks (31). The complexity stands on the web of interactions that connect each
portion conforming a living organism, with every other, even the ones apparently far away
from or not related to each other. In this sense, the perturbation in one single point can, in
principle, be felt in the entire network, as each interaction depends on all the others (31).

2.1.1. Life de nition from a systemic view

Life emerges from the relationships among di erent portions of nature, organized in a self-
regulated network. The systemic principle is the foundation of such a way of seeing life: the
whole cannot be reduced to the sum of its components. Hence, a living system is more than
the sum of its parts (177). These characteristics hold to every living organism and all its
processes, from the smallest bacteria to a human being, a tree, or a gira e (31). Life, as an
emergent phenomenon according to Capra et al. (31) has emerging properties, some of which
are described as follows.

Property 1 (Cognitive process.) Cognition, understood from a systemic view of life, ex-
pands the cognitive classic conception, and it is based on the theory of autopoiesis, proposed
in 1972 and the Santiago's theory of cognition published in 1980 by two Chilean biologists-
philosophers H. Maturana and F. Varela, (78), is the way in which a living organism learns,
remembers and makes decisions. Cognition is a learning process from the relationship with
the environment as an expression of life self-sustaining characteristic. In this way, it is not
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reduced to the brain but is happening in the entire living system and, moreover, it does not
belong to a speci c nervous system. Every organism perceives reality through its sensory
processes, thus, reality is di erent for each organism. Cognition belongs to life and happens
throughout all the organisms. It is the way to know not only in a rational way, but inclu-
ding perception, emotion, and behaviour: the process of knowing with the whole being. Trees,
for instance, know how to sustain the homeostasis in the forest, sending nutrients to each
other through an underground network, connected by the mycelium of mushrooms. Bateson,
a british-american antropologist, states in a similar way along the 1970s decade and from
another place in the globe (US) that the mind is not a thing in the brain, but rather a process
belonging to life: the process to learn, remember, and thus, continue living. Bateson pusblishes
\An ecology of mind" in 1972 and \Mind and nature: a necessary unity" in 1980, with a
collection of essays in 1987 (14; 13). Although in di erent places in the world and di erent
disciplines, the systemic view converges into the process of knowing as a force that sustains,
sets an order in a living organism to generate life and continue self-regulating. The process
of knowing is considered to go beyond survival, as a regulatory, creative, and organizing for-
ce that allows the living system to respond with internal structural transformations to the
dynamic cues from the environment.

Property 2 (Structural Coupling.) The environment and the organism are structurally
coupled, meaning that there are no detached dynamics from one and the other. The envi-
ronment where the organism is immersed and coupled, is constantly triggering structural
transformations in the living system but not determining how the organism should trans-
form. The response is given by the organism in agreement to the internal dynamics which
constitute its structure. The transformations are structural because the organism uses its own
force to reorganize and create new connections within its interactive network, activating and
inhibiting pathways to express and respond to the external cues. This aims to continue self-
regulating and self-sustaining while existing together with that environment. The interaction
between the living system and the environment is a feedback loop, and the environment is
also continuously being shaped by the living system. In this sense, the living system and the
environment are structurally coupled, forming a whole living entity.

Property 3 (Autopoiesis.) Living systems are self-sustaining in cyclical, self-generating
processes, that self-regulate themselves. This is called autopoiesis and it is considered a main
and su cient -not unique- feature in life. According to Capra, life has four inherent charac-
teristics: Life organizes itself in networks , life is inherently regenerative , life is
inherently creative  and life is inherently intelligent (31). The four inherent charac-
teristics sustain the self-regulatory processes holding a living system self-sustaining pattern.
In 2014, based on Maturana and Varela's work, F. Capra and P. Luigi Luisi opened a con-
nection between cognition and spirituality. Cognition is the process of knowing and it is based
on the inherently intelligent and creative force that reorganizes and expands life. Spirituality,
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standing on the de nition of spirit considered from di erent languages (atman, psyche, spi-
ritus, pneuma (31)) as the breath: the force that is animating life. The spirit as the force that

is sustaining consciousness. In fact, when it leaves the body, consciousness -awareness, the
possibility to know with the whole body- is lost (31). Therefore, cognition as the process to
learn beyond the brain, holds the spirit and simultaneously the spirit encompasses cognition,
awareness, the realizations that occur inside the living system (114).

The systemic view not only studies and calls out the interactions in the living systems,
but also enacts the interactive alive networks while exploring life. The historically divided
Scienti ¢ paradigm and spirituality, from this perspective, converge in a force that is making
life self-sustaining, self-regulating and conscious. The autopoietic de nition from biology and
the four characteristics that Capra sets, show a living system that senses reality, receives
information, and learns to respond in feedback self-sustaining loops. Consciousness is de ned
from other disciplines including phenomenology as a main ground for humanistic existential
psychology (80; 90), as a receptive organ, which is able to receive information and capture
phenomena.

In the same way, di erent disciplines discuss about the same phenomena when studying
life from di erent perspectives. From psychiatry for example, Viktor Frankl says, that the
spiritual dimension in humans is the one allowing all the resources that sustain life to be un-
folded, displayed, and expanded. He a rms that the spiritual dimension is expressed through
creativity (56) (inherently creative in Capra et al. words (31)), the capacity to create and the
ability to respond to life (which is part of how life is inherently intelligent and organizes in
networks to answer to the inner and outer dynamics). Frankl's statements are exactly what
Maturana et al. (114), and Capra et al. (31) stand for when looking at life from biology.
Ludwig Binswanger, a psychiatrist, states that the way of being in humans is displayed in
the way we relate to ourselves and to the world, he proposes that the existential structure
(the way of being) is thereforestructurally coupledto the world of the life (Lebenswelt in
his words), because it is the world where we are existing (18). \Life makes us questions and
the way to answer them is our existence, our very way of being" (90).

In psychiatry and psychotherapy, some de nitions of an organizing and self regulatory force
are not far away. For Carl Rogers, life has an actualizing tendency (152), de ned as the
development of an autonomy that is not only aimed at preserving life, but to expand the
living system continuously, imposing its self-determination to the facts (151). In other words,
itis a tendency torespond with autonomyto what is happening in life. It is another way to say
that the environment is triggering transformations in the living system but not determining
them (31). Irvin D. Yalom (186), postulates that human beings are not only a ected by the
events happening in life, but are also shaping the world they are part of. Being apparently far
away from Maturana and Capra's eld of knowledge, he was con rming their same ndings
regarding autopoiesis: the environment is shaped by the living system in the same way the
living system is being transformed by the environment.
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There are multiple dimensions to talk about life and human life, i) biology: the most tangi-
ble dimension in the material world of a living system, ii) relationships: The way di erent
organisms and living systems interact, iii) psyche: The most subtle dimension that encom-
pass emotions, feelings, thoughts. A systemic view of life cannot stay only in one of the
dimensions, separated from the others. The systemic paradigm di ers from a mechanistic,
fragmentary one, on the possibility to see the importance of interactions (31). Authors along
history, studying the psyche and biology came together to the same statements, making
emphasis on how interconnected and entangled they are. A living system has all the infor-
mation needed to be within itself and it does not mean it is isolated. That statement and
the fact that the living system (a cell, a y, an elephant, a human being) is at the same
time receiving information (nutrients, cues, support) from the environment to be a cell, a
y, an elephant, or a human being, is simultaneously truth. Actually, although apparently
contradictory, the living system is constantly having all the information needed within and
simultaneously taking from and giving back inputs and responses to that same environment
in creative ways.

The concept of an organism in a state of health from this perspective is, in fact, a living
system that can feel whole, with cross-talks between all of its dimensions, in order to respond
to the environment as an entire-non fragmented unity, reorganizing its internal network and
the way it interacts with the world. Capra et al. shows it explicitly, saying that the living
system is a complete entanglement of entities that cannot be seen otherwise.

From a systemic view, health is an emergent property, it is not a static state, nor present
individually in the pieces, but emerging from the way the parts are assembling together.
Health is a highly dynamic state that the living system sustains in a homeostatic relationship
within and with the environment. To do so, the living system constantly changes its internal
variables (temperature, di erent substances like hormones and nutrient concentrations) to
activate responses that allow it to keep homeostasis. Although constantly moving its internal
variables, they are always kept within ranges that support life itself. Sometimes the living
system is pushed to keep its internal variables to the edge -stress-. When in health, it responds
in a natural way, to self-regulate, going back to homeostasis when the stress has passed.
However, when it has to keep its internal variables at the edge during a long, sustained time,
it loses exibility and the ability to uctuate and reorder its internal states in response to
the environment.

Rigidity a ects living systems leading to painful states such as headaches, stomachache, sus-
tained in ammation, fogginess, painful menstruation, distress, anxiety, and angst. According
to Capra et al. those states are also homeostatic states that the living system nds to cope
with being pushed to the edge for far too long. The organism always looks for ways to dis-
charge: rest, crying, screaming, sleeping, stopping, among others. However, if the routes the
living system nd to call for attention as homeostatic states to deal with a sustained stress
are always blocked (headache, pain, anxiety), the living system will nd stronger ways to
call for them that can be expressed in all the dimensions that conform the living system: the
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physical or biological dimension, the relationships, the psyche. In this sense, there is no such
thing as psychosomatic, it is not something that happens in the psyche isolated and then
goes to the physical body, it is a phenomenon happening in the entire unity that is the living
system, manifesting with signals in one or another dimension. Hence, illness can be seen as
a congruent and structurally coupled response from the living system to environmental and
internal cues, aiming to restore harmony.

Health, from a systemic perspective, is a dynamic, exiblengoing state of wholeness where
the living system continues self regulating (31; 152), transforming and responding in a crea-
tive and intelligent manner to the environment. Reproduction in this sense is a property of
life that can be present or not. Before, the pattern of self-regulation is needed (31). Women,
as an expression of life, are multidimensional. Not only is the biological dimension explicitly
recognized as important. Nonetheless, this research is focused on the possibility to shed light
on the phenomena happening in the interactions within the biological-physiological dimen-
sion, as a way to use the available tools from the author's eld of expertise: computational
life sciences to better comprehend the health state in women from the systemic ground. As
stated before, observing life from di erent perspectives can lead to very similar statements
when it is studied in a deep, phenomenological, and systemic way.

2.1.2. Life Complexity and State-Space Paradigm

Complexity arises from the systems view of life, when accepting that all the living systems are
self-organizing networks with all their components interconnected and interdependent. From
the smallest and simplest living system, an intricate network challenging linearity emerges,
with thousands of metabolic-chemical interdependent reactions inside a living system as
simple as a bacterial cell (31). The nonlinear interconnection of living networks has a degree
of complexity that could only be represented with mathematical models after the 1970s
development of higher speed computers and data processing.

Complexity theory, also known as \nonlinear systems theory" and \dynamical systems
theory" was born from di erent sets of conceptual approaches and techniques to deal with
high complexity. The application of complexity theory deepens on the level of comprehension
of biological life from systems thinking, since it sets the basis for wider and stronger con-
ceptual formulations in the systems view of life (31). Complexity theory is a mathematical
theory and as such, it can be the foundation where new scienti ¢ theories stand to better
describe rather than quantify or measure nonlinear natural phenomena. This happens when
the mathematical theory is used in creative and proper manners when observing phenomena.
Nonlinear dynamics allowed to analyze self-organizing systems from the systems view, shif-
ting the perspective from a quantitative to a qualitative approach to complexity, implying to
look at the relationships rather than the isolated objects, mapping rather than measuring,
and describe rather than quantify.

In the world of nonlinear equations and mathematical expressions, simple and deterministic
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equations may produce unexpected variety in the behavior of the complex system. Also,
chaotic behaviour can lead to ordered structures and harmonic patterns. Actually, chaotic
systems behavior does not mean randomness but deeper levels of patterned order (31).
Mathematical developments in terms of techniques and concepts have brought the possibility
to make those underlying patterns visible.

In nonlinear systems, it is important to note that changes produce non proportional e ects
due to self-reinforcing feedback, amplifying repeatedly the change, no matter how small it
is in principle. The nonlinear feedback is indeed the foundation that allows structural trans-
formation from instabilities and unexpected emergence of new and creative ways of order in
the self-organization. Mathematically, a feedback loop is represented by nonlinear processes
called iterations. Capra et al. describe historically the way to mathematically model nonli-
near systems and chaos (31): Poincae's topology, phase space depicting di erent kinds of
shapes and attractors with unpredictable behavior, qualitative analysis of dynamic systems,
fractal geometry, complex numbers to comprehend and qualitatively describe patterns as a
cornerstone of the self-organization in the living system.

Control theory introduced the state-space framework initially applied to linear systems by
Kalman (187), and then explored in nonlinear systems (164), which brings a uni ed paradigm
to model and analyze dynamic systems. The state contains all the past information of the
system, allowing to understand its future behavior. The state-space is, as the name indicates,
the space where all the states happen to describe a portion of the actual system. Even though
the state space uses deterministic equations, when applied to life, self-organized and self-
regulated complex living systems, such equations can characterize the underlying patterns
of nonlinear phenomena.

The state-space paradigm for dynamic systems has gained popularity with authors like Di
Stefano, Ljung et al., and Zeigler using it to model and analyze dynamical systems (100; 43;
192). Central to the idea of the state-space approach is the ability to write the equations
system in a set of rst-order di erential equations, rather than by one or morenth  order

di erential form by introducing new variables called the state variables in a vectox, and
parameters in a vector as written in Eqg. (2-2). In addition, externally imposed values

of input variables u, with output and measurable variablesy (described by Eg. (2-3) can
depend on the state variables. The parameters in the vector are described in Eq. (2-4).
They can be described by an assessment equation with a constant

a (2-1)

, Or with a constitutive equation g. Using the state-space representation allows to make deep
analysis of the models and the relationships that make the underlying patterns visible as
shown in Fig.2-1. This, with a mathematical paradigm already developed to asses dynamical
systems (71), i.e., the dynamic analysis when explored in a state-space model makes its
pattern visible in terms of stability, robustness, and bifurcation points. Bifurcation and
robustness, for instance, are some of the inherently creative, intelligent, and regenerative
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Figure 2-1 .: Relationships among subsystems in the whole system and with the environment
in a structural coupling con guration.

expressions of living systems.

dx

a =f (X, ,U) (2_2)
y = h(x) (2-3)
(
a
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2.2. Women's physiology and health. A highly ordered
and complex network

In women, physiology has focused on the reproductive function of sex hormones, but not on
the self-organized pattern of self-regulation. Hence, there is a strong research path in illness
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and the development of treatments for the female body rather than on the strength of life
self-sustaining and self-regulatory features, in its ability to respond to the environmental
cues with structural transformations in its network. A systemic view of women's physiology
and health shows how all the de nitions of life are expressed in the female body: every
subsystem within the body is connected and the whole living system is structurally coupled
to the environment, with structural transformations organizing all the entities within as
responses to cues from the environment. In this sense, it is also an ecological view of life.
This research is a response to the questions \What are the characteristics of the health state
in women? do we know health states enough to support them? is it possible to treat life
without deeply understanding what health means for life and living systems? what happens to
the self-regulatory pattern with treatments that only deal with symptoms? could symptom-
focused treatments be getting the living system far from its self-regulatory pattern and far
from its states of health?".

The current research focuses on the self-regulatory pattern, looking at physiological cross-
talks where the sex hormones are involved, among di erent subsystems in the human female
body. Hence, the focus of the research is in states of health. The ovulatory-menstrual cycle
(OMC) is taken as the starting point because it is the process releasing sex hormones. It
is found that the impact of the OMC in the whole body is far less discussed in literature
and it is an essential topic along this dissertation, to bring a deeper comprehension of the
self-regulatory pattern in health and the systemic nature of women.

Similarly to the systemic view of the mind, as the experience through which a living system
knows with the whole body and is decentralized from the brain, the discussion that follows
aims to decentralize the OMC from the reproductive perspective. Reproductive years and
reproductive age will be referred to as cyclic years and cyclic age throughout this text, to
see the multiple interdependent interactions between the OMC and every other system in
the female body. It is a shift of perspective in the way the OMC has been thought of from
a merely reproductive role, emphasizing the multiple impacts that sex hormones from the
OMC have on the female bodies beyond the reproductive function or objective. Mainly, when
the self-regulatory pattern needs to be held and supported rst as an inherent expression of
life, and as discussed before, the reproductive function is a property that may or may not
be present in the realm of living systems.

2.2.1. The Ovulatory-Menstrual Cycle

The Ovulatory-Menstrual Cycle (OMC) is the result of di erent hormonal interactions bet-
ween the brain and the ovaries. It has four phases and depends on the body optimal conditions
to ovulate in a regular way. The four phases considered are: 1) Menstruation, 2) Follicular,
3) Ovulation, and 4) Luteal. During the follicular phase, the pituitary gland, governed by
the hypothalamus, releases follicle-stimulating hormone (FSH) to allow the maturation of
follicles in the ovaries. The maturation process starts releasing I-éstradiol (Estradiol E 2)
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from the ovaries. Estradiol is the type of estrogen produced periodically by the ovaries
from menarche until menopause and outside pregnancies, which induces cellular growth on
the endometrium and in every place where there arE?2 receptors in the body (breasts
have many), reached through the circulatory system. This whole process is a Hypotalamus-
Pituitary-Ovary (HPO) axis dynamic, evidencing the strong connection the Central Nervous
System (CNS), the circulatory and the female sexual systems have in a healthy woman.

E 2 also works as a feedback signal for the hypothalamus, to monitor the process and make
decisions i.e., continue sending signals to the follicle maturation or shift the signal to cause
ovulation. Right after E 2 peaks, the luteinizing hormone (LH) is sent from the pituitary gland

to the ovaries, and ovulation occurs: One of the follicles (the dominant one) has reached the
optimum stage to be released as an egg through the uterine tubes. The luteal phase starts
when the egg is released and the empty sac that contained it, turns into a pregn-4-ene-3,20-
dione (progesterond?4) and E 2 releasing gland: the corpus luteum. The corpus luteu4
and E2 -in a lower amount- support the endometrial tissue and prevent it from growing
further.

Menstruation occurs when the corpus luteum dies and the decay B2 and P4 triggers

in ammation, apoptosis, and vasoconstriction, which brings the breakdown of the endome-
trial tissue, coupled to early repair and regeneration processes. This cascade of reactions
is supported by cytokines, prostaglandins, chemokines, and proangiogenic factors from the
immune system (74). Part of the endometrial tissue sheds out with blood as an e ect of
P4 withdrawal. Therefore, the menstrual cycle is an interaction among three di erent and
coupled cyclic dynamics: the hormonal, the endometrial (detailed in Section 4.1), and the
ovulatory cycles, needing the participation of di erent systems in the body. The CNS, the
circulatory, and the immune systems have been already mentioned in their participation to
make the OMC happen.

2.2.2. The importance of the ovulatory-menstrual cycle in women's
and humans' health

The OMC and the sex hormones throughout women's life have a key role in health and
life quality of menstruating beings beyond reproductive function, because it guarantees the
self-regulatory pattern in women's physiology. Hormones are one of the main substances
depicting the interactions between organs and systems within the body. They can be seen
as messengers traveling through the bloodstream, keeping the conversation among organs,
and also as control and action signals from a biochemical process point of view.

Main systems interacting with the ovulatory-menstrual cycle

Blood transports information constantly: neurotransmitters, sex hormones, glucose, insulin,
oxygen, carbon dioxide, together with electric impulses, are traveling among all the systems
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and organs in the body. An electrocardiogram (ECG) has information about the state of
health of a human, and it also appears to show uctuations along the ovulatory cycle in
women, which is directly related to their health. The ECG has already shown di erences
between male and female spectrums: women show lower values of total power spectrum and
low-frequency power, whereas there is no sex di erence in the high-frequency band. This
implies a predominance of the vagal tone in women. The predominance of the vagal tone is
likely an expression of theE2 e ect (32).

The vagal tone is involved in the parasympathetic system (non-autonomus activities), re-
gulating blood pressure, blood sugar, digestion, among other functions in the body. When
living E2 deprivation, such as after ovariectomy, all the heart rate variability indexes mea-
sured by time- and frequency-domain methods show an increase in the sympathetic tone.
However, estrogen replacement therapy is able to quickly restore the original condition and
the physiological sympatho-vagal balance (32). The literature reports contradictory results
on the cross-talk between the parasympathetic system, the heart, and the OMC. However,
although the relationship is not yet completely characterized, the cross-talk is evidenced
(32).

Some studies have shown the in uence of the phases in the menstrual cycle on ECG and blood
pressure, since the presence B2 and P4 receptors in the heart, vascular smooth muscle,
and autonomic brain centers, suggest an involvement in the regulation of the cardiovascular
system (86; 144). The results in some studies show a signi cant change in the duration of
the QT interval in the ECG, with a longer time during the follicular phase, compared to
the luteal phase (86; 145; 32). This suggests a counteracting e ect B# on the action of

E 2 prolonging the QT interval of an ECG (32). Shahina et al. report uctuations in the
amplitude of QRS interval that can be observed when comparing follicular and menstrual
phases (86).

The cross-talks dynamics between the cardiovascular and the ovulatory-menstrual cycle
hormones, have been reported more frequently with the study of diseases than with the
comprehension of the systemic interactions in states of health (30). Such interactions, still
reported as not fully understood in their mechanisms, are routes to better comprehend the
cross-talks in health. Specically OMC and cardiovascular interactions modulating vaso-
constriction and vasodilation are detailed in Section 5. So far, it is important to highlight
studies that show the interactions between both systems from illness states: increased risk of
thrombosis is one of the reported consequences of hormonal contraceptives intake, in diverse
sites of the vascular system (4; 47; 126; 140). Farnaz Amoozegar et al. report cerebral ve-
nous thrombosis with a sevenfold higher risk of cerebral venous sinus thrombosis in women
exposed to hormonal oral contraceptives than those who don't take hormonal contraception.
The risks are exacerbated when there are other risk factors like smoking and a history of
thrombosis events (47). Mohammed Alsheef et al. also reports higher risk of pulmonary em-
bolism (4) when taking hormonal contraceptives. More recent studies on thrombosis have
stated the need to modify the formulations in hormonal contraceptive methods and perform
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global screenings in women before starting a contraceptive method, aiming to reduce the
22,000 cases of thrombosis reported yearly in Europe, following the use of combined oral
contraceptives (126). Finally, although it is acknowledge that the mechanisms are not fully
understood, the link between hormonal therapy and thrombotic risk might be related to the
modulatory e ect of E2 in the endothelial function (140). Section 5 dives deeper B2 and

P4 endothelial function regulation.

The OMC keeps cross-talks with the CNS in di erent mannerseE2 has been reported to

be implicated in the serotonergic, dopaminergic, and glutamatergic systenis2 actions on
such systems is crucial, since it is involved in neuropsychiatric states and hence, the human
being health states (15; 113). During the follicular phase, producirtg2 boosts dopamine and
serotonin production which stimulates mood and libido. The reported routes &2 impacts

are both classical mechanisms i.e., binding to nuclear estrogen receptors, and non-classical
mechanisms i.e., binding to membrane (152 is also found to be part of the serotonin
synthesis, an important neurotransmitter in mood regulation and normal mammary gland
development. Serotonin participates in lactation regulation and homeostasis mechanisms in
the mammary epithelium, responding tdE 2 and P4 cycles during the OMC and pregnancy
(108). Although less reported in the literature,P4 works as feedback signal to the hypotha-
lamus, and helps the CNS to deal with stress, aiming for a state of health (23). Recent
research on contraceptives reports controversies on the psychological side e ects (113), still,
increased risk of depression, depressive symptoms and subsequent antidepressant treatment
are found in di erent studies along with decreased libido, and higher relative risk of suicide
attempts and completed suicide (160; 159). The side e ects appear to be stronger in women
with psychiatric illness history and adolescents (159). This explicitly suggests, in spite of
controversies, an evident bond between both the OMC and the psyche (113).

Particularly in women, estradiol and progesterone play a crucial role in metabolism. Estra-
diol is reported as one of the main hormones playing di erent roles in the metabolic system
with central and peripheral actions (101), (105), (115). In order to maintain metabolic ho-
meostasisE 2 is involved in central actions via the vast Estradiol Receptors (ERs) along the
CNS. E2 has been shown to enhance profoundly the catabolism-termogenic functions when
centrally administered (101). Also, the role of alpha-receptors (ER has been demonstrated

to be fundamental for the action ofE2 in visceral fat, satiability, locomotor activity and
energy expenditure. Such receptors are abundantly located in clusters of neurons (nuclei) in
the hypothalamus andE 2 major action in metabolism regulation is through the hypothala-
mus. On top of its positive and negative feedbacks along the HPO to support the menstrual
cycle periodicity, E 2 regulates food intake, by an anorexigenic e ect -food intake inhibition-,
since the receptors are speci cally located in the neurons in charge of the anorexigenic sig-
nals (105). Although deeper pathways descriptions are found (105), (101), it is worthy of
note that cells with ER co-expresses leptin receptors involved in satiety. Nonethelds2
uses a di erent pathway to activate anorexigenic neurons and do not depend on leptin or
its receptors to regulate metabolism (105). This is related to uctuatitons in hunger cues
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between follicular and luteal phases.

E 2 has been found to in uence synaptic plasticity in anorexigenic cells, which is consistent
with the ndings of low levels of E2 in metabolic syndrome that a ects brain function and

is found in Alzheimer's (105),(115). The impacts oP4 are mostly reported in peripheral
processes, those related to glucose-insulin metabolism are described in detail with peripheral
actions of E2 in Section 6.1. Broadly,E2 enhances sensitivity to insulin, which improves
glucose metabolism and supports regular ovulation. On the other hand, insulin resistance is
a condition of high insulin in which cells of the liver and muscles fail to uptake glucose from
the blood and produce energy in response to insulin. Insulin resistance may cause anovulatory
cycles and diagnosis like Polychistic Ovary Syndrome (PCOS) because an excess of insulin
leads the ovaries to make testosterone instead B2 and the pituitary to make more LH
which stimulates more androgens. Elevated androgens impair ovulation (23), pointing out
-from a state far from health- the importance of the metabolic system and the cross-talks of
the sexual system.

During the luteal phase, progesterone is a calming hormone (14B}4 reduces in ammation,
builds muscles, promotes sleep, protects against heart disease and breast cancer (23; 145).
P4 also has a stimulating e ect on the thyroid rising the body temperature. This last in-
teraction is a strong evidence of the endocrine regulation from the ovarian steroil and

P4, in a sexual-endocrine system connection (234 withdrawal triggers an in ammatory
response that involves angiogenic factors, cytokines, cyclooxygenase-2 (COX-2) and prosta-
glandins which help regulating the immune response, in ammation, blood ow regulation,
and blood vessel dilation. All of them needed to activate the cascade of reactions involved
in menstruation (74; 106). Thus, a cross-talk between the OMC and the immune system is
also visible in the self-regulatory pattern.

It is evident that most of the descriptions showing howE2 and P4 impact the rest of the
body, are related to pathological conditions and states of illness. Such descriptions become
relevant because they help to establish the entangled and highly interactive network th&t2

and P4 build with the rest of the body. It also shows up the historical angle of the research
in women: pathology and fragmentation.

All the systems cycle along with the balanced signals &2 and P4 during the OMC,
including bone density and deep sleep (145). Hence, health in women is a cyclic state, it
is not only one desired state, but a dance between opposed and complimentary states i.e.,
not only vasodilation, but also vasoconstriction is needed, in the same way that not only
in ammation reduction but also in ammatory responses are needed for the state of health
to emerge. The cyclic self-regulatory pattern belongs not only to the HPO but to the entire
body. Indeed, as stated by Capra et al. when describing life, a local dynamic can be felt in
the entire network, due to the interdependent connections (31). In women, the health state
emerges when the cyclic dynamic of the self-regulatory pattern is supported and ovulation
is key, in order to hold it (145). The structural coupling between women (the living system),
and the environment (society and territories), takes the importance of women's health -as
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Figure 2-2 .: Route map of the interactions that are going to be deeply described and mathe-
matically modeled in Chapters 4,5, 6.

one interconnected part of the entire living network- beyond women themselves, impacting
their relationships and creations with and for the world they live in. The interactions with
the territory are an inherent expression of life, which introduces an ecological view (31; 114).
Women's health in this sense, is a vital characteristic for the health state of societies and
territories.

It would be impossible to address the interactions with all the systems and the environment at
once. Therefore, only three interactions here are studied in a deeper way and mathematically
modeled: 1) the HPO and the endometrial tissue cross-talks conforming the OMC in Chapter
4; 2) the OMC impact on the metabolic system in Chapter 6, and the OMC e ect on the
cardiovascular system in Chapter 5. Figure-2, shows the map of route that this thesis
follows.
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2.3. Life remarks

When looking at the way humans have studied life, one possibility is to think that our beha-
viors essentially against the harmony and paths of life and, thus, far from the comprehension
of it's health states, don't always come from essentially mischievous human beings but often
from clumsy ways to deal with pain and life as a greater force than our capacity to process
information. The pain of the uncertainty and the high complexity inherent to a life that can-
not be fully described, neither completely grasped with the rational mind, and does not need
to be solved but rather to be perceived, felt, listened to and cared for. It could be considered
a paradox that I, myself, am trying to elucidate. | am looking at some of its complex and
unraveled processes in this very moment, while explicitly stating how painful it can be to
realize it is not entirely possible, as uncertainty will remain. A pain that we frequently keep
trying to protect ourselves from, hardening our boundaries and making armors of knowledge
that apparently can cure or solve it all, even though it accentuates the disharmony in the
self-regulatory patterns of life. Armors around us that disrupt the natural interaction with
our surroundings and ourselves.

The pain of life, knowing how to belong, immersed in a frame of separateness and frag-
mentation that isolates each living system from an entire web of living natural processes in
which we are, of course, involved and constantly interacting. The pain of having forgotten
how to relate to the territories we inhabit: the earth, our bodies, our minds, ourselves, and
clearly, the womb. Our relationship with the earth is a clear mirror of how we relate to the
womb. They both are territories we all inhabit, and \occidentalized" ways to interact with
life become harsh. The agricultural approach to use pesticides to avoid plagues Kills all forms
of life and, together with the industrialized manner of plowing, erodes the soil. The soil is
the skin of the earth where life is anchored, plowing removes the upper layer of the soil and
exposes it to a loss of nutrients leading to erosion. Afterward, the soil is exposed to a vast
amount of fertilizers, trying to anchor life again in a damaged, fragile skin of the earth. The
approach to the uterus is pretty much the same: contraceptives are often used during at least
a decade to prevent pregnancy, disrupting not only human but also many forms of life inside
the female body. Then, fertility treatments follow, including endometrial scratching (super-
cially wounding the endometrial layer) to improve the probability of embryo implantation

in In Vitro Fertilization (IVF) (67).

This thesis is therefore, intending to be one of the ways to tell me -and the ones who read it-
that we can remember, with a systemic view of life, to inhabit and see our bodies, the womb
and the earth being in touch with a higher life wisdom laying inside the interconnections.
We can indeed remember and learn to deal with the pain in a way that we open space for it.
Embodying, instead of trying to control it, avoid it, hide it, or solve it. Instead of insisting

on cutting it o or extracting it. This is a researcher and human invitation for curiosity,
observation, and humbleness to learn -as a continuous process- from the immensity of a sys-
temic response that continuously opens up pathways and makes structural transformations
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in the life network in spite of us. This systemic organization is the life force trusting us, our
creativity, trusting the possibility to ask us questions about the pain and the uncomfortable
sensations we are able to experience, hold, and integrate with the joy of being alive. Perhaps
only asking and staying for a while longer with the questions rather than trying to solve it
all, could bring proposals aligned to, and supporting life as a whole.

Healing is impossible in loneliness; it is the opposite of loneliness. Conviviality is healing.
To be healed we must come with all the other creatures to the feast of Creation
Wendel Berry



3. Methods and Methodology

Physiological systems are characterized by their complexity as described in Chapter 2. The
study of self-regulated phenomena in physiological systems reveals a range of manifestations
of complexity (156; 20). A central feature is homeostasis at di erent levels in the hierarchy
from intracellular mechanisms to mechanisms operating at the level of the whole organism.
It is important to understand this complexity, since by de nition any model developed is a
simpli cation: an approximation of that complex reality. By better understanding portions

of said complexity, simplifying assumptions can be made, with enough accuracy to represent
the reality observed. In essence, the model needs to take into account both this inherent
simpli ed complexity and the availability of measured data which are used in estimating the
parameters of the mathematical model (35).

Depending on the nature of a mathematical model, there are three big families: empirical
models, white box models and grey box models. Black box or empirical models are based
on experimental data. Building this kind of models is essentially a data-driven approach.
It means seeking quantitative descriptions of physiological systems, based on input/output
descriptions that are derived from experimental data collected on the system. The mathema-
tical descriptions obtained from data only correspond implicitly to the underlying physiology
which is not explicit in the mathematical expressions (29), (35).

Although the other big family is not explicity named by Cobelli (35), he describes how
the modeling methodology for the situation where the model seeks to provide an explicit
representation of the underlying physiology need essentially three distinct components: for-
mulation of a conceptual model, the mathematical realization of that conceptual model and
then the solution of the model to give the required relations between the variables of inter-
est. It is clear that the rst component, the conceptual model, is based on the physiological
knowledge intended to be represented by the mathematical model.

The model as an approximation of the reality can also be categorized, according to its sim-
pli cations, into aggregation (lumping together di erent parts to treat them as one whole
compartment: e.g. modeling a kidney as a single entity, instead of providing one model repre-
sentation per every type of nephron), abstraction (the degree to which only certain aspects
of a system are considered in the model) and idealization (an approximation of di cult and
complex dynamics to describe or treat, by idealized ones) (35). Hangos and Cameron (29) na-
me this approach as mechanistic models, also referred to as phenomenological-based models
(6), because of their basic derivation from real and transfer phenomena -also named by the
authors as mechanisms- happening in the system such as mass, heat and momentum transfer.
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The statements from Hangos and Cameron are in agreement with those from Cobelli (35),

who states that many engineering applications are derived from a previous knowledge of the

underlying mechanisms. In a puristic approach, the models can be white box models when
the mechanisms are evident in the model description, and the mathematical structure does

not need measurements to de ne parameters and be complete. However, most mechanistic
models also contain empirical expressions such as kinetics or transfer coe cients, making

the phenomenological-based models a subtype within the gray-box family.

Gray-box models are a combination of the two model families aforementioned. They are based
on both knowledge and data and are subdivided accordingly into PBSM or empirical-based
models. A Phenomenological-Based Semi-Physical Model or PBSM is a subtype of gray-box
models with model structure taken from rst principles, including at least one parameter
identi ed by using available data. In a PBSM, the basic mathematic structure comes from

rst principles, applying conservation laws to build the mathematic expressions describing
the modeled systems dynamics: mass, momentum, and energy balances; thus preserving the
generalization capacity of rst principle models (29), (97). The model needs to include non-
physical (empirical) relations to be solvable, therefore the importance of the assumptions
and in the case of physiological processes, this demands to sharpen the precision to describe
the physiological system, which would be the ground where the PBSM stands on.

As stated before, there are still di erent names given to this kind of models in the literatu-
re, without a solid consensus when referring to the same idea and speci cally controversial
meaning for the term \phenomenological’. Some de nitions use phenomenological models
as empirical models-not based on rst principles (185), which is exactly the opposite of the
description just made. Therefore, the models based on rst principles can also be found as
as physical and identi ed models (100); Di Stefano refers to them as structural or structured
models (43); Zeigler describes the possibility to understand the phenomena from a system
analysis perspective, in which one could understand the behavior of a system opposed to
a system inference development, which depends on data (192). Finally, Hangos et al. (71)
prefers to call them mechanistic models. These models have been already used to represent
the feminine sexual system. Margolskee et al. (110), Graham et al. (65), Hendrix et al. (72),
Reblitz et al. (54) proposed physiological-based approaches to describe the follicular deve-
lopment towards ovulation, the ovulatory regulation from the insulin-mediated testosterone
production e ects, and the endocrine control of the Pituitary-Ovarian axis, respectively.

It is important to set a common ground in the way to name phenomenological-based models,
and explicitly know what is the model referring to, since the scienti c community often nds
misunderstandings that can lead to read a phenomenological-based model as empirical when
it is based on rst principles. In this research, we adhere to the nanghenomenological-based
models following the description of them coming from rst laws in spite of not being white-
box models. When developing phenomenological-based models to describe living systems, the
phenomena that constitutes the base of the model come from life descriptions in the system
studied. In the particular case of women, such descriptions come from physiological and
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anatomical processes. An alternative name appears @sysiologically-basedeing a subtype
of the phenomenological-based models, when they are speci cally applied to physiological
processes.

From now on, the models we develop are called phenomenological-based semi-physical mo-
dels (PBSMs) as a more accurate way to account for the fact that they are developed by
applying rst principles as conservation laws, together with the empirical formulations used

to de ne parameters needed to accurately describe reality. This decision is in agreement
with recent literature in mathematical models describing physiology (94), and mathematical
models speci cally focused on women's physiology aiming for models grounded on biological
mechanisms (176). Important properties of PBSMs are generality, modularity and parame-
ters interpretability, when aiming to shed light on underlying mechanisms of complex systems
(94; 3).

This section describes the methodology to develop the mathematical models proposed in
Chapters 4, 5 & 6 (each model describing the organs and systems integrated in the whole
model). The methodology is based on a well established modeling methodology to build
PBSMs (96; 6). The high complexity of physiology, due to the multiple interactions and
cross-talks among di erent subsystems, requires PBSMs able to model systemic interactions.
Next to the well known PBSM methodology, a coupling methodology is proposed in section
3.2 to mathematically describe living systems.

3.1. Phenomenological-Based Semi-Physical models in
living systems and organisms

Phenomenological-based modeling is a mathematical structure obtained from comprehending
the phenomena underlying the process being studied. Di erent authors have de ned what
a model means and also, they have developed apparently di erent ways to build a PBSM
(9; 71; 6). However, they coincide in three main stages depicted in F&t1 and named in this
research as followsProcess Descriptionwhich consists on verbal and graphic descriptions,
including model hypothesis and model aim de nitionsMathematical and Computational
mode| consisting of process systems de nition and the construction of the model; and nally
Validation and use of the modelThe stages are not developed linearly, the process is a
constant feedback between one an another. The methodology is described here with enough
and not further detail than the one needed to develop the models of living systems that
already carry high complexity. Deeper approaches to the methodology are described by
Alvarez et al., Aguirre-Zapata et al. and Lema-Perez et al. in (6; 3; 94).
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Figure 3-1 .: Stages and their description when developing a PBSM with a systemic perspective

3.1.1. Process Description

The process description starts with a detailed verbal description of the phenomena of interest
in the system, and the behavior of the process together with process diagrams graphically
representing both the modeled system and the way it operates. Its aim is to have a close
and deep approach to the phenomena and the interactions among the subsystems involved,
to know as much as possible from its nature and its dynamics, in two primary languages:
texts and diagrams.

The process description speci es the model objective, setting the aim of developing a mathe-
matical model of the process that is studied. The process description is a map, it draws the
route that the mathematical language follows afterwards, which demands to de ne the level
of detail that the model is going to address and the assumptions or simpli cations that will
allow the model to represent as accurate as possible the system and its phenomena, in spite
of the abstraction.

3.1.2. Mathematical and Computational model

After describing the systems and the processes dynamics, a block diagram is build with the
written and graphical information.

Process Systems de nition.

The block diagram goes together with a process systems de nition. The process is divided
into process systems (PS), which are the portions of nature of interest. Each PS can be either
a volume (or space) or the amount of a substance in a volume, assumed homogeneous, leading
to lumped parameter models and following the partitioning in the actual system. In living
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systems, the PS are in agreement with the anatomical and physiological boundaries of organs
and subsystems. The block diagram shows a spatial con guration of the PS and its mass and
energy interactions. All the PSs are represented with boxes, the mass ows connecting the
systems are represented with continuous arrows and numbered as streams. Energy exchanges
with the surroundings from and to the PSs (e.g. hea@ and work \W.) are drawn with thick
arrows. Fig. 3-2 shows a generic block diagram highlighting the elements just described,
composing a total process systenP(Sr). A total P Sy in the overview of a living system can
also be called a subsystem. Section 3.2 deepens on the subsystems de nition and Chapters
4,5 & 6 show the actual implementation of the block diagram. The PBSM methodology (6; 3)

Figure 3-2 .: Block diagram, showing the process systems (PSs), the streams (1,229 and the
energy exchanges: hea@ and work ..

emphasizes on the block diagram and the process system de nition, since it is the ground to
apply the conservation laws and develop the basic structure of the model, i.e., mathematical
equations from conservation laws applications, better described later on in this Section. In
a systemic approach, signaling processes that are not only depending on mass interactions,
but on other things like the exchange of information, are left behind in block diagrams. For
example, hormones can be measured in mass quantities, but their impact and relevance are
not bounded solely to their quantity. Their relevance is mainly due to their participation in
stimulation and inhibition mechanisms that trigger di erent phenomena in the body, that
end up a ecting mass dynamics of other substances in the process systems. In this research,
to include hormonal signaling cross-talks among di erent subsystems, another diagram is
included to see the systemic interactions graphically. It is calle@he signaling diagram
which is based on the representations of cell signaling systems with feedback regulation in
biology (51), goes a step further to place the stimulatory and inhibitory actions in the process
systems. This diagram paves a road to mathematically describe the complexity that living
systems bring.

The signaling diagram does not show the physical connections between the process systems
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depicted in the block diagram, rather it highlights the way the process systems or entire
subsystems signal each other. In this sense, the signal diagram is di erent from the Pipe and
Instruments Diagram (P&ID) in process control engineering. Although the P&ID has the
information related to the measurement, actions and control feedback loops, it also represents
the real piping and instrumentation connections (sensors, valves, controller) in a process to
ensure the control loops. While the block diagram sets the ground for the basic structure

Figure 3-3 .: Signaling diagram, showing the PS interactions through hormonal stimulation (poin-
ted arrows) and/or inhibition (repressed arrows) signals. This diagram does not dis-
play anatomical connections, rather systemic interactions.

of the model, the signaling diagram is a compass to de ne the parameters of the model
from a systemic perspective and build its extended structure. Fi@-3 illustrates a signaling
diagram for the arbitrary block diagram in Fig. 3-2. Hormones in this case are depicted with
H;. Arrows show the stimulating actions and repressed arrows the inhibiting ones. All the
diagrams mentioned so far i.e., process diagrams, block and signaling diagrams are important
to accurately model complex systems, with a high degree of interaction. They create synergy
to model living systems. Process diagrams are the rst translations from physiology. Block
and signaling diagrams further translate the information from process diagrams to a closer
language to mathematics, acting as a bridge to propose equations.

Basic Structure. Conservation laws.

First laws are the base of the mathematical expressions describing the process. Mass and
energy balances are applied to every PS in the block diagram, and the mathematical equa-
tions obtained constitute the basic structure of the model, describing the dynamics of the
physical phenomena. Mass and energy balances are shown in a generic form in Egs. 3-1 and
3-3. Eqg. 3-2 is a variation from the mass balance, often preferred in processes with uids,
using volumetric ows. Eq. 3-3 is further detailed until its relevant expression applied in the
models developed in Chapters 4,5 & 6.

dM dVv;
— = Min Mout (3'1) dtm

= \41’1 Veut (3'2)
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EI\/l(liT+V—2+@JZ) . Min I‘1+92+V—2 5 Mout I‘l+912+v—2 +Q+ W (3-3)
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The parameters of the mass and energy balances are called structural parameters (3) and
due to the nature of a PBSM, structural parameters have a high degree of interpretability
(94). Every model developed in Chapters 4,5 & 6 use the balances relevant to the information
needed, which means some of them only use mass balances and some others use both mass
and energy balances.

Extended Structure. Constitutive Equations.

Structural parameters are de ned with constitutive equations, either empirical or pheno-
menologically based, giving levels of specicity to the model (192; 94), which is further
explained at the end of this section. Kinetics are important parameters when modeling pro-
cess dynamics regardless of its nature. When describing living systems, the Monod equation
(depicted in Egs. 3-6 and 3-7 for stimulatory and inhibitory actions) has been referred to as
the equation of life and it is the one used to de ne the majority of the parameters in the
mathematical models developed in Chapters 4,5 & 6. Only one of the parameters de ned
uses a Hill equation (displayed in Egs. 3-8 and 3-9 for stimulatory and inhibitory e ects),
also explained in the following paragraphs.

The mathematical expressions shown in Egs. 3-4 to 3-9 are all very similar. Their schematic
biological basis will not be thoroughly detailed here, since it can be found in biology texts
(83; 124; 43). Nevertheless, relevant information supporting its use is discussed. Egs. 3-4 and
3-5 were de ned by Michaelis and Menten in 1913 (118) to represent in a highly accurate
way enzymatic reactions kinetics. The reaction rate depends on the substrate concentration
[S], Ku is a parameter that represents the substrate concentration at which the reaction
reaches half of the maximum rate 3("‘%). Kw is de ned for the speci c enzyme-substrate
system, often reported in tables for well known systems (83), with an interpretable meaning:
it represents the substrate concentration lling half of the available sites. It provides a
measurement of the substrate concentration required for signi cant catalysis t0 0CCWax

is the maximum rate of the enzymatic reaction and comes from a dependence of the available
active enzymeE,: Vinax = KEa. However, since experimental data are often used to evaluate
Kwm and Viyax, one of the advantages of the equation in biology is that it does not depend
on the enzymatic concentration (44).

Jagces Monod presents his work in 1949 (123), describing speci ¢ growth rate, when the
reaction depends on di erent substrates, with a dominant and therefore limiting in uence of
one substrate on the reaction rate. Egs. 3-6 and 3-7 are analogous to Michaelis-Menten kine-
tics, to describe stimulatory and inhibitory speci ¢ growth actions (83). Both kinetic models
end up with a rst-order region for low substrate concentrations, and a zero-order depen-
dence for high substrate concentrations. The reaction rate is always kept below a maximum
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value and the dynamic is a rectangular hyperbola as presented in Fig-4. Hill equations
appear to enable a closer representation of enzymatic kinetics, where the substrate binding
activates more receptor sites for the substrate to bind. This is called enzyme cooperativity
(43) and the behaviour is sigmoidal. The n-th order that Hill equations introduce, brings the
in exion point of a sigmoidal curve as shown in Fig3-4. Hill equations can be considered

Figure 3-4 .. Comparison between Monod and sigmoidal-Hill expressions. Monod and Mi-
chaelis Menten models, in the lower dotted line, is able to follow a rectangular
hyperbola. Hill, plotted above in blue line, follows a sigmoidal behavior with
an in ection point. The dynamic shift from rst order to zero-order region is
possible if the substrate concentration exceedss threshold.

the broader family of mathematical expressions, where Monod has an n-ordemot 1. Hill
equations haven degrees di erent from 1 instead, which aims to adjust the mathematical
expression to the real system behavior. According to Di Stefano, the further the ordemgets
from 1, the greater the unknown phenomena included in the model (43).

_ S _ S _ st

V = Viax _KM + S (3'4) -  max K+S (3'6) -~  max —Kn + 9n (3'8)
_ Kwm _ K _ K"

V' = Vnax Ky + S (3'5) maxm (3'7) —  max —K n+ gn (3'9)

A common way to refer to Hill stimulatory and inhibitory e ects is with notation H* (T;S; )
andH (T;S; )respectively, with = nandT = K. Monod and Hill equations are actually
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a pretty accurate way to model self-regulatory processes, describing kinetics that depend on
a triggering substance and never exceed a maximum. That is exactly the base of life, i.e.,
autopoiesis, described in Chapter 2.
Finally, the developed models can be written with a state-space rerpresentation as shown
in Eq.2-2. Wherex is the state vector of the variables (solved by the model), represents
the parameter vector,u represents the input vector andy represents the output vector. The
parameters in the basic structure, coming directly from applying the conservation laws. The
equation = athat assigns a constant valuea to such parameter is denoted as assessment
equation. However, some of the parameters might become dependent on dynamic variables
(t) = g( ;u(t);x(t)), or can be de ned by algebraic equations. Such equations are denoted
as constitutive equations, and the newly introduced parameters are denoted as functional
parameters. If the parameter de nition process continues, the functional parameters could
be described again as constants or including an important dependency in the process with
dynamic variables, thus opening a new layer to characterize the process. Such layers in the
structure of the model are called levels of speci cation and set the level of speci cation of
the model (94). In other words, de ning a functional parameter from the vector , opens
another level of speci cation in the model.

3.1.3. Validation and use of the model

The model, as an abstraction from reality, always aims to represent actual systems accurately.
The validation is the step that assess how close to the real phenomena the model is. This
implies quantitative and qualitative validations. Quantitative validation is made through a
comparison to available measured data in the real system. Qualitative validation can be
made comparing the behaviour of the model to reported phenomenological descriptions. To
assess the robustness of the model, sensitivity analysis can be performed to evaluate how the
model responds to variations of the input and/or di erent values of parameters. Parametric
sensitivity analysis already gives important and insightful information of the system, since the
parameters are interpretable and therefore, such analysis can represent in-silico experiments
that otherwise cannot be done.

Further use of the model can be extended as far as the modeler wants and can. For instance,
the basic structure of the PBSMs has the property of generality. Therefore, the same mathe-
matical structure proposed is tested with inputs remarkable di erent, representing scenarios
far from the ones the model was built with. This, to explore whether the output follows what

is expected according to the phenomena, without modifying the model structure. When the
results are satisfactory, it allows for the possibility of also using the model in scenarios di e-
rent from the one it was validated and developed with. Together with generality, robustness,
and sensitivity analysis in the parameters were also tested to better know the performance of
the model. Generality and robustness allow to formulate hypothesis that can further guide
speci c experiments to either con rm or deny said hypothesis.
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3.2. A methodology to couple interdependent process
subsystems, interacting to sustain a whole system as
a highly ordered network

A methodology that allows systemic thinking about the coupling process is presented. Re-
levant de nitions of concepts and the way they are used in this research are listed in Table
3-1 and presented graphically in Fig3-5 to facilitate the understanding of the methodology.
Additionally, a ow diagram with the steps is presented in Fig.3-7.

Systems thinking at a body and health level requires analyzing how di erent systems in-
teract. Mathematical models based on physiology are typically constructed to describe one
speci ¢ system, without a particular focus on simulating its e ects and interactions on and
with other systems. This approach stems from a mechanistic perspective that isolates com-
ponents of the entire system for the purposes of simpli cation, making it easier for our
human brain to understand something very complex. Therefore, incorporating systems thin-
king represents a major shift in the way we look at living systems and phenomena (31). Also,
the challenge increases when cause-e ect relationships fall short to describe the complexity
of interactions that result from feedback-loops, particularly loops between more than two
complex subsystems.

When the system as an entire entity of interacting subsystems is well characterized, the
methodology can be applied to mathematically couple the subsystems, thereby enlarging the
number of processes that can be described to better comprehend the system. The method
is rooted in the modularity property of the basic structure of the model (94). Modularity

is a property of models built with adherence to the real phenomenon dynamics and based
on rst principles, named at the beginning of this chapter as PBSMs (6; 3). The coupling
methodology can also be applied to models that are not PBSMs with their corresponding
restrictions in performance.

Modularity allows to represent other dynamics of interest in the system by modifying some
of the model parameters, without the need to build a new model. This is possible because
the abstraction of the system in these particular models follows the real partitions as much
as possible, which enables the application of conservation laws leading to mass and energy
balances (3; 6). Note, however, that the methodology proposed here does not focus on the
exchange of mass and energy between subsystems but on the exchange of information signa-
ling. Particularly in biological subsystems, hormones are constantly signaling and impacting
other subsystems through the blood stream, although this does not involve explicit in ows
connecting one subsystem directly to another.

Thanks to the modularity property, it is possible to enlarge portions of the modeled process
by further interconnecting other subsystems and increasing the level of specication with
new equations. In the context of PBSMs, constant tted parameters in an (uncoupled)
ODE model x(t) = f (x(t);u(t); ) are denoted as structural parameters (Section 3.1.2).
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Table 3-1 .: De nition of concepts used in this study to couple di erent processes in a system.

Term De nition

Coupling Process by which two or more entities in a system exchange information and interact.
The system referred to may be physical, biological, or chemical. Within the language
of mathematics, the dynamic evolution of a given part of a coupled system depends
on the current or previous state of other parts of the general system (155).

Systemt The whole integration between interacting subsystems. For physiological processes, it
may be the entire body or a group of subsystems on which the modeling is focused,
e.g. the entire women's body or the cardiovascular, metabolic, HPO axis, and endo-
metrium subsystems altogether could be de ned as the system of interest.

Subsystems The interacting entities exchanging information within the system of interest.

Main subsystem  The Main Subsystem is the one where it is intended to study the impact from other
subsystems. For example, in the glucose-insulin and OMC coupling process, the main
subsystem is de ned as the one describing the glucose-insulin dynamics.

Secondary The Secondary Subsystems are those impacting the main subsystem. For example,

Subsystems when coupling glucose and cardiovascular dynamics and the OMC, the secondary
subsystem is the OMC, since the HPO axis producinge 2 and P4 is impacting the
metabolic and cardiovascular subsystems.

Bridge terms The bridge terms are expressions within the mathematical model of the main subsys-
tem, containing potential coupling parameters. This means that such terms could
be modi ed to include di erent impacts from the secondary subsystems. The whole
term could be replaced to introduce the coupling dynamic, or one of the parameters
within the term is de ned as a mathematical function of the outputs of the secondary
subsystem.

1 This, to make the methodology as clear as possible. It is still well known that each portion of the
modeled phenomenon is can be considered a system itself.

When a parameter ; from a studied subsystem (Main Subsystem) depends on outputs
from another subsystem (Secondary), it becomes a bridge parametgr pjmainsubsystem =
gbjMainSubsystem ( ;U(t);X(t)); where U(t)jMainSubsystem = (ij:Subsystem)- ij:Subsystem is the
output vector of the Secondary Subsystem (see Fig:5) and the coupling function relating

the output from the Secondary Subsystem with the input of the Main Subsystem. The
described mathematical de nition of a coupling dynamic is displayed in Fi§-5, using the
state-space framework. The diagram shows the feedback loop, where both subsystems may
impact each other. The de nition of Main and Secondary Subsystems are based on the
blue arrow. Consequently, the bridge parameters are de ned within the Main Subsystem
(yellow) as a function of the Secondary Subsystem (blue) outputs. If the coupling process
continues, the functional parameters could again be made dependent on the outputs of
the Secondary Subsystem, thus making the coupling a layered process along the multiple
levels of speci cation in the model (94).

When coupling di erent physiological subsystems of interest, the following six-step metho-
dology is proposed and also depicted in Fi@-7 in a ow diagram.

1. Verbal description of interactions.Recognize and perform a verbal description of the



3.2 A methodology to couple interdependent process subsystems,
interacting to sustain a whole system as a highly ordered network 29

Figure 3-5 .: Coupling diagram with main and secondary subsystems de ned in space of states.

dynamics of interest in the system being modeled. De ne the main and the secondary
subsystems. Explain the dynamics of the interactions between the secondary and main
subsystems. The subsystems can be coupled through inhibitory and/or stimulatory
interactions, or interactions that switch between inhibition and stimulation depending
on thresholds. This information is rooted in the knowledge of the real process.

2. Mathematical model selectionSelect, among available mathematical models, the ones
more accurately representing the subsystems participating in the coupling process. One
selection criteria is that the selected models already contain descriptions of the dyna-
mics of interest in each subsystem and a possible term where the verbally described
interaction can be included. The ideal scenario is to select mathematical models based
on rst principles. However, it is possible to perform coupling with non-PBSM mo-
dels and to evaluate the performance of the proposed mathematical expressions. The
selected mathematical models have limitations if, in order to represent the verbally des-
cribed coupling dynamics, the interpretable model parameters need to take values far
from the ones in the real proces£’. Mathematical model constructionBuild mathema-
tical models of the subsystems in case there are no (accurate enough) models available
in literature. In this case, the mathematical model should prioritize to describe the
main dynamics of the phenomena in the real system, to be based on rst principles,
and to include terms accounting for the verbally described interactions. Such terms
can initially be tuned parameters (assessment equations) or parameters depending on
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other dynamics (constitutive equations) without modeling the coupled dynamic yet.

3. Highlight the bridge terms. Recognize the bridge terms or expressions in the basic
structure of the main subsystem's model. Bridge terms are the ones with the potential
to include interactions between subsystems. The parameters within the bridge terms,

b, carry the verbally described interactions among subsystems.

4. Modi cation of the bridge parameters y, within the bridge terms.Propose a constitutive
equation replacing an assessment equation or modify an existing constitutive equation.
The coupling constitutive equations can be proposed as previously described and de-
picted in Fig- 3-5: bridge parameters bjMainSubsystem = gbjMainSubsystem ( ;U(t);X(t)),
with u(t)jmainsubsystem =  (Yisecondarysubsystem ), Which shows parameters in the Main
Subsystem depending on outputs from the Secondary Subsystem. For simplicity and
according to Fig. 3-5 notation, the equations describing the bridge parameter vector
can be rewritten as follows: pj; = gyj1( ;u(t); x(t)), with u(t)j: = (yj2). When the
yellow arrow in Fig. 3-5 is also mathematically described, the initial Main Subsystem
becomes the Secondary Subsystem and the other way around; hence the feedback loop
is closed. In this sense, we arrive to a mathematical de nition of autopoiesis.

5. Validation of the coupled mathematical modelmplement a computational model with
the proposed coupling equations. Compare the simulations to available experimental
data in a quantitative way and to reported phenomenological descriptions in a quali-
tative way. If the coupled model is not able to correctly represent the dynamics, it is
possible to test the developed coupling equations with other available mathematical
models that represent the subsystems. In any case, it is important to question both
the simulation and the experimental results with the phenomenological descriptions
as base line. Are the phenomena evidenced and respected with the mathematical des-
criptions? if no, test the coupling equations with other available mathematical models
to check whether it is a limitation on the mathematical models describing main and
secondary subsystems. If it is not a limitation from the mathematical models, check the
verbal description and adjust or rewrite the coupling functions, following the instruc-
tions from step 1. If it is in fact, a limitation from the selected mathematical models,
aim to build more accurate mathematical models and continue with step.

6. Insights from the model into relevant dynamics to the phenomerfatate and describe
thoroughly the dynamics observed in the simulations. It is important to capture the
information that the model can elucidate regarding the studied phenomena, mainly
when there are contradictory or doubtful hypothesis.

The methodology is applied in Chapters 4,5 & 6 to describe the subsystems interconnected-
ness in women's health. Particularly, to explicitly model how the HPO subsystem impacts
other subsystems in the female body. Therefore, the secondary subsystem is in all cases the
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HPO axis. The model selection in the second step of the coupling methodology leads to
di erent HPO mathematical models described as follows.

Female HPO axis models

One of the most modeled dynamics within the female body is the ovulatory cycle. There are
di erent mathematical models describing the feedback signaling between the Hypothalamus,
Pituitary, and Ovaries, known as the HPO axis. Such models date back to the 1970s (156;
20), supporting the understanding of hormonal control in menstrual cycles along with the
development of hormonal contraception: The pill and all the variations over the years, i.e.,
intrauterine devices.

Mathematical modelling of the dynamics governing regular menstrual cycles, encountered
further developments along the 2% century. Thanks to the improvements in data processing,

di erent goals were sought: 1) To understand the pulsatile nature of gonadotropin-releasing
hormone (GnRH) (149); 2) To predict e ects of substances that could disrupt the OMC, and
assess pharmaceutical and toxicological risk (154); 3) To predict hormonal therapy outcomes
and test birth control methods (34). Over the last decade, re nements and variability within
the cycle have been introduced into more detailed models and complex systems of ordinary
di erential equations (ODES) (110; 54).

The simplest model to represenE 2 and P4 is time-dependent algebraic equations tted to
experimental data (154). Alternatively, one can use the output from ODE models describing
the OMC. Margolskee and Selgrade (110) developed a system of 16 non-linear, delay di e-
rential equations with 66 parameters to model hormonal regulation of the menstrual cycle in
a woman from age 20 to 51. This results in regular periodic patterns &? andP 4. Reoblitz

and Fischer (54) account for variability along the cycles with the GynCycle model. It allows
for simulating follicular competition, including follicular death and dominance. It consists of
15 ODEs for the hormones, a variable number of ODEs for the follicles, and 77 parameters,
with the possibility to simulate scenarios like ovarian stimulation (53). This model produces
guasi-periodic patterns ofE2 and P4 with an average cycle length of about 28 days, with
mathematical descriptions closer to the physiological phenomena happening in the ovulatory
cycle.

The ODE models (110; 54) can describe physiological phenomena with high interpretabi-
lity. They use Hill equations to represent inhibiting and promoting e ects by species on
biochemical reaction rates or processes. The activation of e ects depends on threshold con-
centrations of the species, i.e., hormones or substances, promoting or inhibiting the reaction
of interest. Due to their nature and shape, Hill and Michaelis-MentextMonod equations are
an appropriate mathematical approach to model the self-regulatory processes in life (43).
General formulation of the Coupling Methodology

A generalization of the coupling methodology is shown in Fi@-6, where every subsystem in
the living system is interconnected with each other through simultaneous exchange of mass
(cyan arrows), energy (wide red arrows) and information with stimulatory (blue pointed
arrows) and inhibitory (blue repressed arrows) actions. The energy exchange is also bidirec-
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tional among all the systems, but for sake of simplicity in the diagram it is drawn in one
way for each interaction. Although it is born with the aim to represent life interactions, the
methodology can be applied to any system that exhibits nonlinearity and multiple inter-
connections, hence high degree of complexity. Eqgs. 3-10 to 3-12 show the generalization of
possible coupling dynamics in a system with n subsystems.

Figure 3-6 .: Coupling diagram with n subsystems de ned in space of states, depicting ows of
mass, energy and information (stimulatory and inhibitory signals).

dx, _ o

W - fn(xn’ nyun) (3_10)
Yn = hn(xn)

n(t) = gn( niUn(t);xn(t)) (3-11)

Un(t) = n(ym;ys(t);y; (1)) (3-12)

The subsystem n would have coupling dynamics simultaneously with any other subsystem
m,s,j, in the whole system as shown in Eq. 3-12.
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Figure 3-7 .: Flow diagram of the methodology to couple mathematical models describing syste-
mic interactions.
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3.3. Concluding Remarks

Although this methodology is developed from the complexity of living systems, it is a tool
that can be applied to other complex systems. The methodology itself shows the relevance
of interactions since it needs to be a structure able to hold and allow the descriptions of
entangled networks, i.e., complex systems, with precise equations that describe the pheno-
mena in life. Positive and negative feedback loops are both described with rst principles
and Monod-like equations capturing inhibitory and stimulatory e ects. This con guration
leads to interpretability and the possibility of the mathematical models not only to describe
the physiology within the living system or the phenomena in any other complex system, but
also to shed light on unraveled processes.

The interaction between block diagrams with their respective conservations laws and signa-
ling diagrams with its Monod-like equations conforms a solid structure to build mathema-
tical models representing physiology and self-regulation standing on the ground of systemic
theory. In this sense, the bridge parametery is key in the mathematical representation of
autopoiesis and self-organization in life. The coupling methodology, added to the PBSM
already well known methodic protocol, is one of the main contributions of this dissertation,
as a structured path to mathematically describe the bonds between subsystems impacting a
whole system.

Although the methodology is applied in principle to explore the interactions between two
subsystemes, it is well known that every subsystem is interacting with 1 subsystems in the
entire network and with the environment, being n the number of subsystems conforming the
studied system. Thus, any of those interactions could be mathematically described following
the methodology, if enough information is available as the general formulation was presented.
Finally, the methodology can also be applied to model the interactions between the system
and the environment, shedding light on the way in which the studied system might respond
to environmental cues and the other way around, describing how the structural coupling
may trigger their transformation.
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4. Model of the endometrial tissue
growth in response to the interactions
with the Ovulatory-Menstrual Cycle

Figure 4-1 .: Location in the route map from Fig.2-2: HPO signaling to the endometrial
tissue as the main subsystem

Starting with the description of the impacts of the HPO on the endometrial cycle, the mathe-
matical model of theovulatory-menstrual cycle = OMC as a whole is completed, as shown
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in Fig. 4-1. This chapter emphasizes in the mathematical description of the interactions
depicted by the yellow arrow (from the HPO axis to the Endometrial Tissue). Thus, the
emphasis in the way of naming it not only as menstrual cycle, but as ovulatory-menstrual
cycle, includes both ovulation and menstruation, and encompasses the ovarian and endome-
trial cycles coupled. Therefore, the phases of the OMC are:

= Growth phase: It encompasses the follicular phase in the ovarian cycle with a pre-
dominant production of E2, and the cellular proliferative phase in the endometrial
tissue.

» Peak-sprout and transformation phase: The moment of ovulation in the ovarian cycle,
which leads to an enhance® 4 production and cellular di erentiation in the endome-
trial functional layer.

= Support and decay phase: Luteal phase in the ovarian cycle with4 production and
secondE 2 peak, together with the secretory phase in the endometrial tissue.

= Death phase: degradation of the corpus luteum in the ovarieg,2 and P4 withdrawal;
triggering in ammatory events that allow the shedding and bleeding of the functional
layer of the endometrial tissue. Simultaneously, the beginning of early tissue repair
phenomena take place in the endometrium, and the start of the following cycle with
new follicular growth and E2 production happen in the ovulatory cycle.

The di erent processes within the phases occur towards ovulation and because
of it.

4.1. Biological Background

The endometrium is the innermost layer of the human uterus. It is composed of epithelial
tissue and mucous membrane (37). In a healthy woman of reproductive age, two endometrial
layers can be distinguished: Thetratum functionalis (or functional layer) and the stratum
basalis (or basal layer) (37). The functional layer of the endometrium grows along with
the oocyte maturation process in response tB2 and P4. The withdrawal of sex steroids
(E2, P4), when there is no pregnancy, triggers the shedding of the functional layer and
menstruation occurs. The endometrium of cyclic, non-pregnant healthy woman, goes through
a cyclic process of shedding, repair, and growth (or thickening) (37). This process is known
as the endometrial cycle (or uterine cycle) and occurs through cross-talks with the ovarian
cycle. Together, both cycles create the Ovulatory-Menstrual Cycle, OMC.

On a macroscopic level and as assessed by histology, the two fundamental layers of the endo-
metrium di er in morphology and function. The basal layer lies closer to the myometrium, it

is less responsive to hormonal stimuli, and it also provides the histological elements needed
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for the new functional layer to develop after menstruation (76). The functional layer compo-
ses about two-thirds of the endometrium and responds to ovarian sex hormong(and P 4)
by undergoing cyclic thickening and shedding. An illustrative representation of the uterus
and the parts of interest for the present work are depicted in Fig-2, where it is possible to
di erentiate four major components that are a part of endometrial tissue: A surface lining
epithelium, the stroma, the uterine glands, and the spiral arteries.

Figure 4-2 .. Morphology of the uterus and the endometrium. The image on the right
shows the diagram of the female reproductive system. The image on the left shows
a close-up of the endometrium with its main components.

As stated before, morphological and physiological modi cations of the functional layer du-
ring the menstrual cycle are controlled by the systemic concentrations of the ovarian sex
steroids,E2 and P4. The periodic changes of these two hormones de ne the three phases of
the endometrial cycle: Menstrual phase, proliferative phase, and secretory phase (37). The
endometrium undergoes dynamical changes during these three phases, which can be eviden-
ced through measurable variables such as endometrial volume, endometrial thickness, and
menstrual blood ow (117), (11). The dynamics of the functional layer and its implications

in processes related to fertility and some pathologies have stirred up an interest in studying
its behavior. Such interest has been escalating in recent years due to signi cant advances in
technology (131).

The surface lining epithelium and the stroma form the structural architecture of the en-
dometrium. The surface lining epithelium is composed of the cells constantly involved in
the endometrial cycle, and the stroma has a role as vascular connective tissue and contains
the stem cells for tissue reconstruction after the menstrual phase. The uterine glands are
tubular-shaped glands that extend from the myometrium through the basal and functional
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layers. The uterine glands are developed during the proliferative phase and have the function
of secreting a vast array of molecules during the secretory phase (52; 37). The spiral arteries
are highly coiled vessels that go through the functional and basal layers, making up the
vascular tree of blood supply from the uterine arteries to the endometrial tissue. Besides,
spiral arteries have a constrictive function that would induce menstruation, producing part

of menstrual blood ow (46).

A classical approach to the endometrial dynamic describes the thickness variations of the
functional layer of the endometrium due to the structural and functional changes of the
endometrial cells through the three phases of the cycle: The menstrual phase, the proliferative
phase, and the secretory phase (132). A graphical representation of the three phases is
illustrated in Fig.4-3. A healthy menstrual cycle ranges from 26 to 35 days (23). An average
menstrual cycle is usually considered to last 28 days. The menstrual phase happens in days
1-5, the proliferative phase in days 5-14 approximately, and the secretory phase in days 14-28
(7). However, the shift between proliferative and secretory phases is set by ovulation and it
can also happen later than day 14 as described in Section 2.2.1, depending on the individual
characteristics of each woman.

Figure 4-3 .: Graphic representation of the endometrial cycle . Morphological and dynamic
changes of the endometrium in response to the variation of the ovarian hormones
through each phase of the menstrual cycle.

At the beginning of the endometrial cycle, when implantation does not happen, the levels
of P4 and E2 begin to decrease as a consequence of the corpus luteum regression in the
ovarian cycle (39). The reduction of systemic concentrations &4 triggers tissue shedding
and menstrual bleeding due to the Proteolytic Breakdown of the Extracellular Matrix (PBE).
Although the paracrine regulation ofE2 and P4 are the main regulators of the endometrial
cycle, during the menstrual phase, several autocrine processes mediate the response to the
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ovarian steroids withdrawal (74).

At the end of the menstrual phase, the endometrium begins the Early Tissue Repair and
Regeneration response (ETR), and the proliferative phase begins. During the proliferative
phase, a new endometrium grows from the basal layer under the in uence of the increasing
E 2 concentration secreted by the ovarian follicles. The endometrium thickens rapidly due to
the mitosis of the cells, causing an expansion of the uterine glands, as well as the increase
of the spiral arteries that provide the blood supply to the tissue (11).

Following ovulation, the corpus luteum takes control of the ovarian cycle, producing a de-
crease in systemic estradiol concentrations, and an increaseAd. When E2 decreases, it
stops the endometrial cell proliferation. WherP 4 rises, it causes functional changes in the
tissue. The endometrium becomes more tortuous, secreting glycogen, lipids, and proteins to
maintain the tissue homeostasis and producing a rich cervical mucus thickness reported to
be for the implantation of the blastocyte (117), however happening with and without it.
Finally, if pregnancy does not occur, the menstrual cycle starts over.

Critchley et al. describe the actions o2 and P4 in the endometrial tissue, highlighting
the proliferative e ect of E2 and the spontaneous di erentiation of proliferative cell tissue
into secretory cells in the presence ¢4 in humans, independent of implantation (37)P4
withdrawal has been described as the main hormone triggering an in ammatory cascade
(Proteolytic Breakdown of the Extracellular Matrix - PBE) that ends up on menstruation
(74, 37). Similarly, E2 presence andP 4 withdrawal are both reported to trigger ETR while
menstruation is occurring.

4.2. Mathematical Modelling Background

The interactions between the hormonal dynamics from the ovulatory cycle and other systems
in the body had not been mathematically modeled until the present work. The dynamical
changes of the endometrium have been extensively studied by several approaches, inclu-
ding direct observation of human endometrium by medical imaging techniques, research
of human endometrium by biopsy tests, studies of endometrial physiology and sex steroid
function in primate and rodent models, endometrial tissue explants with organ culture pa-
radigms, and endometrial cell culture paradigms (7). However, sonr@vivo investigations

of the endometrial function are restricted by ethical considerations. In particularin-vivo
studies in women are limited, and samples of human endometrial tissue are scarce, mainly
due to limited accessibility with higher challenges during menstruation (37). In this context,
mathematical modeling emerges as an alternative to study the dynamical behavior of physio-
logical processes by reproducing some characteristics of thevivo condition. Furthermore,
phenomenological-based semi-physical mathematical models have been used successfully for
guantitative analysis of complex physiological processes (95), (25), (120), (110).

In the scienti c literature, there is one model based on statistical regressions from experimen-
tal data that correlates endometrial volume with endometrial thickness (147). However, the
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application of statistical models does not allow to describe the nature of physiological-cyclic
processes and their underlying patterns sustaining the phenomena, secluding the quantita-
tive response from the biological and physiological grounds that originate it. On the other
hand, it has been demonstrated that phenomenological-based models allow us to connect
the physiological phenomena without giving up the quantitative accuracy (36). Up to date
and with the author's knowledge, there are no prior phenomenological-based mathemati-
cal models describing the dynamical changes of endometrial volume, spiral arteries length,
or menstrual blood ow in response to systemic concentrations &2 and P4 during the
menstrual cycle.

4.3. Available Data

The available data used to develop and validate the model is the longitudinal observational
study performed by Raine-Fenning et al., (147). The endometrial volume and thickness are
the reported measurements. The modeled spiral arteriole length is compared to the measured
endometrial thickness. Thirty women with regular cycles participated in the study to measure
their endometrial tissue along one cycle. The endometrial measurements were taken by using
3D ultrasound, starting on day 3 after the rst bleeding day. The women were seen every
other day until ovulation -also con rmed ultrasonographically- and every four days from
then until menstruation (147).

Also, menstrual blood loss for healthy regular menstrual cycles is taken from (104). Endo-
metrial measurements are scarce and there is no other study as complete as the study by
Raine-Fenning et al., used to compare the data. This is due to the invasive procedures to
take samples at least every two days during a whole cycle and capture the changes in the
endometrial tissue. Moreover, taking samples while women are menstruating undergoes mo-
re challenges because of the uncomfortable sensation women feel -and often avoid- exposed
to medical procedures during menses. However, the results encountered and presented in
Section 4.5 are consistent with the measurements reported by Raine-Fenning et al. (147).

4.4. Model Development and Coupling dynamics between
the Ovarian cycle and the Endometrial cycle

The main purpose of this section is to develop a phenomenological-based mathematical
model of the cyclic dynamic of endometrial growth in response to ovarian sex steroig
and P4. The model includes a general representation of the menstruation phenomenon that
allows the simulation of multiple cycles. In addition, the simulations are validated against
dynamic data of endometrial volume and thickness, and average static data of menstrual
blood ow found in (104). Aiming to present a uni ed description of the endometrial cycle
and the menstrual phenomenon, the proposed model is connected to a mathematical model
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that describes the dynamic changes iB2 and P4 produced by the ovarian cycle, previously
presented by (110). In this case, Margolskee's model is used as the input allowing to complete
the mathematical description of the physiological phenomena of thickening and shedding of
the endometrial tissue, and those of the activation and inhibition of menstruation.

It is important to note that as it can already be inferred, the endometrial cycle model
does not exist independently without the coupling steps, because the growth and shedding
dynamics respond directly toE2 and P4 levels. A model without this level of detail would
consist only of mass balances and adjusted growth and death rates, which would be trivial in
terms of a complete ovulatory-menstrual cycle. Therefore, the PBSM methodology described
in Section 3.1 is followed and simultaneously implemented with the coupling methodology
proposed in Section 3.2.

4.4.1. Process Description.

The model objective is to describe the volume changes in the functional layer of the endo-
metrium in each stage of the menstrual cycle, considering changes in the endometrial tissue
and the blood ow through spiral arteries. All these changes occur because of the hormonal
inuence of E2 and P4. The spiral artery feeds the endometrial tissue with glucose and
oxygen. In the endometrial tissue, the proliferative cells grow and divide under the in uence
of E2 and are spontaneously di erentiated into secretory cells when exposedRd. The se-
cretory cells secret and accumulate a cellular product rich in nutrients for the implantation
of the blastocyte (52). The reduction of sex steroids triggers menstruatioR.4 withdrawal
triggers tissue shedding and menstrual bleeding due to the PBE e ect (74), P4 is represented
in Fig.4-5 as an inhibitor of menses. On the other hand, estradiol has an angiogenic action
in the spiral artery (153), stimulating growth and ETR properties in endometrial tissue, so
E2 can be considered an antagonist of menstruation. Hence, their decay activates menses.
The endometrial thickening is the volume change of the reactive mass of endometrial cells
carried out in the uterus in response to hormonal stimuli. For the model purpose, all en-
dometrial cell types within the functional layer i.e., the lining surface epithelium and the
uterine glands, are indistinct and referred to as the modeled volume. Only the phases of
the cycle that a ect them are di erentiated. The spiral arteries inlet of the blood supply
provide the endometrial cells with su cient glucose and oxygen to grow without limitations.

At the same time, the residues of the biological oxidation of glucose go from the endometrial
tissue to the venous blood. This arterial and venous mass exchange considers that the cells
involved in the processing system follow the glucose metabolic oxidation route, keeping the
stoichiometric relationship among glucose, oxygen, carbon dioxide, and water (42), allowing
to assume mass equivalence (the mass of reactants entering the metabolic reaction is equal
to the mass of products exiting it). Finally, necrotic cells in the detached tissue are directed
to the uterine lumen, and leave the body along with released blood from the spiral arteries
constriction as the menstrual ow.
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Additionally, the following assumptions are made: i) The volume and density of blood that
irrigates the uterus are constant in time, ii) the stream from blood irrigation to cellular tissue
represents the glucose that feeds the cells as substrate, iii) the glucose entering the tissue is
the required amount (on demand), iv) the other substances required for cell functions are
not represented by the model, but their existence is declared.

The level of detail of the presented model is macroscopic, as it considers the uterus as
a whole and generalizes all phenomena happening at a cellular level in the concomitant
tissue growth, spiral arteries elongation, and menstruation. Hence, there are three interacting
process systems in the endometrial cycle: endometrial functional layer (PSI), endometrial
functional layer (PSIl), and menses (PSIII).

4.4.2. Mathematical and Computational Model

In this section, the three Process Systems (PSs) and their inlet and outlet streams are
described. They are also graphically depicted in Figi-4.

1. Process System |. P S, is the Endometrial tissue. The endometrial tissue receives the
nutrients and hormonal signaling through blood from the spiral artery through stream
3, using them for cellular growth, di erentiation and discharge to form menstruation.
Glucose and oxygen enter the tissue via stream 3n§), and its oxidation products:
CO, and H,0, leave the endometrial tissue and return to the bloodstream through
stream 4 (ny,). Stream 6 (mg) is the shedding tissue in the same phase and both blood
and tissue conform menses. Streams 8 and 9 represent the di erentiation of proliferative
cells into secretory cells and the secretion of product from secretory cells, respectively.

2. Process System Il. P S, isthe Spiral Artery. Arterial blood entering the spiral artery
from the circulatory system is represented with stream 1n{,). Blood supply to the
endometrium via spiral arteries, which carries both oxygen and glucose to the tissue,
is represented with stream 31(3). Streamsmg and my4 are not considered in the mass
balance since they are in stoichiometric equivalence of mass among glucose, oxygen,
water, and carbon dioxide concerning glucose combustion. Streamrfs] represents
bleeding from the spiral artery during the onset of menstruation. Stream 2r(,) is the
blood exiting the entire process system via venous blood.

3. Process System Ill. PS,, is de ned as Menses. Menses is considered as the conjun-
ction of the tissue sheddingrg) and spiral arteries bleeding e ectsifns), characterizing
the menstruation phase of the endometrial cycle. Both streanms and mg join in one
whole streamm; that enables the calculation of the menstrual ow.

The conservation law is applied to each process system de ned previously, including the
uterus as the total process systenk Sr. Fig. 4-4 sets the ground to develop mass balances.
Fig. 4-5 is the diagram depicting interactions between the ovarian and endometrial cycles.
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Figure 4-4 .. Block diagram of the endometrial tissue.

The ovarian cycle is the Secondary Subsystem impacting the endometrial cycle de ned as
the Main Subsystem. It sets the ground to include all the stimulating and inhibiting actions
from the ovarian outputs i.e.,E2 and P4, into the endometrial tissue. The mass balances are
described in Egs. 4-1, 4-7, and 4-12. These obtained equations make up the basic structure
of the model. The de nition of the parameters conforms to the extended equation and leads
to the couple following the methodology described in Section 3.2.

Figure 4-5 .: Signal diagram coupling the OMC as Secondary Subsystem and endometrial
cycle de ned as the Main Subsystem.

The mass balances are going to be described starting with the endometrial tissue since its
dynamics are the center of the model. The extended structure will be declared to de ne
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the bridge parameters (,) and thus, the interactions between both the ovarian and the
endometrial cycle in every step.

1. PS. Endometrial Tissue.

In human endometrium,E 2 signals tissue growth. Due to the increasing concentration
of E2 endometrial cells undergo cell reproduction by mitosis (11). This phenomenon
is represented as cell proliferation, modeled by the Monod equation.

Cell proliferation ceases during the secretory phase due to the appearancePdfs.

In humans, proliferative cells are spontaneously di erentiated into secretory cells in
the presence oP 4 without the need for fecundation as in the case of other species
(37). Stream 8 in Fig.4-4 shows the mass from proliferative cells di erentiating into
secretory cells. Said stream does not appear explicitly in the mass balancesigsThe

di erentiation is directly described with Monod kinetics representing this phenomenon.
All proliferative cells are assumed to be di erentiated and all secretory cells and cellular
product die and are shed during menses.

High P4 blood levels lead to the secretion of the cellular product by the secretory
cells, mentioned in Section 4.1. This secretion is represented by stream 9 in Hegd
and causes an increase in the volume of the functional endometrial layer. Said stream
doe not appear explicitly in the mass balances avg. The secretion of the product

is represented directly with a speci c production rate of product per unit of mass
of secretory cellg,. At the end of the secretory phase, if embryo implantation does
not occur, the reduction of E2 and P4 concentrations triggers tissue shedding and
endometrial volume decreases back to its basal level. The activation of tissue shedding
depends on the variableéSBg;, which is also one of the variables and outputs of the
model (yo = X4). SBg represents the hormonal control over the menstruation phase,
detailed in the development of the model foP S;;, -Menses Section.

The mass balance of the total cellular tissue does not provide useful information to the
model. Therefore, only the component mass balances are considered. The components
of PS,, are the cellular tissue in both proliferative ;) and secretory phasesx;), and

the cellular product secreted X3) by the endometrial cells. Both types of cells and the
cell product are mass inmg. Only the secretory cells and cell product undergo cell
death, therefore proliferative cells do not include such kinetic.

The modeling equation for proliferative cells is shown in Eq. 4-1. The rst term re-
presents cell proliferation based on Monod kinetics (dependent &R levels), and the
second term represents proliferative cell di erentiation into secretory cells (dependent
on P4 levels).

Xm

at = proX1 sec X1 (4-1)
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Where ,, is the speci ¢ growth rate equation of the proliferative cells shown in Eq.

4-5 and maxpro IS the maximum speci ¢ growth rate shown in Eq. 4-6 (44). In the

second term, ¢ represents the speci c growth rate of the secretory cells, shown in
Eq.4-10.

Coupling and Extended Structure

Following the description in Fig.4-5, the bridge parameter is the speci ¢ growth rate,
depending on the maximum speci ¢ growth rate, which in turn depends o&2. This
case de nes a structural parameter (p,) from the main subsystem (the endometrial
tissue) carrying the interaction with the ovarian cycle as the secondary subsystem.
Lastly a functional parameter is also de ned, depending explicitly on the outputs of
the ovarian cycle:

buainsubs f ( » X (t); U(t)) = g(ySecondarySubs) (4'2)

therefore, the structural and bridge parameter, can be written as a function compo-
sition described in Egs. 4-3 to 4-6.

PEndometriaicycle = pro = f (g(uE 20varianCycle )) (4-3)
maxX pro = g(UEZ) (4-4)
From Eq. 4-1:
M
_ max pro S _
o = e 4-5)
max pro = kpro uEz (4-6)

Ug, is the blood concentration of estradioE 2, written in space of states as an input.

The cellular behavior in the secretory phasexg) is described with Eqg. 4-7, where the
transition between both phases is multiplied by a factorEy,.x,, accounting for mass
equivalence between proliferative and secretory cellsng of secretory cells pemg

di erentiated of proliferative cells). The second term represents the mass ow of dead
cells to the endometrial lumen (enteringP S, ) when descamation occurs, triggered
by the withdrawal of hormones.kq is the death constant andx, is the shedding and
bleeding binary and continuous state described by Eq. 4-23 (its value is one during
menstruation phase, and zero during any other phase).

dX2

W = Exz;xl sec X1 kdX4X2 (4'7)
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The constitutive equations in Eq. 4-7 are the specic growth rate of secretory cells
shown in EqQ. 4-10, the maximum speci ¢ growth rate of secretory cells shown in Eq.
4-11.

Coupling and Extended Structure

Following the description in Fig.4-5 and the same deduction of the bridge parameter as
the one detailed for proliferative cells in Eq. 4-2, Egs. 4-8 to 4-11 de ne both structural
and functional parameters.

The bridge parameter from the endometrial tissue (the main subsystem) is the specic
growth rate < in EQ. 4-7, depending on the maximum speci ¢ growth rate ynax ...
which in turn depends onP 4 as one of the outputs of the ovarian cycle (the secondary
subsystem). The structural and bridge parameter, can also be written as a function
composition as detailed below.

b= sec= f(9(Upa)) (4-8)

maxsec — g(uP4) (4-9)

maxX sec M S

sec = m (4-10)

max sec = KsecUp4 (4-11)

The last component of theP S, is the cellular product secreted during the secre-
tory phase, which directly contributes to endometrial growth and endometrial volu-
me. Eq.4-12 shows the balance equation for the produrt, where g, is the speci-
¢ production rate associated with the energetic metabolism of the secretory cells
(mgP roduct5mgSecretory day)) shown in Eq.4-13 (44). The second term in Eq.
4-12, represents the cellular product discharged during menstruation.

dx
d_t3 = X2 KaXaX3 (4-12)

De ning parameter g0 makes the extended structure of the model as shown in Eq.
4-13.

O = YX3X2 sect Mp (4'13)



4.4 Model Development and Coupling dynamics between the Ovarian
cycle and the Endometrial cycle 49

whereYy,.«, IS the yield coe cient of product formation from secretory cells (ngP roduct=mgSecre
reported in Table.4-3, and mp is the speci ¢ product formation rate of the cell product
in mgP roductmgSecretory day).

Finally, PS, delivers one of the model outputs: The total endometrial volumeyy),
shown in Eq. 4-14. It is the sum of the masses of proliferative cells, secretory cells, and
cellular product. All the parameters from the equations above are listed in Table-3.
X X X
Ly 22 473 (4-14)

Xpro Xsec Xp

Y1 =

2. PS, . Spiral Arteries

In the spiral arteries’ growing process, an increase in length and diameter may be
observed. The spiral artery is considered a straight cylinder, which leads to a simpli ed
geometry compared to the complex geometry of the real coiled vessel. The model
considers the length and diameter variations of the artery, calculated with parameters
from (46). The ow rate at peripheral circulation allows considering blood ow through
spiral arteries as obedient of the Poiseuille law (138). The activation of menstrual
bleeding depends on the variable, = SBg, which represents the hormonal control
over menstruation and is explained in SectioR S;;, Menses.

The total mass balance is stated in mass units. The total mass balance is represented
in Eq. 4-15, whereMy is the total mass of blood stored inside the spiral artery at a
time t, expressed in mass unitsnig).

dMg
dt

In the previous balance (Eq.4-15)n3; equalsmy because of the stoichiometric equiva-
lency of mass that is assumed for the glucose reaction as stated in Section 4.4.2. The
variable of interest is the artery lenght since it can be compared and validated with
available experimental data (endometrial thickness), and it is possible to calculates _
depending on the level change. Therefore, the mass balance in 4-15 is converted to the
blood level inside the spiral artery X5 = Lg). X5 is the length of the spiral artery, des-
cribed in Eq. 4-16, calculated in terms of volumetric ow rates and the cross sectional
area through which blood ows.

dxs _ Vi V%
dt Ag

=mi+mg my mz ms (4-15)

(4-16)

where, \4 is the arterial blood ow that enters the uterus, \%4 is the venous blood that
leaves the uterus)\s is the blood discharge after arterial rupture during menstruation
(138) and Ag is the cross-sectional area of all the spiral arteries that supply blood to
the functional layer of the endometrium.
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It is assumed that both the glucose and the oxygen needed are available to tissue
demand in a healthy woman, and therefore, they are considered constant, and no
component balance is needed. Similarly, the parameters of each equation are displayed
in Table 4-3.

Vs = ViAua (4-17)

o = ViAua (4-18)

Kea, Pr2
- B menses sa 4_1
Vs = SBy e (4-19)
Ag = I &°n (4-20)
rsa = kX5 (4'21)

In Eq. 4-17 v, is the velocity in stream 1, in Eq. 4-18 is the ratio between ows
through streams 2 and 1. The ow rate at peripheral circulation allows considering
blood ow through spiral arteries as obedient of the Poiseuille law (138). Thus, Eq.
4-19 will be used for determining the volumetric blood ow leaving the spiral artery
after arterial rupture during menstruation. Regarding the pressure drop, there is not
a signi cant pressure drop along the length of the spiral arteries in the non-pregnant
state (lower than 1 mmHg), as they are relatively straight and not yet remodeled for
pregnancy (138)Ksa,..... IS @ correction factor to account for the real geometry of the
artery. k in Eq. 4-21 is the ratio between the length and the radius.

Model Output from PS
The output from this PS is the spiral artery length, which coincides with the variable

Xs.

Y2 = Xs (4-22)

. PSS, . Menses

This phase is triggered by the reduction of the systemic concentration &2 and P4
withdrawal (141). However, menstruation is regulated by a large array of intermediate
molecules that interact at a cellular level in several steps of the pathway, making the
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Figure 4-6 .. Diagram representing onset and o set of the shedding and bleeding variable
(SB), responding to the signaling oE2 and P4

temporal phenomenon of tissue shedding and spiral arteries bleeding hard to describe
only by the dynamic behavior of steroid hormones (74). Nevertheless, this intricate
network of messengers and e ectors can be summarized in two signi cant e ects: the
Proteolytic Breakdown of the Extracellular matrix (PBE) and the Early Tissue Repair
and Regeneration (ETR). Both of these e ects are regulated by th®4 withdrawal
(74), and only the second one is favored by the presencebd? as depicted in Fig.4-6
(66).

In the menstrual cycle, the endometrium undergoes breakdown with tissue shedding
and menstrual bleeding only, during menstruation. Furthermore, no tissue breakdown
or bleeding occurs in a healthy cycle during the proliferative and secretory phases.
In this sense, the phenomenon can be understood as an on/o response, also called
all/nothing response or active/inactive response as shown with the left side of Fig.
4-6. Even when representing this kind of behavior in a computational model could
be easily reached with a conditional statement, such strategy was put aside, since a
conditional statement is not based on rst principles (mass and energy balances), and it
creates a discontinuity in the mathematical functions conforming the model, reducing
the interpretability of the model parameters.

In this sense, to develop a phenomenological description of the menstruation pheno-
mena, tissue shedding and menstrual bleeding are modeled as an on/o variable called
\onset of menses state"$Bg). SBy depends on the two global enzymatic reactions
representing PBE and ETR. The dynamic behavior and mathematization of this kind

of processes as explained by (51) and (162) were studied in order to propose a mo-
del of the macroscopic response of tissue shedding and spiral artery bleeding, during
menstruation in response to hormonal concentrations.

The variablex, = SBg represents the enzymatic machinery behind the tissue shedding
and menstrual bleeding. As an on/o variableper de nition from the phenomena (a
woman is either menstruating or not),SBg; can only be found in two possible states:
the menstruation is deactivated, so no tissue shedding nor does spiral artery bleeding
occur (0), or the menstruation is activated, so endometrial breakdown and bleeding
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are happening (1).SBg; is the statex4. The di erential equation is presented in terms
of the phenomena responsible of activating menstruation (PBE) and inactivating it
(ETR). Its ability to represent on/o behaviour is described in the following sections
through the extended structure.

dx4
e g r 4-23
dt PBE ETR ( )

Coupling and Extended Structure

Two global reactions mediate the change between the two states of the menstruation variable:
the rst reaction represents the activation of menstruation due to the enzymatic machinery
in charge of the Proteolytic Breakdown of the Extracellular matrix (pge ), and the second
reaction deactivates menstruation in the Early Tissue Repair and Regeneration response
(reTr). Both rate of reactions are bridge parameters ) themselves. They are described
by Monod equations depending orE2 and P4 as inputs and are shown in Eq.4-27 and
Eq.4-28 respectively. Sincexs can only be found activated or deactivated, from Fig4-6
SB, + SBg = 1, which is equivalent to x, + x; = 1. The state x, is considered the
activated one, andx, =1 X4. The deduction of Egs. 4-27 and 4-28 follows the forward
and reverse transformations between the activated and inactivated states, depicted in Fig.
4-6, together with Monod kinetics.

b= rpee = f( pBE;X Upa) (4-24)
b= Tetr = f( eTr:X; Upa) (4-25)
eTrR = O(Ue2) (4-26)
R T <4-27>
ETR T r::i:a:Sng; L+ Kl— (4:28)

As the P4 withdrawal triggers the PBE and ETR responses, then on Eq.4-27 and Eq.4-28,
the inverse e ect P4 on the menstruation mechanisms is represented as a non-competitive
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inhibitor of both reactions. On the other hand, the functional parameters are de ned as fo-
llows: the maximum rate of the PBE ¢pge,,, ) iS considered constant, whereas the maximum
rate of the ETR (retr,,,, ) IS proportional to the estradiol concentration, as a consequence of
the estrogen's angiogenic and cell proliferative e ects. Therefore, the functional parameter
(reTr . ) links the bridge parameterregrr to the in uence of E2. Both equations are shown
below:

leee:max = Kpae (4-29)

reTrRmax = KeTr Ug2 (4-30)

The dynamical relation describing theSBg; digital variable is shown in Eq.4-23. Similar to
the previous section, the parameters of each equation are displayed in Tall&. Once the
shedding and bleeding state is de ned, the menses blood as the last process system of the
model is presented. Menses is considered as the mix of the blood coming fR& and the
dead cells (tissue shedding) and product coming froRS;, . It is assumed that the system
does not accumulate shed cells, nor blood. In this model, tissue shedding is represented
by the mass ow in mg which is de ned by a kinetic constant of cell deathky with both
secretory cells and cellular productR S, ), and spiral artery bleeding is represented by the
mass ow in stream 5 (Ms). Both variables are temporally synchronized as functions of the
on/o variable SBg that governs the menstruation state. Eq.4-31 shows the de nition of the
menstrual blood ow.

Vo= s+ \g (4-31)

Stream 6 is depicted in diagramd-4 as the shed endometrial tissue. It is mathematically
described in Eq. 4-32, as the sum of secretory cells ad cellular product.

kd SB X2+kd SB X3

sec P

Vo = (4-32)

Model Output from P Sy,
The output from this PS is the crucial shedding and bleeding dimensionless sta&Bg;,
represented with the variablex,.

Y3 = Xaq (4-33)

4.4.3. Computational Implementation

In order to represent a system by a model as the one shown in Eg.2-2, the state variables,
the input variables, the output variables, and parameters must be recognized. The state
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variables are listed in Table4-1. As for the input variables, the hormonal stimuli used were
taken from the model of the female reproductive cycle proposed by (110). Speci cally, the
considered stimuli have been detailed along the sectioB2 levels (1; = ug,) and P4 levels
(uz = up4). The outputs of the model are indicated in Table4-2. Finally, the parameters
de ned with assessment equations are displayed in Tab#e3. The model obtained in the
present work was programmed and solved using MATLAB and Simulink® .

PS State variables Equationss Variable name Units
PS X1 = My, Eq.4-1 Biomass in proliferative phase mgx
X2 = My, Eq.4-7 Biomass in secretory phase mgx_..
X3 = My, Eqg.4-12 Biomass of product mox
PS, Xxs=1Llg Egs.4-16 Length of the spiral artery cm
PSi X4= SBg Eq.4-23 Onset of menses state ;[0

Table 4-1 .: List of state variablesper process system.

PS Outputs Equations Variable name Units

PS yp= X+ X2 X3 Eq.4-14 Endometrial volume cmd
Xpro Xsec Xp

PSi V2= X5 Eqgs.4-22 Length of the spiral artery cm

PSi  Yy3=Xg Eq.4-23 Onset of menses state ;[0

Table 4-2 .: De nition of the output variables of the models.

4.5. Results: Validation and discussion

In this section, the results of the computational model simulations are presented. Afterward,

the validation and analysis of the model are performed. Simulations are run for two endo-

metrial cycles, according to the di erent evaluated scenarios. In this sense, simulation time

of 56 days was considered to be able to observe two cycles in total, taking into account the
duration of an average cycle, mentioned in Section 4.1.

45.1. Model validation

For the validation of the results obtained, experimental data described in Section 4.3 are
used regarding the endometrial volume, thickness and menstrual ow (147; 104). The mens-
trual ow is compared to the mathematical integration of the dynamic model result \%),

since the experimental data are discrete values from a review of methods to quantify and
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Symbol Description Value References
Kero E 2 e ect on the maximum growth velocity of the cells 0.00841 pgcnl;y [
Ksec P4 e ect on the maximum growth velocity of the cells 0.15475% |
Kg Constant for the inverse e ect of P4 upon cell death 10% I
Ks Substrate constant 10mg |
mp Speci ¢ product formation rate 0.001 % I
Mg Mass of substrate inside the tissue 1.1Mg |
Yxsx, Yield coe cient of product from secretory cells 0.1 % |
Ex.. o Mass equivalence coe cient of secretory from proliferative cells 0.45% I

Xpro Density of cells in proliferative phase 10503;—93 (150)

X e Density of cells in secretory phase 105(%}}%3 (150)

Xp Density of cellular product 1400 2% A

B Viscosity of blood 0.0035Pa s A
Aua Cross-sectional area of uterine artery 0.01&m? (133)
n Number of spiral arteries 3000 (93)

P Blood pressure gradient 50Pa A
Ksa mences Correction factor to account for the geometry of the spiral artery  1x10° dim I
k Ratio of radius and length of spiral artery 0.1 dim A

Relationship betweenv; and v, 0.9998 dim I

Vi Velocity of blood inside the uterine artery 777600% (133)
kpge Maximum rate of PBE reaction 70 ﬁ |
KeTr Maximum rate coe cient of ETR reaction 1 da";Lpg |
Km:pBE A nity constant of the PBE reaction 0.0005 dim |
KmeTr A nity constant of the ETR reaction 0.0001 dim |
Kipge Inverse a nity constant of the PBE reaction 8 % |
KieTr Inverse a nity constant of the ETR reaction 14 & I

Abbreviations. I: Identi ed, A: Assumed, dim: dimensionless

Table 4-3 .: Parameters of the model.

assess the menstrual blood ow (MBL). The bibliographic review yielded to the conclusion
that pictorial methods accurately validate the MBL determination, such as the menstrual
pictogram that compares the amount of blood in sanitary items and their absorbency levels
with MBL volume in milliliters as the output (104).

4.5.2. Endometrial tissue and spiral arteries

The result of the endometrial model is presented in Figi-7. On the upper row the hormonal
inputs E2 and P4 are plotted. On the lower row, the simulated volume of the endometrial
functional layer is compared with the available data in (147), plotted in blue with error bars
on the left side. It is seen that the model gets close to the mean of the experimental data
in most of the phases, with acceptable precision at the end of the menstrual phase and the
secretory phase. However, in the proliferative phase, the model remains in the lower limit
of the experimental data. This could be due to a mismatch on the inpuip4 inherited from
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Margolskee's model, because the simulated drop ¥ at the beginning of the cycle is not
as sharp as the data (176), and the remaining4 impacts the endometrial tissue preventing
it from growing. In any case, the performance of the model is satisfactory, describing the
endometrial cycle accurately.

Figure 4-7 .. Endometrial volume and Spiral artery length simulation along two

healthy menstrual cycles . E2 and P4 dynamics are the inputs plotted on the
upper row. On the lower row the left shows the modeled endometrial volume in
black. The blue dots with error bars are the experimental data (Exp.Data) of the
endometrial volume from Rainne-Fenning et al. (147). On the right, the black cur-
ve is the modeled length of the spiral artery. The red dots with error bars are the
experimental data (Exp.Data) of the endometrial thickness from the same study
(147). Although the spiral artery model and Exp. Data are from di erent nature,
they must have a similar trend as the spiral artery grows along with the endometrial
layers (27).

In this model, the Monod equation was used in order to describe cell growth, since this equa-
tion is commonly used for describing cell growth in bio-processes. Although the simulation
remains in the lower section of the experimental data distribution during the proliferative
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phase, the accuracy of the simulation is satisfactory even with the assumptions in the model.
Such accuracy and the parametric interpretability of the Monod equation support its use.
The proliferation of the endometrial tissue presents a dynamic that is uncommon in human
physiology, even comparable to a tumor microenvironment (116).

The length of the spiral artery during the menstrual cycle obtained in this model is presented
on the lower right side in Fig4-7. It is known that the length of the spiral artery is propor-
tional to the endometrial thickness (27). Therefore, experimental data of the endometrial
thickness from (147) was plotted against the model results in order to compare both trends.
Regarding the spiral artery length obtained in this model, it is seen that its smallest value
corresponds to the menstrual phase, where most of the tissue and capillaries are sloughed.
The length increases along with the thickening of the tissue in the proliferative phase, and
it nally reaches its maximum height at the end of the secretory phase.

Fig. 4-7 shows a mismatch between the model and the data, which is consistent in terms of
the assumptions in the model: 1. The spiral artery is considered a straight cylinder, which
was already said to lead to a simpli cation compared to the complex geometry of the real
coiled vessel, 2. The measured data are not data taken from the length of the spiral artery
but from the endometrial tissue thickness. Hence, a mismatch is always expected.

45.3. Menses

Both the onset of the menses state and the menstrual blood loss are validated. The results
in Fig. 4-8 allow a description of the temporal nature of the phenomena concerning mens-
truation, as it is possible to assess the moment in time when the phenomena occur as well
as the process system where they occur. Such a description is possible due to the use of an
on/o variable calculated from continuous inputs and continuous itself. In fact, it is possible

to observe that the SBg; variable presents about 4.5 days of menstrual phase, in the lower
left side of Fig.4-8. 4.5 days of menstrual phase may be contrasted with thd"5day value
presented in endometrial studies (7), regarding the duration of the menstrual phase of an
average healthy cycle.

Although the causal mechanisms and molecular pathways that originate this behaviour and
link it to hormonal triggers are more complex and still not fully described, considering the
phenomena as two simpli ed but global reactions (PBE and ETR) is su cient to describe
the macroscopic dynamic, using the information of the two continuous cyclic inputg,2 and

P4.

Menstrual blood loss is shown on the right side of the lower row in F&8. Whereas literature
data do not directly provide information on blood ow, data about menstrual blood loss is
widespread. If the area under the curve of the model is integrated, a menstrual blood loss
of 65mL of blood is obtained per cycle. This value coincides with data reported in (104). It
may also be observed that bleeding is quite abundant during the rst day of the menstrual
phase compared to the other days of menstruation, which responds to the physiology of the
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Figure 4-8 .. SBg and Menstrual blood ow \% along two normal menstrual cycles.
SBg: represents the activation of the menstruation in response of OMC inputsE 2
and P4 dynamics plotted on the upper row. The results are presented on the lower
row as follows: on the left, SBs;. On the right, \%7. The peak of the bleeding during
menstruation occurs during the rst day of the phase. The close up on the right
indicates that the maximum peak last less than 0.2 days.

normal menstrual cycle. To illustrate this proportion of bleeding along the days, Fig}-8
shows that the maximum peak lasts less than 0.2 days during the rst day of menstruation.

4.5.4. The property of generality in the model

As mentioned before, the input data of the model are th&2 and P4 blood levels. In this
section, the system is stimulated with modi ed values of these hormonal concentrations ba-
sed on sex steroids data when using hormonal contraceptives, as reported by (127). Thisis a
completely di erent scenario from the one the model was built with. Using the contraceptive
NuvaRing, the concentrations of sex steroids in blood decrease considerably, reaching cons-
tant values throughout the menstrual cycle and a ecting the thickness of the endometrium
during the cycle. Using NuvaRing, the serum concentration dE2 is reported to remain
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constant around 13.62g=mL and the serum concentration oP4 -also constant- is reported
around 0.44ng=mL (127). Both are plotted on the right side of the upper row in Fig4-9.

The lower row in Fig4-9 exhibits the simulation of the endometrial thickness with the
NuvaRing hormonal concentrations as the input of the model, and its comparison with a
healthy OMC with the inputs from Margolskee et al. (110). Since the mathematical model
computes volume, the thickness is calculated with a constant and equivalent tissue area
which may introduce inaccuracies. The thickness experimental data from Raine-Fenning
et al. (147) are compared to the model results. As it was expected, even though the model
presents deviations when compared to the data due to the constant equivalent area assumed,
it shows a pretty accurate behaviour validating the comparison to the NuvaRing-modeled
tissue.

Figure 4-9 .. Comparison of the endometrial thickness simulation at di erent hormonal
input values. On the upper row: Normal cyclic inputs predicted with the model
by Margolskee et al. (110) on the left, against constant inputs (E2 = 13.62pg=mL;
P4 = 0.44 ng=mL) from NuvaRing contraception on the right (127). The lower row
shows the results of the endometrium thickness responding to cycli&2 and P4 in
blue, to Nuvaring E2 and P4 inputs in black and the experimental data (Exp. Data
from Raine-Fenning (147)) in yellow.
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It is observed that the simulation with NuvaRing contraceptives predicts a reduction on the
endometrial thickness. This result is in agreement with the data of (127), where the measu-
rements of endometrial thickness show that the endometrium was suppressed in all subjects
during NuvaRing treatment. Table 4-4 compares the endometrial model predictions under
NuvaRing conditions and (127) experimental data, for a 35 days period of treatment. The
measurements are reported as average values between periods of 7 days with its correspon-
ding standard deviation (SD). Table4-4 shows that all simulations are in the range of the
standard deviation of the experimental data.

Data from (127) Model Simulation
Days  Average thicknesshm] SD Average thicknesshm] SD
1-7 2.80 1.50 3.29 0.03
8-14 3.30 1.00 3.41 0.04
15-21 2.90 1.20 3.53 0.04
22 - 28 3.30 0.66 3.65 0.04
29 - 35 4.00 1.60 3.78 0.04

Table 4-4 .. Endometrial thickness with NuvaRing contraceptives

4.6. Concluding Remarks

A phenomenological-based semi-physical model of the endometrial thickening during the
menstrual cycle with lumped and interpretable parameters is developed. Such model is able
to describe the volume changes and di erent phases that the functional layer of the endome-
trium undergoes depending ol 2 andP 4. The model describes the endometrial growth con-
sidering the cell's dynamics of the functional layer of the endometrium and the spiral artery
length variations. This model also describes the dynamics of the menses, as an intermittent
event during the menstrual cycle. In this way, the model describes the Ovulatory-Menstrual
Cycle as a whole. As mentioned before, the model's parameters are mostly interpretable, allo-
wing one to get a better insight into relevant phenomena that occur during the endometrial
cycle.

The model is validated with data from the literature, regarding endometrial volume and
thickness taken from (147), and menstrual blood loss data taken from (104). The model
was validated using the endometrial volume variable as a whole. However, in this work, the
phenomenon of endometrial growth is modeled considering three components: proliferative
cells, secretory cells and the product. Therefore, the volume of the endometrium is the result
of their sum.

The inlet variables of the model,E2 and P4, are determined from the phenomenological
based model proposed by (110), which allows elucidating the e ects of the ovarian hormones
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upon the endometrial cycle, and consequently, the growth of the spiral arteries and the
onset of menstruation. The linkage with the hormones also permitted to evaluate the e ects
of using birth control methods, which considerably a ects theE2% and P4% blood levels
and, consequently, the endometrial growth.

Finally, from a phenomenological point of view, with the use of constitutive equations and
the same input variables, the model can describe the menstrual phase, which occurs after
the secretory phase and sheds most of the functional endometrium layer. These phenomena
represent the physiological complexity linked with the endometrial cycle. Regarding the
authors' knowledge, there are no prior phenomenological-based mathematical models that
speci cally describe with such a level of detail, the change of volume of the functional layer
of the endometrium, nor the menstruation during the menstrual cycle.

Endometrial dynamics support the statement from Humberto Maturana and Francisco Va-
rela, describing life and reproduction (31). \Reproduction is a property of life that can or
cannot be present. Before, the pattern of self-organization is needed". In this sense, life can
encounter states of health in which reproduction is not required (31). This is relevant in
women's life and the way we view their health, since the living organism -women's body-
is not necessarily oriented to reproduction, but to autopoiesis. The phenomena setting the
pattern of self organization i.e., cross-talk phenomena between the ovarian and the endo-
metrial cycle, are not happening only to nurture an embryo or to ensure the possibility of
pregnancy, but to nurture the female body itself and all the autopoietic networks in it. In
fact, mammal processes like endometrial cells decidualization that happen only with embryo
implantation in other species, happen spontaneously without fecundation, nor embryo im-
plantation in women. This decentralizes the importance of the Ovulatory-Menstrual Cycle
from pregnancy and will be further supported in the coming sections.



5. Modeling some of the interactions
between the Ovulatory-Menstrual
Cycle and the Cardiovascular System

A systems view in the human body, is deeply entangled with the cardiovascular system.
Blood circulation is a transporting media connecting all the subsystems along the body. It
allows substances to move among organs and subsystems. The cardiovascular system has
also been described as a eld bus from a plant perspective (94). Therefore, it is a central
system both to model and couple it to the OMC in a systemic approach. To develop the

Figure 5-1 .: Location in the route map from Fig.2-2: HPO signaling to the cardiovascular
system as the main subsystem

mathematical equations that describe the interactions between the cardiovascular system and
the OMC depicted by the yellow arrow in Figure 5-1, the methodology proposed in Chapter

3 is followed. However, when assessing the mathematical models to select one describing the
cardiovascular system, there is not su cient adherence to physiology and it is decided to
develop the cardiovascular mathematical model rst, following the methodology to develop
PBSMs. This, in order to have a base strong enough to be able to describe some of the
interactions with the OMC in a more accurate way.
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5.1. Biological Background

The cardiovascular system connects the whole body through the blood, making it possible
for all the tissues and organs to get the nutrients, information through hormones, and subs-
tances they need, degrade and eliminate. It has been widely studied along history (70; 183);
therefore, this section focuses on the speci ¢ physiologic aspects to connect OMC and Car-
diovascular System.

The connection between the OMC and the Cardiovascular System, is anatomical and phy-
siological. Anatomically, the blood supply to the uterus, as to the rest of the vital organs,
relies on capillaries being the last portion of the blood vessel web connecting big arteries to
the speci c tissues. Capillaries are essential for blood ow dynamics, in spite of the small vo-
lume of blood passing through. Its importance resides in the exchange of substances between
blood and tissues (70).

Moreover, the tissues' blood demand is constantly changing depending on the local activity.
However, the heart does not have the ability to suddenly change the blood supply everywhere.
Therefore, capillaries are constantly sensing the amount of nutrients, oxygen needs and waste
products accumulation such as carbon dioxide. Arterioles, which are the vessels next to the
capillaries, enact a control ow activating the muscles in their walls. They do so to either
close the way by contracting, or to supply blood by relaxing (70). This mechanism together
with nervous and hormonal signals guarantees the local ow variation.

Such phenomena impact systemically the dynamics of blood ow beyond the pumping heart.
In fact, the increased ows go back to the heart through the veins and, at last, cardiac output
becomes the sum of all tissues local ows (70). It is evident that there is still an open eld
to continue learning about the cardiovascular system not only but mostly in women (58).
Physiologically, the connection between the OMC and the cardiovascular system relies on
hormonal signaling. The cardiovascular system health depends deeply on the capacity of the
blood vessels to contract and expand (vasoconstriction and vasodilation) along the lifespan.
The vasodilation and vasoconstriction are key for blood pressure -which is one of the four
health indicators-, blood ow and blood distribution along the cardiovascular network arran-
gement among all the blood vessels. Nitric Oxide (NO) production in the endothelial cells
is one of the main factors allowing for vasodilation and, therefore, for cardiovascular health
(165).

Endothelial cells are responsible of regulating blood ow, vessel tone and uid lItration.
Thus, they are considered a center piece in a healthy vascutanica intima (the innermost
layer of the vessel). Following the endothelial cells layer, theeinica media or middle layer

of the vascular vessels is formed by the vascular smooth cells (VSMC). The VSMC respond
with vasodilation or vasoconstriction to the NO produced in the endothelial cells. VSMC are
the cells responsible for diameter variations in the vascular vessels (38).

Endothelial cells and vascular smooth cells ha¥é2 and P4 receptors, suggesting:2 and

P4 e ects in cardiovascular function; more precisely in vasodilation and vasoconstriction
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phenomena.E2 has been attributed cardiovascular protective properties in women along
reproductive years, with actions modulating vascular function, angiogenesis, oxidative stress
and brosis(81). E2 has also been widely reported to enhance NO production. This steroid
has been directly linked to vasodilation dynamics due to its role in NO production, via
genomic and non genomic synthesis pathways. Controversial ndings arise from research
with exogenousE 2 impacts during hormonal replacement therapy (81; 163). In spite of such
controversies, literature agrees on the cardio-protective role th&?2 has in premenstrual
women.

P4 e ects are not as clear. Literature reports? 4 in uence in both enhancement and inhi-
bition of NO production pathways, which links P4 to both vasodilation, vasoconstriction,
and other protective and regulation roles in the cardiovascular system (81; 165; 171). Some
ndings on P4 impacts on the cardiovascular system are still contradictory, because many
experiments have been implemented with both progestins arfél4 itself. Since progestins
and P4 do not have the same molecular con guration, they do not have the same action
in the body. Progestins are synthetic molecules in hormonal contraception and hormonal-
replacement therapy, with di erent signaling than bioidentical P4 (23)). Therefore, the n-
dings are not accurate if all the experiments are considered comparable, because they are
not (165). The di erence between both progestins and4 is recently taken into account,
leading to the importance to perform experiments only witP4 to get to solid conclusions
(165). In-vitro and in-vivo experiments continue giving controversial ndings that are still
under physiological studies (165).

One interesting hypothesis coming from the experiments in-vivo to assess the e ectsPaf

in cardiovascular health, is the possibility to have an inverted U shape in the NO production
and therefore in the vasodilation e ect, regarding®4 concentrations exposure. The authors

in (165) suggest it is likely due to receptor sites saturation in the blood vessel walls. This
might explain vasodilation up to certain P4 concentration (which is not reported in the
study), after which vasoconstriction occurs (165). Usually, the latter is taken as an adverse
and contradictory P4 e ect, mainly when the experiments are meant to better understand
higher cardiovascular risks and treatment in women after menopause. Nevertheless, in life
and clearly during the fertile lifespan, vasoconstriction is as important as vasodilation in

a balanced way, to guarantee healthy cell and tissue growth and death in the whole body
and in the endometrium, which dies and sheds each montR4 raise has also been linked
to vasodilator e ects and a decrease in blood pressure (171), which accounts for some of the
e ects reported in (165).

Lastly, irregularities and disease in cyclic women shed light on possible cross-talk phenomena
between the cardiovascular and the OMC. Endothelial cells dysfunction, may lead to car-
diovascular failure (hypertension, atherosclerosis, stroke). One of the impacts of EC failure
in the vascular vessels through the VSMC response, is a reduction of the vessel diameter.
VSMC migrate to the tunica intima altering the diameter and patrticipating in the progres-
sion of atherosclerosis (165). For instance, the use of hormonal contraceptive has been proof



5.2 Mathematical Modelling Background 65

to trigger thrombotic risk due to endothelial disruption, venous stasis and pro-coagulant
changes in blood proteins (4; 47; 175). Although this thesis focuses on health, disease and
irregularities in terms of E2 and P4 balance like induced anovulatory states from hormonal
contraceptives, supports important actions oE2 and P4 together in endothelial cells fun-
ction. Moreover, it suggests not onlyE2 and P4 e ects in blood vessels but also in blood
properties themselves (126). It is important to note that combined e ects oE 2=P4 in the
cardiovascular system are not researched in cyclic women. Results have been reported as not
clinically meaningful after researching with replacement therapies, using progestins instead
of bioidentical P4, in postmenopausal women (19; 61).

5.2. Mathematical Modelling Background

Modeling the cardiovascular system is a highly explored endevour in di erent research elds
(179) due to its vital role in life, its complexity and multiscale nature. This particular sys-
tem shows clearly how local phenomena impact systemic behavior. For instance, endothelial
accumulation of cholesterol and fats in one of the many arteries (atheriosclerotic plaque)
modi es the vessel elasticity, which changes the blood ow and pressure in the entire system
(55). However, the conception of the cardiovascular system has evolved from an open system
to a closed system only 425 years ago, thanks to William Harvey (182) as depicted in Fig.
5-2.

Nowadays, mathematical and computational modeling based on physiology, is an important
tool to gain knowledge through their interpretability on the complex nature of this essential
life system. Physiologically based models reveal information that enables more accurate
diagnosis, as well as the possibility to generate hypothesis regarding the treatment routes and
the probable outcomes. Moreover, with the capacity to process large data, computational
models in cardiology -the heart itself- have shown potential to enable precision medicine,
taking into account speci ¢ characteristics in every patient (130).

Numerical tools representing with accuracy local and systemic behaviors have been of im-
mense importance to better characterize the cardiovascular system within its di erent scales.
The electrical analogies often use open systems and only until recent years, the mathemati-
cal models started to implement closed loops (128; 48). A systemic approach modeling the
cardiovascular system is presented in (68), it includes circulatory and renal hemodynamics,
kidney, respiratory and cardiovascular function, neural and hormonal feedback, on top of
electrolyte balance impact and autonomic nervous system activity (91).

However, the mathematical models used to describe not only the heart, but the blood ow
along the body: i.e., cardiovascular system, have massively adopted electrical networks ana-
logies since the early sixties. Moreover, they often miss crucial uid mechanics phenomena,
falling short on the aim to be physiologically faithful. Therefore, losing interpretability and
ending with challenges when transferring knowledge from the models to the real system. In
particular, the electrical networks use boundary conditions that avoid the models to be a
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