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Preface

The focus of this volume is on mathematical modeling techniques essential for
studying human physiology and biomedical and clinical problems at primarily the
organ and system level. The areas of focus for physiological modeling are the
cardiovascular and respiratory systems, central systems which impact all aspects of
human physiological function. Particular emphasis is placed on control mechanisms
and clinical problems arising from deficiencies in these control mechanisms.

Mathematical modeling of physiological systems is a complicated enterprise.
Decisions must be made on model complexity in the context of the problem of
acquiring sufficient data for model validation. As a consequence, close collaboration
is essential between scientists from the mathematical/engineering side and the
physiological/medical side. This requires developing a new perspective based on
a common language and common understanding of diverse scientific principles.
New research insight and improved research protocols can evolve in response to
this merging of several scientific disciplines and the skills, training, and experience
of each.

Important state-of-the-art questions are included in this volume. For example,
modeling of physiological systems often leads to the design problem that these
models have to be detailed enough in order to represent the complex physiological
mechanisms acting at various functional levels. Consequently such models usually
contain a large number of parameters. Based on these factors, valid models are often
difficult to apply in the clinical setting where noninvasive tests and measurements
restrict the availability of data from which parameters can be estimated. In addition,
interindividual variation in physiological function and in particular the individual-
ized combination of a physiological system’s inventory of control responses add
further complication to model application for diagnosis and treatment design.
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Goal

The goal of this volume is to provide the reader with an understanding of the theory
and practice of modeling of physiological control systems with a primary appli-
cation of studying clinical problems related to the cardiovascular and respiratory
control systems.

Scientific Content

The content of this volume is focused on principles of modeling and applications
of mathematical methods for model development, model validation, and model
application related to important physiological questions and clinical conditions
with the focus on application to the cardiovascular and respiratory systems.
Cardiovascular and respiratory control mechanisms receive particular attention and
represent the vehicle for exemplifying the theoretical ideas presented. The role of
time delay in feedback control is also examined theoretically and in terms of clinical
manifestations of instabilities induced by delay.

Interdisciplinary Collaboration

A key theme in this volume is the development of interdisciplinary collaboration
between mathematicians, engineers, clinicians, and life scientists (both theoretical
and experimental). Authors from all these disciplines have contributed to this
volume. As a consequence, important mathematical and physiological concepts
and perspectives are included and merged into the volume content. In particular
significant attention is given to the practical side of modeling, especially in regard
to assessing model parameter identifiability as well as insight into problems and
methods of experimental design and data collection.

This approach illustrates interdisciplinary research in a concrete way. Model
development and experimental design go hand in hand: models must contain the
necessary degree of detail to reflect the problem under study but must allow for
model validation in the context of the data that can be collected from available
measurement tools and experiments. The merging of both the modeling and
experimental perspectives and coordinating their contributions can lead to improved
adaptation of models to individual patients leading to potential diagnostic and
treatment tools.
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In the spirit of these observations the text is divided into the following two parts:

e Part I entitled Theory focuses on key concepts and methods needed for the
development of models with a special emphasis on the problems of parameter
estimation and model validation.

e Part II entitled Practice provides a number of modeling studies which employ
the concepts discussed in the Theory part of the volume. These studies also
exemplify the parameter identification tools discussed in the theory section such
as sensitivity analysis and subset selection. In addition this part seeks to provide
insight into data collection and experimental design.

Advancement of knowledge in the focus area of this volume impacts important areas
of clinical research including orthostatic intolerance (a key problem in the elderly),
hypotension during hemodialysis, the interaction of respiratory and cardiovascular
mechanisms in sleep apnea, congestive heart failure, and many other areas.

The book is intended for applied mathematicians, engineers, biophysicists,
physicians, physiologist and others interested in learning about mathematical
modeling of physiological systems in general and the cardiovascular and respiratory
systems, in particular. The reader who has at least a background in differential
and integral calculus, ordinary differential equations, can profit from this book.
While the application focus is on cardiovascular and respiratory modeling, the
more general reader will find these applications accessible and illuminating since
important topics such as physiological control mechanisms, feedback delays in such
systems, experimental design, model design and development and model parameter
estimation are illustrated in the concrete cases examined.

Chapters

Chapter 1 provides an overview of modeling issues and modeling strategies. An
overall framework for the topics discussed in the book is presented, including issues
of interdisciplinary collaboration.

Chapter 2 provides a detailed examination of the modeling process using the
application of the principles developed to the cardiovascular control systems as
template.

Chapter 3 provides an in-depth analysis of subset selection, a sensitivity
identifiability-based approach introduced in Chaps.1 and 2. This procedure is
applied to assess the parameter estimation problem and improve the parameter
estimation results.

Chapter 4 takes a closer look at the process of parameter estimation and provides
an application of the Kalman filter to refine the estimation process.

Chapter 5 exemplifies how delays in model equations can arise and be treated in
parameter estimation.
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Chapter 6 looks at various levels of modeling and perspectives of the modeling
process. This chapter acts as a bridge to the second part of the book.

Chapter 7 considers the modeling of the respiratory system illustrating and using
a minimal model approach. The chapter provides a concrete example of the stability
issues of respiratory control discussed in Chap. 8, namely the important clinical
problem of sleep apnea.

Chapter 8 provides a careful explication of the steps involved in deriving a
model of the respiratory system from physiological information and principles. This
chapter exemplifies many of the concepts described in Part I and illustrates the role
of experimental design and data collection in model development.

Chapter 9 is devoted entirely to the experimentation process, examining how
physiological information about the baroreflex, a key control of the cardiovascular
system, has been derived. This chapter also provides the physiological background
for the modeling studies of Chap. 10.

Chapter 10 provides an extensive study of the many issues involved in cardiovas-
cular blood pressure control and how model development proceeds from physiology
to the problem of patient-specific model adaptation.

Chapter 11 examines another key component of the cardiovascular control
system, namely the quantity unstressed volume, and illustrates how sensitivity
analysis and subset selection proceed in studying this control using invasive and
noninvasively collected data.

This volume has its origin in a series of combined summer school/workshop
events supported by funds from the Marie Curie Training Series. This program
involved four events which examined key methods for modeling, data utilization,
and clinical application of complex models of important physiological systems.
Taken as a whole, the sequence of events spanned four years and represented a
multisided examination of mathematical modeling for biomedical application.

The general web page linking and reflecting all four events can be found at:

www.uni-graz.at/biomedmath/info.html

The addresses of the individual web pages for the four events are:

Graz: www.uni-graz.at/mc_training_schools/graz/summerschool/
Copenhagen: www.math.ku.dk/~susanne/SummerSchool2008/

Lipari: www.biomatematica.it/lipari2009/

Dundee: www.maths.dundee.ac.uk/summerschool2010/

The first event in the series from which the current volume draws its inspiration
was held in Graz and was entitled Biomedical Modeling and Cardiovascular—
Respiratory Control : Theory and Practice. It was held in Schloss Seggau in Leibnitz
near Graz. This event consisted of 11 days of summer school followed by a 3-day
scientific workshop on the same theme as the school focus. The summer school
introduced new researchers (pre to early post doc) to critical mathematical and
physiological ideas and methods by experts in both fields. The workshop which
followed directly after the summer school was designed to be equivalent to a stand-
alone workshop involving current researchers in the field. As part of their training,
students from the summer school attended the workshop. In this way, students


www.uni-graz.at/biomedmath/info.html
www.uni-graz.at/mc_training_schools/graz/summerschool/
www.math.ku.dk/~susanne/SummerSchool2008/
www.biomatematica.it/lipari2009/
www.maths.dundee.ac.uk/summerschool2010/
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introduced to new methods and concepts in the school could apply this knowledge
in learning state-of-the-art issues in cardiovascular—respiratory system modeling
research.
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