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Introduction

The leading role of physics in natural sciences is based
on quantifiability, which has its root in determinism
and predictability. Systems from the living nature in
contrast very often lack deterministic features and the
concepts and methods developed for the description of
classical physical processes cannot be applied to
explain their temporal development, as chance seems
to dominate. Nevertheless, some evolving fields of
physics attempt to explore the behavior of complex
open systems that constantly exchange mass and ener-
gy with their environment and exhibit self-organiza-
tion in thermodynamic states far from equilibrium. The
hope for success stems from the belief that the basic
rules of life cannot be different from those of classical
physics, although they might still be well hidden
before our mind. We are only beginning to develop a
more profound understanding of complexity by start-
ing to define rules that describe complexity itself, with-
out having to pay too much attention to all the details
of a given system. Once having understood complexi-
ty, some simple assumptions will be sufficient to make

statements about complex systems and even allow the
prediction of their temporal evolution.
The concepts of physics that are applied to heart and
circulation originate mainly from mechanics, electro-
dynamics, nonlinear dynamics and thermodynamics.
In this article physical approaches to physiological and
clinical problems will be introduced.
The heart is a sophisticated mechanical pump that
builds up the necessary pressure to ensure blood, and,
thus, nutrient and oxygen supply even to the most dis-
tant cells of the body. The laws of mechanics and
hydrodynamics govern the pulsatory pumping function
as well as the details of blood flow patterns in the elas-
tic vessels. A variety of sensors continuously regulate
pressure and flow in complex feedback loops with the
heart as the main actuator, the most prominent among
them being the baroreflex. The coordinated action of
the pump is achieved by a control system that com-
prises the sinus node as a tunable clock generator and
the highly specialized cardiac conduction system that
functions as a series of delay lines. It is just the electri-
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Summary

The early stages in the development of sciences were characterized by universality. It was mainly the technical rev-
olution of the 20th century that brought about strict specialization that was necessary to handle the rapidly grow-
ing knowledge in all scientific fields, among them physics, biology, medicine and engineering. The new millenni-
um, however, will require universality again, or more precisely, interdisciplinarity. Physics and medicine provide
complementary methods of analysis and solution. The combination of both will have more effect than only the sum
of the individual efforts. To this goal physics starts to explore novel fields of research at the interface to life sci-
ences. Classical concepts from mechanics and electrodynamics, together with new developments, like nonlinear
dynamics and irreversible thermodynamics open new ways to approach clinical problems and contribute to their
solution, e.g., in the form of intelligent implants for the electrotherapy of the heart.
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related to mechanics mainly focus on the question of
how to define a model that best describes the pumping
function of the heart under different boundary condi-
tions. The objective is to obtain the macroscopic pres-
sure-volume (p-V) relation that results from the collec-
tive contraction of a huge number of individual cells
and to subsequently correlate microscopic parameters
with macroscopic observables in healthy and diseased
states. Figure 1 shows examples of p-V plots obtained
from a heart in healthy condition (1a) and in case of
congestive heart failure (1b).
In case of the heart the force F is not applied external-
ly, but is generated in the contractile elements of the
myocardial cells by a Ca2+-triggered chemical reaction
between the macromolecules actin and myosin (see
e.g. [4]). The accelerated mass m comprises the mass-
es of the myocardium and the enclosed blood volume.
The myocardium can thus be represented by a materi-
al that exhibits elastic properties that depend on time,
i.e. with a dynamic stress-strain diagram. A simple
mechanical model that relates the muscle stress σ and
strain ε to the pressure p and volume V is a thick-
walled sphere with uniform properties and with σ
assumed to represent the average stress across the wall.
Under these assumptions the model formulates as fol-
lows [5]:

cal activity of the heart that attracted many physicists
over the past two decades and the description of the
myocardium with the physical concepts of excitable
media considerably advanced the understanding of the
clinical observations of atrial and ventricular fibrilla-
tion. Ilya Prigogine pointed out that most of the
physics that determines our everyday environment
deals with irreversibilities and that classical physics
with its foundation on time-reversibility is nothing but
a specialization to a few rare cases that exhibit (almost)
complete reversibility [1]. As evidenced by our per-
sonal experience, life is in fact totally irreversible and
moreover not represented by successive states of ther-
modynamic equilibrium.

Mechanics of the Heart and Circulatory System

As far as mechanics is concerned, the application of
the fundamental laws of physics is straightforward, but
quite complicated when aiming at numbers. Newton's
law of mechanics states that a force F applied to an
object of mass m leads to an acceleration a of the
object. Physiological or clinical problems that are
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Figure 1. p-V diagrams of the left ventricle. Data obtained
from a healthy human heart (a) and from a subject suffering
from congestive heart failure (b). Comparison of experi-
mental data obtained from a dog ventricle (c) with results of
the simulation of the cardiac contraction with a simple
spherical model heart (d); (a),(b): modified after [2];
(c),(d): modified after [3].

where Vwall is the volume of the myocardial wall. By an
appropriate choice of the muscle length it is then pos-
sible to adjust the strain ε to its correct values for the
relaxed and contracted heart. Using this simple heart
model and a mathematical formulation of the Ca2+-trig-
gered interaction between actin and myosin many fun-
damental aspects of ventricular performance are
accounted for and even a realistic estimate for the time
course of tension-dependent heat generation in the
myocardium can be obtained [3]. The comparison
between experimental data (Figure 1c) and simulation
(Figure 1d) shows very good agreement, despite the
simplicity of the model.
From the given example it becomes clear that even
seemingly oversimplified models can be very useful in
providing insight into the physical mechanisms behind
physiological processes. However, they need refine-
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ment and must be combined with models for other sub-
systems in order to correctly reflect the properties of a
complex organ or even a system of organs, like heart
and circulation.
In a second step the spherical heart model can be
replaced by a so-called sphere-ellipsoid model. A
thick-walled sphere models the left ventricle and one
half of a thin-walled ellipsoid that is attached to it rep-
resents the right ventricle [6]. This setup is shown in
Figure 2a. With this model, equations for the three ven-
tricular walls are obtained, namely the free walls of the
left and right ventricle (lfw and rfw in Figure 2a) and
the septum (spt in Figure 2a). These equations again
relate the pressures that are developed in the left and
right ventricle (pLV and pRV) to the volumes and take
elementary characteristics of the muscle dynamics into
account [6]:

system with up to 13 passive compartments have
already been performed [7]. The relations that govern
the blood flow in the different compartments, i.e. in the
vessels can be defined as analogs to electrical circuits
with resistors, capacitors and inductivities. In this way
pressure can be related to electrical potential, volume
flux to current, volume to charge, flow resistance to
electrical resistance, compliance to capacity and iner-
tance to inductance [6]. The short-term regulation of
the mean arterial blood pressure is simulated by mod-
eling the baroreceptor reflex as an electrical regulation
circuit that mimics the function of the physiologic
neural feedback loop [7].
In order to contract, each and every cell of the heart
needs a Ca2+-trigger, i.e. an influx of Ca2+-ions into the
intracellular space. This Ca2+-supply is provided by the
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Figure 2. The sphere-ellipsoid model of the heart [6]: geo-
metric setup (a), wall tension as a function of time for the
three walls of the model (b) and p-V diagrams for the left
and right ventricles obtained from the simulation (c). Expla-
nation of symbols: lfw: left free ventricular wall, rfw: right
free ventricular wall, spt: septum, V: volume, d: wall thick-
ness, l: circumference of the wall section, r, a: diameters of
the sphere and the ellipsoid.

For an explanation of the symbols see Figure 2a. This
more complex model allows to simulate the simultane-
ous contractions of the left and right ventricles and
includes their mutual interaction. The wall tensions of
the left and right free walls as well as the septum are
depicted in Figure 2b. It is thus possible to investigate
the influence of microscopic properties of the
myocardium on the ability of the heart to generate the
necessary pressure, like e.g. details of the length-ten-
sion relationship or of the sympathetic and parasympa-
thetic activity. From the model p-V diagrams are read-
ily obtained for both ventricles and an example is
shown in Figure 2c. The two models described above
do not yet take into account the complex fiber structure
of the myocardium that leads to a contraction along a
‚screw trajectory'. The inclusion of this more realistic
heart geometry and of other inhomogeneous properties
of the myocardium will give answers to more complex
questions but requires finite-element models with con-
siderably higher numerical effort.
Equipped with a mechanical model of the heart it is
possible to extend the latter and include the circulatory
system. For this purpose so called Windkessel models
are employed. The combined properties of the vessels
as flow resistors and blood reservoirs are separately
treated in these models. Simulations of the circulatory
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macroscopic processes. The models are designed
according to the basic principles of simulation theory.
Considering the discrete structure of cardiac tissue, the
system is divided into subsystems - the tissue into cells
and the cells into subcellular structures like ionic chan-
nels, pumps, and exchangers. These subsystems are
modeled separately and combined later according to
their physiological interactions. The main limitations
of simulations are at any time given by the available
computational power. The ever advancing computer
technology will continuously shift this balance to a
higher level of detail (Figure 3).
A very successful alternative description of the process
of excitation spread is provided by the physical con-

sudden release of calcium from intracellular reservoirs
which in turn is initiated indirectly by an electrical
stimulation of the cell membrane. Details of this
electromechanical coupling influence the shape of the
p-V diagram and thus the efficiency of the pump. The
partial loss of the electromechanical coupling has
severe consequences and manifests directly and indi-
rectly in various forms of clinically observed cardiac
malfunctions.

Electrodynamics of the Heart

Besides the electromechanical coupling the correctly
timed conduction of electrical excitation along the dif-
ferent branches of cardiac conduction paths and within
the myocardium itself is the basis of a coordinated
mechanical contraction and thus of the pumping
action. The mechanisms of the various forms of car-
diac arrhythmia are closely related to disturbances of
the conduction that finally results in an impaired
pumping power. The details of the conduction process
and especially the speed of excitation spreading are
influenced by processes acting at different structural
levels of the myocardium. These levels are depicted in
Figure 3. The macroscopic arrhythmic state is trig-
gered by a microscopic source of irregular electrical
activity, due to the malfunction of a group of ion chan-
nels. The reentry-based arrhythmias are often triggered
by early afterdepolarizations (EADs). Hypotheses con-
cerning the mechanisms of EADs can be tested and
validated on the cellular level by using a computer
model of cardiac action potentials [8]. The model is
constructed according to findings from electrophysio-
logical investigations. The essential mechanism con-
sists in the generation of a so-called calcium window
during the repolarization phase of the action potential,
which is due to an alteration of the calcium L-type
channel caused by excessive ß-adrenergic stimulation
of the cardiac tissue. The most critical consequence of
EADs is a pronounced prolongation of the action
potential duration, which increases the dispersion of
refractoriness. This in turn may locally induce a unidi-
rectional transient block of excitation spreading, which
favors reentrant circuits. The existence of an excitable
gap finally is required for the reentry to be stable.
Model based investigations of cardiac arrhythmia are
performed in two steps. Microscopic phenomena are
investigated at the cellular level, whereas a model
description at tissue level is performed to analyze the

Figure 3. The different levels of model-based investigations
of the electrodynamics of the heart [9]. Each level has its
own balance between the possible level of detail and the
necessary numerical effort.
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cept of excitable media. The currently available com-
puting power makes it possible to integrate the under-
lying reaction-diffusion equations on large two- or
three-dimensional grids and thus realistic models of
the heart can readily be obtained. The basic equations
that define the properties of the myocardium as an
excitable medium are in their simplest form given as

and that the window in time and stimulus strength
strongly depends on the system parameters that are
contained in u and v. Figure 4a shows an example for
the simulation of the generation of a rotor on the
human atria [12]. These rotors are the precursors for
the clinically observed phenomenon of fibrillation
(Figure 4b).
The analysis of an electrodynamical model of the heart
within the physical-mathematical framework of
excitable media thus led to the novel interpretation of

Figure 4. Simulation sequence showing the development of
rotors (after 711 ms) and finally of electrical turbulence on
the human atria (a). The turbulence manifests itself in an
irregular intracardiac electrogram (b). The width of the vul-
nerable window can be obtained from simulations per-
formed with different sets of system parameters (c). The tem-
poral width of the vulnerable window increases with
reduced excitation velocity (85 -> 35 cm/s) and reduced
Ca2+-channel permeability (100 - 30%). It is a measure for
the susceptibility of the atria to support fibrillation. (The
squares depicted in (a) represent the projection of the sur-
face of both atria. The black ellipses denote the positions of
blood vessels [12]).

where u describes the activation of the excitable ele-
ments, v is the inactivation, ε is a small parameter that
describes the ratio of the time constants of activation
and inactivation and f and g are the source terms for
activation and inactivation. The activator u can be
identified as the transmembrane voltage and v as the
sum of the inactivating or repolarizing currents. The
source terms f and g are defined in the underlying
model for the cellular ionic exchange currents and
ionic concentrations.
The objective of the electrodynamic model of the heart
is to quantify the influence of microscopic cellular
properties on macroscopic observables, like e.g. the
susceptibility of the atrial or ventricular myocardium
to fibrillation. This goal is achieved by analyzing the
solutions of the equations for different sets of system
parameters, like e.g. the maximum conductances of the
various ion channels. Making use of the clinical
knowledge about empirical correlations between chan-
nel properties and manifestations of various forms of
diseases it is possible to gain insight into the hidden
microscopic processes that determine the macroscopic
observations, like it has already been the case for the
mechanical subsystem in the last section.
It can be shown analytically and numerically that one
class of solutions of the reaction-diffusion equations
consists of so-called rotors that lead in the course of
time to turbulence in the excitable medium. According
to A.T. Winfree the generation of rotors originates
from a fundamental property of cardiac cells and all
other biological clocks [10-11]. The latter are vulnera-
ble to a complete loss of information about the
absolute time when subjected to an ill-timed stimulus
of definite strength. The vast majority of stimuli will
merely set the clock to another time, while the critical
stimulus puts the clock into a mathematically unde-
fined state, in a so called singularity. It can be shown
that all excitable media are vulnerable to such stimuli



480 October 1999

Progress in Biomedical Research

Conclusion

All the above said leads to a new point of view about
the interrelation between physics and medicine. The
object under investigation is in fact the same, only the
conceptions of observation and interpretation and the
applied tools are different, although highly comple-
mentary to each other. An important first task is the
definition of a common language that allows to
exchange and potentiate the expert knowledge of phys-
iologists, physicians and physicists. In this way novel
solutions for clinical problems will be found and a
large number of patients will benefit from these efforts.
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(atrial) fibrillation as a consequence of a universal
property of all biological clocks. In a second step, the
major microscopic parameters have been identified
that determine the susceptibility of the myocardium to
fibrillation. Figure 4c shows how the size of the vul-
nerable window, i.e. the probability for the occurrence
of fibrillation, depends on the velocity of the spread of
excitation and the maximum calcium channel conduc-
tance [12]. Although both parameters had already
before been suspected to favor fibrillation, there has
only been empirical evidence. The excellent agreement
of the simulated results and of clinical data allows to
quantify the clinical observation and is the basis of a
targeted development of novel therapeutic strategies.

Thermodynamics of the Heart

The myocardial contraction and the underlying cellular
mechanisms are commonly described using the termi-
nology of mechanics and electrodynamics, like it has
been outlined above. Thermodynamics offers an alter-
native approach to the description of the myocardial
function. The laws of thermodynamics, however, were
originally derived for closed systems in which the
actions of all physical processes drive the system to an
equilibrium state that is characterized by some ener-
getic minimum and a maximum of entropy. Living sys-
tems, in contrast, are always open systems that
exchange matter and energy with their environment
and thus do not exist in equilibrium states in the sense
of thermodynamics. It is nevertheless possible to use
the term efficiency in connection with the heart when
considering it as a thermodynamic machine that trans-
form the supplied energy into mechanical work that is
performed on the blood volume that is ejected in each
cardiac cycle.
Cesarman et al. [13-14] discuss the cardiac function
from the point of view of irreversible thermodynamics.
Without considering the detailed functioning of the
system it is possible to introduce the concept of
entropy and redefine diastole and systole as active and
resting thermodynamic states. The constant struggle of
the organism against the increase of entropy moves to
the center of interest. New ways to interpret the healthy
and diseased states of the heart and circulation are
defined and therapy is associated with supporting the
organism in this struggle. This notion is especially use-
ful in connection with a discussion of various aspects
of Closed Loop Stimulation.


