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Welcome

I'm very pleased to come here this morning to welcome you to this third Henry
Goldberg Workshop. As President of this very large institution I see many
different facets of University life, and one of the things that delights me most is to
see the University as a window in the world of scholarship, looking far beyond its
own limitations and even far byond this nation. The only true cooperation the
world will ever know is that fashioned from the intellectual scientific scene. That
is why it is such a great pleasure for me to welcome you distinguished scientists to
our University. Not that I can understand all that you are saying.! sometimes
suspect that the importance of a colloquium is measured by how little I under
stand the titles ... I thank you again for coming here from all over the globe and I
wish you a very successful meeting.

Prof. E. B10ustein
President, Rutgers State University of New Jersey



Greetings

It is a pleasure to share in the greetings of this group. The medical school usually
witnesses other sciences moving in on our territory with some hesitation, as we
both go after the same research dollars. However, we know that the only way
science can advance is by the sharing. Some time ago somebody's wisdom
separated the Medical School from Rutgers University and has given us separate
administration. But, fortunately, there's been a countervailing wisdom that has
made it possible for us to share any number of forums and the integration of
activities between Rutgers University and the Medical School. This group here
represents such a sharing. I'm sure you're going to have exciting three days. We
are pleased to be recognized as being part of it and I wish you all successful and
productive deliberations.

Prof. R. Reynolds
Dean, Rutgers Medical School and University of Medicine
and Dentistry of New Jersey (UMDNJ)

I Bring you the greetings of Professor Josef Singer, President of Technion. He is
sorry he is unable to be here today, and has asked me to represent him on this
occasion. On behalf of the Technion I would like to convey greetings to the
participants in this third Henry Goldberg Workshop on Simulation and Modeling
of the Cardiac System. We at the Technion believe that one of the most important
goals of science and technology is to improve the quality of life. This philosophy is
reflected in all of our departments but is most vividly expressed in this inter
disciplinary blend of science, technology and medicine, Biomedical Engineering.
The Henry Goldberg Workshop which serves to exchange new ideas throughout
the world significantly contributes to the advancement of scientific knowledge in
Biomedical Engineering. This is the third meeting, the first in the United States,
following two highly successful meetings at the Technion in Israel. I am sure that



XXIV

this gathering will continue the excellent tradition set by the previous meetings,
and that the discussion and intellectual interaction which will take place here will
greatly stimulate scientific progress. The principle aim of this workshop is to
integrate the mechanical properties, electrical activation, coronary circulation
and metabolic and energy balance in the heart in order to attain a better under
standing and better correlation between the various functions of the heart. I hope
that this will lead to new techniques which will replace the current invasive
measurements with non-invasive ones, and thus lead to better health care. Again,
Prof. Singer's and my own best wishes for meaningful and fruitful discussions.

Prof. U. Dinnar
Chairman, Department of Biomedical Engineering,
Technion, Israel Institute of Technology

I would like to convey the greetings of the College of Engineering. Our College is
separate from University of Medicine and Dentistry of New Jersey (UMDNJ)
which is represented by Dr Reynolds. We award about 600 bachelor's degrees,
100 master's degrees, and 20 Ph.D's each year in the Engineering disciplines,
which makes us the largest engineering school in New Jersey, but only medium
sized by national standards. The department of Biomedical Engineering is a part
of the College of Engineering, and offers M.S. and Ph.D. degrees. We feel that
this department needs to continue the growth which has been remarkable in the
past few years. This group is highly rated by our internal evaluation team as one of
the top graduate programs in the University. It especially appropriate to have this
meeting at Rutgers at this time when we are inaugurating the new Department
replacing the old 'program' in Biomedical Engineering. And I thank you all for
coming to join us in this effort. Good luck.

Prof. E. Dill
Dean, College of Engeneering,
Rutgers State University of New Jersey



Opening address

President Bloustein, Mr & Mrs Henry Goldberg, Dean Dill, Dean Reynolds,
distinguished guests from around the world, Professors and students, ladies and
gentlemen.

It is indeed a pleasure and a privilege to welcome you all to the 3rd Henry
Goldberg Workshop. It is a pleasure to acknowledge the foresight of Mr Henry
Goldberg. It is the 3rd Workshop which he, single-handedly, made possible and
we look forward to seeing hirr. in many more.
In view of the intensity of of research in the numerous aspects of the cardio
vascular field, it seems important to develop an integrated view of the various
interrelated, but independently studied, parameters affecting the cardiac func
tion.
The cardiac simulation program, as boldly initiated some four years ago at the
J. Silver Institute in the Technion lIT, Haifa, Israel, attempts to relate the cardiac
system performance to the basic parameters which affect its characteristics,
including fiber structure and architecture, muscle mechanics, material proper
ties, cardiac hemodynamics, micro-circulation and myocardial perfusion, metab
olism energetics and oxygen consumption, electrical activation rates and pat
terns, heart rates, natural and external controls etc., all under normal and
pathological conditions. Hopefully this interdisciplinary approach will provide a
better insight into the normal and pathophysiological characteristics of the heart.
The first HG Workshop, held at the Technion in Haifa in 1984, introduced the
concept of interaction, emphasizing imaging in the clinical environment. The 2nd
workshop, also in Haifa, in 1985, discussed imaging, mechanics, electrical activa
tion, perfusion and metabolism with a slant towards the control aspects. Follow
ing the success of these workshops, the 3rd HG Workshop, held in the USA this
time, continues the previous efforts to elucidate the interactions between th~

many parameters which affect cardiac performance by bringing together the
leading experts and the outstanding scientists from the various cardiac disciplines.
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scientific cooperation.
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Electrical activation and propagation



1. Use of computer simulations for combined
experimental-theoretical study of anisotropic
discontinuous propagation at a microscopic level
in the cardiac muscle

M.S. SPACH, P. DOLBER and J.F. HEIDLAGE

Abstract

This paper presents combined experimental-theoretical results pertinent to
anisotropic discontinuous propagation at a microscopic size scale «200 JJ.m). We
first simulated how the transmembrane and extracellular potential waveforms,
a.nd their derivatives, are theoretically related to each other and to the sodium
current and conductance in normal propagating action potentials and at the site of
a collision or end of a one-dimensional cable. We then applied the relationships
between the time derivatives of the extracellular waveforms and the underlying
action potentials in an experimental analysis of anisotropic propagation at this
small size scale in human atrial muscle bundles of different ages. At sites where
the boundary effects alter the rate of rise of the action potential, the time course
of the internal membrane variables (gNa and INa) are changed in a way that alters
the total open time of the sodium channels during depolarization. In turn, this
predicts that the same concentration of sodium channel blocking drugs should
have an anisotropic distribution in the depression of Vmax and conduction ve
locity, a prediction confirmed with preliminary experiments. The extracellular
waveforms changed from a smooth contour during transverse propagation in
young preparations to complex polyphasic waveforms in the older preparations.
The differences in the extracellular waveforms and their derivatives indicated
that there was electrical uncoupling of the side-to-side connections between small
groups of fibers with aging. These changes produced a prominent zigzag course of
transverse propagation at a microscopic level which, in turn, accounted for the
marked complexity of the extracellular waveforms. The electrophysiological
consequence was an age-related decrease in the 'effective' transverse conduction
velocities to the range of very slow conduction which makes it possible for reentry
to occur in small regions of cardiac muscle with normal cellular electrophysio
logical properties.
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Introduction

The basic mechanism underlying directional differences in excitability, con
duction velocity, and safety factor that lead to circus movement reentry in cardiac
muscle is generally attributed to a spatial difference in the refractory period as
originally described by Mines [1] or to a depressed segment as described by
Schmitt and Erlanger [2]. A departure from this <;Iassical mechanism of cardiac
conduction disturbances was introduced several years ago by evidence that the
anisotropic passive electrical properties of cardiac muscle affect the shape of the
upstroke of the action potential dependent upon the direction of propagation
with respect to the orientation of the fibers [3]. That is, slow upstrokes occur with
fast longitudinal propagation and fast upstrokes with slow transverse propaga
tion. At present, however, there is still no satisfactory model to account for these
directionally dependent shape changes due to structural complexities that exist at
a microscopic level nor is there information in any species about how anisotropic
excitation spread occurs in cardiac muscle based on experimental measurements
at this small size scale «200 JLm).
Since we originally reported the occurrence of directional differences in the
shape of the upstroke in anisotropic cardiac muscle and suggested the hypothesis
of anisotropic discontinuous propagation [3), we have attempted to perform a
step-by-step theoretical analysis of one-dimensional cable models to gain insight
to the effects of the upstroke shape changes on the kinetics of the ionic depolariz
ing currents while, at the same time, we have attempted to develop improved
experimental methods to learn how excitation spread in two dimensions occurs at
a microscopic level.
The fundamental problem from the experimental viewpoint is that the mea
surements of propagating depolarization in cardiac muscle involve quantities,
such as Vmax' that are not directly descriptive of the underlying mechanisms of
propagation. Rather they are composite results that represent the interaction of
multiple internal processes and factors such as ion channel conductance, cell
geometry, cell interconnections, junctions of muscle bundles, and boundaries
where propagation begins and ends. Direct study of ionic channels and other
internal membrane mechanisms can be accomplished only with specialized ex
perimental techniques, such as voltage clamp or single channel recordings, that
attempt to separate these mechanisms. With an action potential the primary
measurable quantity is Vm' the transmembrane potential, as a function of time or
time and space. Thus, for cardiac action potentials, mechanisms must be inferred
by reconstruction based on hypothetical ionic channel and transport mechanisms
suggested by voltage clamp data.

In contrast to what appears to be the general consensus, we have found that it is
simply not practical to use intracellular microelectrode recordings of action
potentials to measure the details of excitation spread at a size scale varying
between 10 to 200 JLm. To resolve measurements at distances 10 JLm apart, the
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major difficulty encountered is that cellular damage is produced, thus altering the
excitation sequence under study. Also, even for intracellular recordings made at
sites quite close together, it is not clear which specific fiducial point should be
picked during the upstroke if one is to resolve the difference in the times of
excitation at sites several microns apart.
The need for combined experimental-theoretical analyses stems from the
increasing evidence that the inhomogeneous and anisotropic distribution of the
connections between fibers and bundles of fibers, in the past considered to be of
minor importance in the propagation of depolarization, results in previously
unrecognized propagation phenomenon, such as that of anisotropic discon
tinuous propagation [3, 4]. Based on these considerations, we have studied two
dimensional propagation at a microscopic size scale in human atrial muscle
bundles. Not only did we encounter the changes in shape of the action potential
upstroke with changes in the direction of propagation as found in animal species,
but in preparations from older subjects the extracellular waveforms indicated that
anisotropic propagation was considerably more complex during transverse prop
agation than we had encountered in animals preparations.
Extracellular (rather than intracellular) potential measurements with a micro

electrode were required for the analysis at a microscopic level. The major
problem was to resolve the location of the source of each deflection of the
polyphasic extracellular potential waveforms we found in preparations with
nonuniform anisotropic properties. Masuda and Paes de Garvalho [5] encoun
tered a similar difficulty in their analysis of complex waveforms in the atrial
region of the dog sinus node. They concluded 'it would seem impossible to
ascertain a priori whether a given biphasic complex is generated by a small bundle
near the electrode or a larger bundle further away'. However, we found that it is
theoretically possible to determine the difference between the size of the source
(bundle size) and the distance to the source by examining the first and second time
derivatives of the extracellular waveforms, which reveal the fine details of the
original waveforms.

In this paper, we summarize some of the computer simulations that have
provided insight to changes in the kinetics of the sodium conductance secondary
to propagation boundaries. We also demonstrate the theoretical predictions from
simulations of the relationship between the first derivative of intracellular and
extracellular potentials. We relate the results to differences found by age with
respect to uniform and nonuniform anisotropic properties of atrial muscle bun
dles. The results show that the combined use of computer simulations and
experimental measurements at a microscopic level provide a basis for predicting
anisotropic effects of sodium channel blocking drugs (without having any knowl
edge of the cause of directional differences in the shape of the action potential)
and for improved understanding of the origin of quite low conduction velocities
during transverse propagation in preparations from older subjects.
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Methods

Experiment

We wanted to study tissues in which the anisotropic electrical properties might
vary depending on underlying structural differences while the fibers remain
strictly parallel, thus making practical a combined experimental, theoretical, and
structural analysis. We found human atrial pectinate muscle bundles to be the
most suitable because all such bundles demonstrated anisotropic properties.
After approval of investigational protocols by an institutional committee for
guidelines for human research, atrial specimens were obtained at cardiac surgery
in 37 subjects who had no clinical evidence of hemodynamic or electrophysiologic
dysfunction of the right atrium.
Each specimen was immediately placed in cooled superfusate solution at
2-50 C, brought to the laboratory, and pinned to the floor of a tissue bath (4 cm x
5cm) and maintained at a temperature of 350 C. The composition of the perfu
sate, in mM, was as follows: NaCl, 128; KCI, 4.69; MgS04, 1.18; NaHzP04 , 0.41;
NaHC03, 20.1; CaClz, 2.23; and dextrose 11.1. The solutions were gassed in a
reservoir with a mixture of 95% 0z-5% COz and perfused through a cannula to
produce a high flow rate along a l-cm wide area on the surface of the preparation.
To study the anisotropic effects of sodium channel blocking drugs quinidine
gluconate was added to the perfusate in the reservoir to produce a final concen
tration of 5-10 J.Lg/ml.
The development of the extracellular microelectrode measuring technique is
described in a recent paper by Spach and Dolber [6]. To analyze propagating
depolarization at the size scale of 200 J.Lm or greater, we used extracellular
electrodes made of flexible tungsten wire, 50 J.Lm in diameter and insulated except
at the tip. However, during transverse propagation in some preparations the
diameter of this electrode was too large to obtain adequate resolution of the site
of origin of each ofthe multiple deflections. Therefore, we used extracellular
metal microelectrodes (Diamond Electro-Tech, Inc.) which were insulated ex
cept for an exposed tip of approximately 1J.Lm and which had a resistance of 1-2
megaohms. Intracellular potentials were recorded with conventional glass micro
electrodes filled with 3M KCl and having resistances between 10 and 20 mega
ohms.
A PDP-ll/44 computer system controlled the rate and synchronized the pacing
stimuli with the data recording. The outputs of the recording amplifiers were
sampled at a rate between 20,000 and 50,000 per second (12-bit samples). Al
though sampling rates up to 40,000 per second were frequently necessary to
reproduce complex waveforms accurately, we noted no change in shape when the
sampling rate was increased above that value, even with the fastest upstrokes
(400V/sec) and with the most rapid deflections of complex extracellular wave
forms.
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To analyze the spread of excitation along the longitudinal and transverse axes
of the fibers, the extracellular metal microelectrode was moved in steps of 10 J.tm
to 50 J.tm, as determined by the micrometer of a micromanipulator. The position
of the tip was documented from photographs made with a Nikon F250 35-mm
camera through a dissecting microscope (effective resolution better than 5 J.tm).
After the conclusion of each experiment, the measured waveforms stored digi
tally were redisplayed and photographed for initial analysis. Following selection
of appropriate waveforms, the original digitized values were transferred to a
HP 9000 computer for detailed analysis and automatic plotting. The trans
membrane potential Vm was obtained by subtracting the extracellular potential
from the intracellular potential. The first time derivative of Vm and the first and
second time derivatives of the extracellular waveforms were obtained numer
ically and the values plotted in time steps of 20, 25, or 50 J.tsec. To minimize the
sensitivity of the derivatives to the slight noise in the original waveforms, we used
established techniques for finding the derivatives of slightly smoothed data [7].
The effective conduction velocity was estimated by dividing the distance between
two electrodes by the difference in time at which the maximum negative slope of
the extracellular potential occurred at each electrode.

Theory

Although the physical laws governing the extracellular potentials generated by
ionic currents are well known (see Lorente de No [8), Rosenfalck [9), we could
find no information about the relation between the extracellular depolarization
waveforms and their time derivatives near the current sources. Also, at the
membrane surface it is important to know how the measurable quantities of the
transmembrane and extracellular potential waveforms and their derivatives are
related to each other, and, in turn, to the underlying nonmeasurable quantities of
the sodium current and its conductance. We first examined the theoretical
relationship between the potentials at the membrane surface and the internal
membrane variables, the sodium conductance and current. Next, we performed
computer simulations to determine how the extracellular potentials are related to
their time derivatives as the measurement site is shifted away from the membrane
surface of bundles of different sizes.
We simplified the problem as much as possible by using a single transient

sodium current mechanism with the equivalent electrical circuit of a continuous
cable. This conduction model would be representative either of propagation in a
long thin cell or of plane-wave propagation in a two- or three-dimensional group
of tightly coupled cells. A macroscopic rather than single channel current descrip
tion was desired because propagated transmembrane and extracellular potentials
are determined by the macroscopic membrane currents as a function of time and
space. Thus, we consider that models in the form of the Hodgkin-Huxley equa-
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tions [10] for the macroscopic Na+ current were most appropriate for this study
because of the small time scale they describe and fit. We chose the Ebihara
Johnson description [11] of the fast sodium current because it is based on voltage
clamp data in cardiac muscle under normal conditions. Evidence, however, has
been provided in single cardiac cells of deviation from the single inactivation
component of the sodium current of the Hodgkin-Huxley equations; i.e., there
can be a delayed slow inactivation component of the sodium conductance [12]. In
view of the increasing use of Hodgkin-Huxley type models of the macroscopic fast
sodium current, we believe it is important to note here why a delayed slow second
inactivation state of the sodium conductance should not alter the interpretation of
propagating action potentials that have a takeoff potential more negative than
-60mV (i.e., action potentials which are generated by the fast sodium current).
To describe the Na+ current for studies of the action potential and propagation,
a mechanistic model of the Na channels is desirable. However, there is no general
agreement yet on a physical model of the sodium conductance mechanism [13].
Several empirical models of the Na-conductance mechanism are available, how
ever, in the general form of the Hodgkin-Huxley mathematical description (see
McAllister et al. [14], Beeler and Reuter [15], Ebihara and Johnson [11]). The
Hodgkin-Huxley mathematical formulation [10] used in these models is based on
voltage-clamp experimental protocols that result in a transient Na+ current that
lasts only a few milliseconds, i.e., a rapid rise to its peak (activation) followed by a
short decay phase (inactivation) that is fit by a single exponential. Here, the fast
Na+ current is described as being caused by a transient Na conductance gNa

(1)

where 0Na is the maximum sodium conductance and m and h are the dimension
less activation and inactivation variables respectively. However, voltage clamp
experiments in single cardiac cells [16, 17] have demonstrated the occurrence of
INa inactivation with an initial fast decay for 5 to 7msec followed by a much slower
decay. In this case, the Na conductance is envisaged as the sum of two con
ductances [18], for example:

(2)

where the first term describes the fast transient conductance and the second the
slow conductance.
As reviewed by Meves [18], interpretation of the experimental results of
delayed inactivation (h2) are contradictory and the interpretation is not simple.
For example, apparent differences in the kinetics of inactivation can be due, at
least in part, to differences in the voltage clamp protocols [19]. Until simulations
based on a mathematical description of INa with the kinetics of a slow component
of inactivation show otherwise, the following points suggest that for simulating
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propagating depolarization in cardiac muscle (and nerve), the Hodgkin-Huxley
mathematical formulation provides an appropriate description of the kinetics of
the macroscopic sodium current:
1. In the single-cell experiments of Brown et al. [16), they found that two time
constants ('th1 and 'th2) were required to describe their INa inactivation data
where 'th2 was 3 to 4 times as long as 'th1 • However, they also found that the
Hodgkin-Huxley m3 (or m4) kinetics fit their data during the activation phase
of the sodium current. Thus, in this paper the computed relationships between
the measurable quantities (Vmax and -d~/dtmax)and the non-measurable inter
nal membrane variables (INa and gNa) during the rapid phase of the upstroke
should be valid.

2. In voltage clamp experiments, the Na conductance is small during the delayed
phase of inactivation [18]. Additionally, in a propagating action potential the
'th2 component would occur at a time near the peak value of Vm; i.e., when the
driving force for the Na current is smallest. Thus, the magnitude of Na+
current should be quite small during the time of delayed inactivation if the t h2

component is present in a propagating action potential.
3. When present, a delayed slow component of INa inactivation should have no
effect during the upstroke of a propagating action potential because the
delayed slow component would occur 5 to 20 msec after Vma, and/or the peak
of the upstroke (taking into account the lower temperature of the voltage
clamp experiments). For example, when the time of delayed inactivation is
matched with the upstrokes of the experimental action potentials of this or
other papers, a slow INa inactivation component should occur during the initial
repolarization phase of the action potential.

For propagation in one dimension along a uniform structure, the relationship
between the transmembrane potential Vm and the net transmembrane current 1m
is a function of time and space governed by the cable equation:

I - a 32Vm _ C elVm I
m- 2R ~- m~+ ion'

I

where a is the radius of the cylinder, R j is the internal resistivity, and Cmis the
membrane capacity. We approximated the ionic current linn (per unit area) during
the depolarization phase of the cardiac action potential by the fast, transient
sodium current in parallel with a constant leakage (repolarization) conductance:

(4)

where the dimensionless activation and inactivation variables m and h were
assumed to follow the kinetics described by Ebihara and Johnson [11]. gl. is a
constant, and VNa and VI. are the sodium and leak equilibrium potentials respec
tively. In an attempt to approximate the effective size of a small bundle of fibers,
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we assigned a value of 25 JA.m to the radius. Equation 3 was solved over a length of
six resting space constants, and the transmembrane potential was computed at
the midpoint of the cable where there was uniform propagation (i.e., no end
effects).
The extracellular potential~.at a point on the membrane surface and at vary
ing distances from the surface was derived by the following equation for a one
dimensional cable, as described previously [20J:

~ (P t) = aRe f'" 1m (x, to) d·
• '0 2 x,

-'" via + dl2+ Ix' - xl2

where a is the radius of the cylinder, R. is the resistivity of the extracellular fluid,
1m (x, to) is the net transmembrane current (Equation 3) at point x and time to' dis
the perpendicular distance between site x at the membrane surface and the
observation point P, and (x' - x) is the distance along the cylinder between point
x and point x'. We used a value of 150O-cm for the extracellular resistivity of the
fluid comprising the homogeneous volume conductor [21].
In bundles of different sizes the actual effective radius of the active tissue

producing the extracellular potentials is not known. To approximate the effective
size of different bundles (cables), we assigned values of 25,75,150 and 250 JA.m to
the radius in Equation 5 (the assumption was that each large cable represented a
compact group of synchronously firing small bundles).
The values were computed on the HP 9000 computer for detailed analysis and
plotting of the theoretical waveforms. The first time derivatives were obtained
numerically from the computed valves of gNa' INa' and the transmembrane poten
tial. The extracellular waveforms, along with their first and second time deriva
tives, were plotted for each time instant at 20 JA.sec intervals.

Results

To emphasize selective features of models pertinent to anisotropic discontinuous
propagation, we present representative results obtained from computer simula
tions that use one-dimensional models and we test the theoretical results by
experimental measurements of propagation at a microscopic size scale. That is,
for the computed results to be meaningful, we have tried to adhere to the
constraint that our theoretical results (or predictions based on the computed
results) should be tested against the experimentally measured data.
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Transmembrane potential and internal membrane variables

Simulation predictions
Uniform propagation was identified when there was constant velocity and con
stant shape of the Vm' gNa' and INa waveforms at adjacent sites. This type of
conduction occurred at all sites along the simulated cable except in regions where
the action potential initiated, collided, and approached the sealed end of the
cable. Figure 1 shows the time course and rate of change of Vm' INa' and gNa at a
site of uniform propagation and at a collision. Note that the collision had no effect
on the foot of the action potential (Figure 1A); i.e., starting at the resting
potential of -80mV, the rate of rise of Vmwas the same in both until Vmreached
-50mV. The action potentials differed, however, during the upper part of the
upstroke after turn-on of the sodium current, Vmax and peak Vmbeing greater at
the collision than at the site of the uniform propagation. The increase in Vmax at
the collision was accompanied by a considerable decrease in peak INa (Figure 18);
this is the opposite of the classical monotonic relationship between Vmax and the
maximum sodium current when the upstroke is altered by interventions such as
ischemia, drugs, and premature stimuli. Although the collision had little effect on
the maximum value of the sodium conductance (Figure 1C), peak gNa occurred
earlier and the area of the gNa curve was 14% less than normal.
In Figure 2, phase-plane plots ofVmVS Vmand of the trajectories of INa and gNa
as a function of Vmshow that the shapes of the Vmcurves as a function of Vmwere
the same until they reached the potential at which the sodium current appeared
(-45 mY), then they diverged. After INa turn-on in the normal, Vmincreased less
rapidly as it approached Vmax [22, 23], whereas at the collision site Vmincreased
more rapidly to Vmax.

Experimental confirmation
We attempted to determine if the above shape differences could be confirmed
during a collision vs uniform propagation in a one-dimensional structure; i.e., in a
functionally single Purkinje strand of a dog. Figure 3A shows the digital phase
plane plots of the depolarization phase of the action potential during uniform
propagation and during a collision. During uniform propagation the ascending
limb of the phase-plane plot fit a linear trajectory, indicating an exponential rise
of the foot. When two action potentials were made to collide at the site of the
impaled cell, the ascending limb did not fit a single exponential, rather the initial
slope of the foot was the same as that during uniform propagation with a more
rapid rise after the foot, just as predicted in the simulation shown in Figure 2A.
We considered this theoretical and experimental result to be pertinent to the
question of the cause of the directional shape differences in anisotropic cardiac
muscle: could collisions at a microscopic level be the cause of the more rapid rise
of the upstroke during transverse propagation in anisotropic ventricular and atrial
muscle bundles? The model of Geselowitz and Miller [24J proposes that during
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slow transverse propagation in anisotropic tissue 'each cell will be excited by
colliding waves moving in opposite directions along the cell axis'. If so, a phase
plane plot of the upstroke of the action potential during transverse propagation in
atrial or ventricular muscle should demonstrate an ascending limb that is not fit by
a single exponential. Figure 3B shows a digital plot of the upstroke of a represen
tative action potential in human atrial muscle during transverse propagation.
Note that the ascending limb is well fit by a single exponential; i.e., there is no
initial deviation as would be expected in a collision. Based on this experimental
theoretical test, we conclude that collisions do not account for the more rapid rate
of rise of the action potential during slow transverse propagation as compared to
the slower rate of rise during fast longitudinal propagation [3].
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A further practical implication of the above theoretical results is that, without
having any knowledge of the cause of the directional differences in the shape of
the action potentials, it can be predicted that there should be an anisotropic effect
of sodium-channel blocking drugs [25]. That is, during the more rapid rise of the
action potential during slow transverse propagation, the kinetics of the sodium
conductance should be altered by discontinuities so that the total open time of the
Na+ channels is changed. Since the uptake of Na+-channel blocking drugs is
dependent on the total Na+ channel open time, the uptake of these drugs should
have a nonhomogeneous distribution relative to the location of a cell when it is in
a region of longitudinal vs transverse propagation. For example, these results
predict that in anisotropic cardiac muscle, the relative depression of conduction
by a given concentration of Na+-channel blocking drug will be greater in a cell
when propagation occurs in the longitudinal direction than in the transverse
direction. This prediction arises from the fact that the shape and amplitude of
depolarization of a cardiac action potential depend on the direction with respect
to the orientation of the fibers (see [3]). The rate of rise and the amplitude of the
upstroke is less with longitudinal than with transverse propagation, the same type
of depolarization shape difference shown between uniform propagation and
propagation at a collision site.
Our preliminary experimental results with superfusion of quinidine gluconate
(5-10 jLg/ml) show a greater relative decrease in Vmax and conduction velocity in
the longitudinal direction that in the transverse direction (unpublished results), as
expected from the simulations. Also, with abrupt increases in stimulus rate, the
time constant of drug blockade (predicted by an exponential decay of Vmax) is
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shorter in the transverse direction than in the longitudinal direction. These
preliminary experimental results have considerable implication concerning new
anisotropic mechanisms that are likely involved when drugs prevent of stop
reentrant tachyarrhythmias, as well as when they enhance the occurrence of
reentrant arrhythmias.

Time derivatives of extracellular potential waveforms near the sources

Simulation predictions
Figure 4 summarizes the computer simulations [25] that relate the extracellular
and transmembrane potentials, and their derivatives, to each other and to the
nonmeasurable internal membrane variables gNiI and INa for a uniformly propagat
ing action potential. In Figure 4A (top), the asymmetric shape of the biphasic
extracellular waveform with a more prominent minimum than maximum is
accounted for by the asymmetry in the shape of depolarization of VOl' The lower
row of Figure 4A shows the derivatives of the extracellular (above) and trans
membrane (below) potentials. The maximum negative slope during the course of
the biphasic extracellular waveform occurred at the same time as Vmax of the
transmembrane potential. Figure 4B (top) shows the computed temporal relation
between VOland the internal membrane variables. Vmilx occurred between the
time of turn-on and the peak values of gNiI and INiI . The computed derivatives of
gNiI and INiI (lower row), however, show that Vmilx coincided closely in time
«20J.tsec) with the maximum rate of increase of gNa and INa' Therefore, both the
negative peak of the first derivative of the extracellular potential and Vmilx of the
transmembrane potential provide a marker for the instant of the maximum rate of
increase of the sodium current and its conductance. Additional simulations [25]
showed that the coincidence in time between Vm,IX and the maximum negative
slope of the extracellular potential waveform was unchanged for variations in the
shapes of the waveforms with marked changes in the membrane properties and
with propagation at sites where the transmembrane and extracellular potential
waveforms were quite different and changed from site to site; e.g., at sites where
<l>c was entirely negative (where impulse conduction begins) and where <l>c was
largely positive (at collisions).

Experimental confirmation
A major practical significance of the above theoretical results is that the negative
peak of the derivative of the extracellular waveform gives the same fiducial point
as Vmax of Vmand, thereby, it can be used to measure quite small differences in the
timing of local excitation between points at a very small size scale. Thus, with the
use of extracellular microelectrodes, it should be possible to map excitation at a
microscopic size scale, at least to the practical limit of timing differences between
sites 5-10 J.tm apart. To determine if the above relationships could be confirmed
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membrane variables INa and gNa' The first time derivatives of INa and gNa are shown below. (Re
produced from Circ Res 58: 356-371 (1986), by permission of the American Heart Association, Inc.)

experimentally for different shapes of the extracellular and transmembrane
potential waveforms, we examined the measurable quantities Vm and $e in
human atrial bundles while the velocity was altered by 1. changing the direction of
propagation and 2. initiating premature stimuli. A typical result is shown in
Figure 5. In Figure SA (1) the transmembrane potential rises faster and the
amplitude is greater during slow (8T) propagation than during fast longitudinal
(8L ) propagation. The directionally dependent differences in shape were equally
marked, or accentuated, when the action potential was initiated at less negative
take-off potentials by early premature stimuli (Figure SA (2)). However, the
derivatives in each case (Figure 5B) confirmed the theoretical prediction that the
maximum negative slope of the extracellular potential occurs at the same time as
Vmox of the transmembrane potential (time difference <50 J)-sec).

Age-related differences in the anisotropic propagation properties

Preparations from children less than 15-years-old
Figure 6 shows the pattern of excitation spread and the waveforms of a prep
aration from a two-year-old male, a representative result obtained in atrial
preparations from children. The major feature was characteristic uniform excita-
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tion spread. The associated extracellular waveforms maintained a smooth con
tour as the magnitude of the deflection decreased in association with the transi
tion from fast longitudinal to slow transverse propagation. The derivatives of the
waveforms also maintained a smooth contour in association with a decrease in the
magnitude of the negative peak. Intracellular measurements demonstrated the
expected directionally different shapes of the upstroke, as well as the coincidence
in time of -d~/dtmaxand Vmax (arrows at bottom of Figure 6). In bundles from
subjects one through fourteen years of age, the mean conduction velocity in the
longitudinal (maximum) direction was 0.50mlsec and the mean transverse (mini
mum) velocity was 0.11 mlsec, a 6L/6T ratio of the means of 4.5.
We looked for evidence of local conduction delays at a microscopic level by
measuring the instant of local excitation, taken as -d~/dtmax of the extracellular



17

OJ2.6
1.7
.8

> .1
E -1.0
- -1.9
--2.8
""9-_ 3.7
-4.6
- 5.5l-+-+-.........,f-+-+-+-f-+.... I-........~-+-+-+- ................. 1-+-.......-+-+-.....-+-+-+-1

5

- ~ ~ 1\---------l"'-
-4
-7
-10

Q) -13
0""9- - 16

-19
-22l-+L+........~-+-+-+-H H-+-+-.....-+-+-+-f-+.... 1-+-1-+-+--1--11-+-4-+-1

o It 2 3 4 5 6 7 8 9100 1 2
t
3 4 5 6 7 8 9100 I 2 3t4 5 6 7 8 910

msec

Figure 6. Representative pattern of excitation spread (top) and extracellular waveforms and the
associated first time derivatives (bottom) from a representative atrial muscle bundle of a child. The
isochrones are separated by 1msec. The asterisk indicates the point at which propagation was
initiated. The points on the outline of the preparation mark the locations of the extracellular
recordings from which the activation map was constructed. The circled points indicate the three sites
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indicate the direction of propagation normal to the isochrones at each waveform site. The arrows at
the bottom of each panel mark the times ofVmax of the underlying action potentials. The preparation
was from a two-year-old male. (Reproduced from eirc Res 58: 356-371 (1986), by permission of the
American Heart Association, Inc.)

potential at sites 20 to 100 JLm apart (less than a cell length), along the long axis of
the fiber and at sites 10 to 20 JLm apart (about a cell diameter) along an axis in the
transverse direction. The waveforms and their derivatives maintained a smooth
contour and there was a monotonic increase in the local excitation times without
evidence of local delays in either direction.
The above results in young preparations, therefore, are consistent with an
anisotropic propagation medium consisting of tightly coupled cells in both the
longitudinal and transverse directions; i.e., the distribution of the sites of electri-
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cal coupling between fibers provides pathways for intracellular current flow in all
directions. We hasten to add that there was some heterogeneity; often waveforms
characteristic of nonuniform anisotropy [6] occurred near the junctions of major
bundles (branching sites).

Preparations from subjects 40- to 65-years-old
A representative result of the older age group is shown for a preparation from a
42-year-old male in Figure 7. The major characteristic of excitation spread was
the abrupt transition from fast longitudinal to slow transverse conduction. This is
illustrated by the abrupt change in amplitude and shape of the extracellular
waveforms and their derivatives at sites less than 60/-Lm apart in going from fast
longitudinal propagation (Site 1) to slow transverse propagation (Site 2). There
was a narrow zone of fast longitudinal propagation with most of the bundle being
excited by slow transverse spread that was quite irregular in nature, as reflected
by the complexity of the low amplitude extracellular waveforms and their deriva
tives. Note that with increasing distance from Site 1, there was a marked decrease
in the amplitude of the large biphasic waveform and its derivative with virtually
no change in the time of the deflection nor in that of the negative peak of the
derivative. The multiple small deflections in the waveforms measured at Sites 2
and 3 had associated derivatives with multiple negative peaks at approximately
the same time as those at Site 1, thus indicating that the small but definite
irregularities in the terminal phase of the large biphasic waveform (Site 1, top)
originated from the separate small adjacent bundles undergoing propagation in
the transverse direction.

In bundles from the older subjects, the mean longitudinal velocity was 0.69ml
sec and the mean effective transverse velocity was 0.07 m/sec, a eL/eTratio of the
means of 9.8. Thus, the average longitudinal velocities were greater (P<O.Ol)
and the average effective transverse velocities were lower (P<O.Ol) than the
respective velocities of the preparations from the young subjects. We looked for
conduction delays by measuring the instant of local depolarization, measured as
-d~/dtmax at sites 10 to 100 /-Lm apart, as done in the young preparations. In the
zone of fast conduction along the long axis of the cells, there was a monotonic
progressive increase in the excitation times without evidence of local jumps or
delays (or changes in waveform shape). In the transverse direction in the zone of
slow conduction, however, the pattern was quite complex with both delays and
'jumps' of the local excitation times.
The results in the older age group suggest an anisotropic propagation medium
comprised of cells that are tightly coupled along the longitudinal axis of the fibers,
but along the transverse axis there are recurrent areas in which side-to-side
electrical coupling of adjacent groups of parallel fibers is absent. Thus, when
compared to the tightly coupled medium with uniform anisotropic propagation of
the young preparations, there is a progressive loss with age of side-to-side
electrical coupling between groups of parallel oriented atrial fibers. Such a
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Figure 7. Representative pattern of excitation spread (top) and the extracellular waveforms and the
associated first time derivatives (bottom) typical of atrial muscle bundles from older human subjects
4~5 years of age. The open arrow on the outline indicates the narrow region of fast propagation
along the longitudinal axis of the fibers. The 'sawtooth' curve denotes the irregular zigzag course of
excitation spread in a direction transverse to the long axis of the fibers. The arrows at the bottom mark
the times of Vmax' The preparation was from a 42-year-old subject. (Reproduced from eirc Res 58:
356-371 (1986), by permission of the American Heart Association, Inc.)

medium would account for the uniform fast propagation without delays in the
direction of low axial resistivity (the long axis of the fibers) in the presence of
nonuniform slow propagation with delays along the axis of high axial resistivity
(the transverse direction). The periodic absence ofside-to-side electrical coupling
between groups of fibers should also produce a zigzag course of transverse
propagation. A significant zigzag component of excitation spread, in turn, would
generate numerous deflections in the extracellular waveforms. Although not
shown, additional measurements during transverse propagation often demon
strated local excitation times consistent with microscopic spread along the long
itudinal axis of small groups of fibers (in either direction), a finding that did not
occur in the uniform anisotropic preparations of the young subjects. Thus, we
conclude that in changing from longitudinal to transverse propagation, the con-
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duction velocity decreases not only because the effective axial resistance is
greater but also because the conduction pathway, being quite irregular (zigzag),
is longer.

Time derivatives ofpotential waveforms near the sources

Theoretical considerations
The above results at a microscopic level suggest that for different bundles the
rapid spreading out of the ionic currents in extracellular space produces a com
plex relationship between the amplitude of a potential deflection and its time rate
of change at varying distances in the region of the membrane surface. Since we
were unable to find prior theoretical treatment of the relationships between the
two, we computed the relationships for a uniformly propagating transmembrane
action potential in bundles of different sizes using Equation 5 (see theoretical
section of Methods). The details of the simulation model of the cylinders of
different sizes have been presented in a recent paper [6]. In brief, the simulation
results showed that for equivalent values to be achieved by two bundles of
markedly different size, the reduction in distance from the membrane surface
became more pronounced in going from the original potential waveform to the
first derivative to the second derivative. Thus, a large potential deflection with a
relatively small amplitude of the first and second derivatives indicates that the
observation site is relatively far from a large bundle and, conversely, a small
potential deflection with a relatively large amplitude of the first and second
derivatives indicates proximity to a small bundle.

Combined experimental-theoretical analysis
The computer simulations [6] suggested that experimentally it should be possible
to distinguish variations in the size of a source (bundle size) from variations in the
distance of the source from a measurement site by analysis of the amplitude,
velocity, and acceleration of each deflection of a polyphasic waveform in non
uniform anisotropic preparations. Figure SA shows an experimentally measured
polyphasic waveform (top) along with the unsmoothed curves of the first (mid
dle) and second (bottom) time derivatives measured in a preparation from a
62-year-old male. The absolute values of the derivative peaks associated with the
smallest potential deflections during interval 2 became progressively larger than
the other derivatives (arising from larger potential deflections) in going to the first
derivative and then to the second derivative. In the middle panel (Figure SA), the
negative peak of the first derivative of deflection 3 and the negative peaks during
interval 2 have a similar amplitude. However, the negative peaks of the derivative
during interval 2 represented a marked relative increase compared to the very low
amplitude of the original potential deflections and, conversely, the negative peak
of the derivative of 3 represented considerable relative decrease compared to the
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Figure 8. Measured (A) and computed (B) highly complex polyphasic waveform (top) with associated
first time derivative (middle) and second time derivative (bottom). At the top of Panel A the numbers
identify each deflection that was accounted for experimentally as being due to an identifiable separate
atrial bundle. Panel B shows the simulated fit of the experimental data. The experimental waveforms
were measured in a preparation from a 62-year-old subject. See text for description. (Reproduced
from eirc Res 58: 356-371 (1986), by permission of the American Heart Association, Inc.)

large amplitude of its original potential deflection. The continued progression of
the relative changes was especially pronounced in going from the first to the
second derivative; the largest second derivative peaks occurred with the smallest
original potential deflections, which were produced by sources closest to the
observation site. In this case, the microelectrode tip was located in a region of
transverse propagation that occurred in a muscle bundle generating the wave
forms during interval 2. Based on photographs of the geometry of the preparation
under study and the local excitation times at each site that produced each of the 5
deflections identified in the complex waveform (Figure 8A, top), a rigorous test
of the theoretical predictions related to the original potential waveform and its
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derivatives was made by a simulation based on the known location of the bundles
of origin (only approximately known for area 2) and the measured times of each
deflection, with approximations of different bundle sizes used as an index of
source strength. The forward simulation began with a numerical solution for the
fast sodium current of a uniformly propagating action potential and ended with
superposition of the individual waveforms (Equation 5), which were computed
on the basis of ten radial distances for the surface of each cylinder representing
each deflection. To make the simulation practical, we simplified as much as
possible:
1. We used a value of 25 J-Lm for the radius of all the smallest bundles nearest the
measurement site and we represented the largest bundles by two sizes, one
with a radius of 150 J-Lm and the other with 250 J-Lm.

2. The local time of depolarization of each bundle was assigned as the time of
-d<l>/dtmax of each deflection in the original experimental waveform (top of
Figure 8A); however, we adjusted the time of Vmax within the error limits
(20 J-Lsec) of the experimental sampling rate for the potential deflections during
interval 2 to obtain the best visual fit.

The final computed result is shown in Figure 8B for comparison with the experi
mental curves in Figure 8A. We conclude that the excellent qualitative and
quantitative fit of the waveforms strongly supports the concept that in the region
close to the membrane currents the amplitude of the extracellular potential
deflection is determined primarily by the magnitude of the membrane ionic
currents (source size) and the first and second time derivatives (velocity and
acceleration) of the deflection are determined primarily by the distance from the
current sources.

Discussion

A point established by these results is that the anisotropic electrical properties of
human atrial muscle change with advancing age to produce increasingly complex
pathways of excitation spread at a microscopic level. The age-related differences
in the extracellular waveforms and their derivatives indicate that with advancing
age there is progressive electrical uncoupling of the side-to-side connections
between groups of parallel oriented atrial fibers, while there was no evidence of
electrical uncoupling along the long axis of the fibers. The consequence was an
increase in the number of longitudinally oriented insulated boundaries that
correlated with the development of extensive collagenous septa that separated
small groups of fibers [6J. (The size of each group was approximately that of the
small cylinders used in the simulation of Figure 8.) Electrophysiologically this
resulted in a pronounced zigzag course of propagation in the transverse direction.
This provides a simple but most effective structural mechanism in the presence of
normal action potentials for further reducing the effective conduction velocity in
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the transverse direction to the range of very slow conduction that is routine in the
AV node and in very depressed fibers [26].
The results also emphasize the importance of detailed analysis of extracellular
potentials because they provide precise measurements at a very small size scale
that allow mapping of the spread of excitation in multiple directions. For exam
ple, in uniform anisotropic preparations from children, we found no evidence
during excitation spread in the transverse direction that propagation proceded
along the axis of individual cells. These experimental results, thereby, failed to
justify the model of Geselowitz and Miller [24] that microscopically each cell will
be excited by colliding waves moving in opposite directions along the long cell
axis when propagation is in the transverse direction. As shown in Figure 3, phase
plane plots also failed to provide evidence that collisions occur during transverse
propagation in bundles with uniform anisotropic properties. Experimental re
sults at a microscopic level further failed to confirm the theoretical predictions of
the Diaz-Rudy-Plonsey model [27] of the effects of the intercalated disks as a
possible cause of the direction-dependent shape differences in Vm' the basis for
the initial hypothesis of anisotropic discontinuous propagation [3]. We found no
evidence during propagation along the long axis of the cells that the intercalated
disks cause local delays or that they cause irregularities in the extracellular
waveforms as predicted by that model. The delays in excitation spread and the
irregularities of the extracellular waveform we found were related to transverse
propagation and the absence of side-to-side electrical coupling between small
groups of fibers.
Although the results do not fit those of existing theoretical models of aniso
tropic discontinuous propagation, they are encouraging for investigating excita
tion spread at a microscopic size scale and for predicting anisotropic drug effects.
For example, we found that theoretically there is a unique relationship between
<l>c and its first and second time derivatives as a function of the size of the active
bundle. That there is a unique relationship likely accounts for the excellent
qualitative and quantitative theoretical fit of the experimental complex poly
phasic waveform and its first and second derivatives shown in Figure 8. This
implies, in turn, that the relationship between a given experimental extracellular
deflection and its first and second derivatives should be useful as an inverse
method to estimate the size of underlying active bundles [6].
A major clinical implication of the results is that the progressive change from
uniform to nonuniform anisotropic properties makes it possible with increasing
age for reentry to occur in progressively smaller regions. Our preliminary studies
on this indicate that in nonuniform anisotropic preparations of older subjects (but
not from uniform anisotropic preparations from the young group) 'micro-reentry'
can occur within an area of 1-2mm2 within a single muscle bundle [28]. This size
scale for reentry is much smaller than the 25-30 mm2 area shown previously by
West and Landa [29] and Allessie et al. [30] to be the minimum size needed to
accomodate reentry in rabbit atrial muscle. This structural mechanism (non-
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uniform anisotropy) should provide a microscopic basis for understanding nu
merous mechanisms that involve complex interactions of structure and cellular
electrophysiological properties. These include the long-known greater incidence
of atrial tachyarrhythmias in older people than in children and the association of
increased fibrosis and atrial arrhythmias [31].
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Discussion

Wit: In addition to the source size and the distance in determining the magnitude
ofthe extracellular potential, have you given any consideration to the effect ofthe
substances that might fill the intercellular spaces on the extracellular potential?
For example, in your model of the aging atrial myocardium, as well as in the
healed infarcted tissue that we study, the extracellular space becomes filled with a
connective tissue matrix. Does that have any effect on the size of the extracellular
potentials?
Spach: I didn't show any of that. The morphological analysis was done by Dr Paul
Dolber. The major thing to come out of it was that with increasing age, the
distribution of the collagen changes with increasing age and especially in the
preparations from subjects over 50 years old. The frequency and distribution of
collagen septa fit quite nicely with the distances between insulated boundaries
calculated from the polyphasic deflections of the waveforms. It is interesting that
the .size of the bundles of cells in the nonuniform anisotropic tissues varied
between 25 and 125 JLm (separated by collagen). Thus, the collagen marks areas
where there can be no side-to-side electrical couplings (Le., nexuses) between
groups of cells. As far as the resistivity of collagen is concerned, it should be
relatively low because structurally collagen is porous; that is, there are many
openings in the septa comprised of collagenous fibers. So, the collagen is not what
is making the insulated boundaries but rather it marks the area where there is an
absence of intercellular connections in a side-to-side direction for intracellular
current flow. Longitudinally, we have found no evidence of any conduction
delays. It is the delays in conduction between lateral sites that relates to the
distribution of collagen. Furthermore, with the development in atrial muscle of
nonuniform anisotropic properties, it is not the increase in collagen, but the
redistribution of collagen as longitudinally-oriented septa that correlated with the
development of polyphasic extracellular waveforms during transverse propaga
tion.
Lab: Have you found any changes in action potential duration?
Spach: That is a difficult question since we have not found evidence to make us
believe that there are atrial specialized tracts or specialized fibers in animal or
human atrial tissues. What we found in all the preparations, from two years to 62
years, was that the action potentials had the same repolarization shape at the
same stimulus rate. At slow rates, there was no 'plateau' shape. Rather, a 'hump'
shape occurred. At high rates, the shape changed to that with a 'plateau'. Our
findings were consistent with prior analyses ofCarmeliet with respect to the effect
of changes in the concentration of potassium in extracellular space. The question
may refer to the occurrence of repolarization shape changes when the upstroke
shape changes, due to direction differences in propagation. We find the repolar
ization shape to stay the same, except for a slight difference during the initial
15 msec after the peak of the upstroke. (Just after the peak of the upstroke, there
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is more rapid early repolarization with the greater amplitude of the upstroke
during transverse propagation.) However, I should emphasize that we have not
performed a detailed analysis to determine if there are small changes during
phase-three repolarization for different directions of propagation in anisotropic
bundles.



2. The role of the interstitial space in electrical
models of cardiac sources

R. PLONSEY and R.C. BARR

Abstract

For multicellular cardiac tissue bounded by extracellular fluid, it is expected that
extracellular potentials at the periphery will be very small and can be neglected in
its contribution to an evaluation of sources. This paper examines the behavior of
the interstitial potential as a function of depth in an idealized semi-infinite tissue
model. The results demonstrate that even at depths of 100 J.tm the interstitial
potentials are no longer negligible. And for depths greater than around 1mm the
linear core-conductor approximation seems well justified.

Introduction

For a single excitable fiber, lying in an unbounded volume conductor, and
carrying a propagating action potential, the transmembrane current emerging
into the extracellular space behaves as a source function. If the fiber is very thin,
its own presence in the extracellular space can be ignored and the field established
by a transmembrane current element is the infinite medium point-source field.
Thus, if imis the transmembrane current per unit length the potential field d<l> is
given by

(1)

(2)

where z is the axial coordinate and r is the distance from the source point (Q, z)
(expressed in axially symmetric cylindrical coordinates) to the field point (Q', z')
and 0c is the conductivity of the (extracellular) medium. Integration results in

<I> = f im(z)dz
41Tocr '
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where

r = V(Q - Q')2 + (z - z'F; (3)

a result that is frequently quoted in the literature [IJ.
If, rather than a single fiber there are several parallel fibers, then (2) can be
applied to each and the total potential found by superposition. But for an
increasing number of closely spaced fibers, a source element, identified by imdz,
can no longer be thought to lie in an unbounded medium since the presence of
many fibers cannot be ignored.
A rigorous consideration of one or many fibers shows that, provided axial

symmetry for each fiber can be assumed, an axial source density for a fiber of
cross-section Ai can be expressed as [IJ

(4)

This is an equivalent source that lies in a uniform unbounded medium (it is often
referred to as a line-source model). Consequently, the field from a source
element (for single or multiple fibers) is simply

(5)

If cl»e can be ignored then, since im= (JjAjo2c1»/oz2, (5) and (1) become identical.
This suggests that equation (1) can be applied provided cl»e«cI»j. In fact, for a
single fiber, one can demonstrate [IJ that cl»e«cI»j and hence that (1) should be
satisfactory, and since we already know this to be true, the criterion seems
validated. But for increasing numbers of closely-packed fibers, neither the ine
quality or (1) will continue to be true.

Ifwe imagine a bundle consisting of a very large number of parallel fibers then,
except near the periphery, the interstitial current is essentially axial and the
potential field is governed by the linear-core-conductor equations. That is [2J

and

cI» = __r_e_ V
e r

e
+ r

i
m

cI».=_r_i _ V
I r

e
+ r

i
m'

(6)

(7)

where re , rj are interstitial, intracellular resistances per unit length. For this
condition (5) can be expressed as

(8a)
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where
(8b)

Ac is the value of interstitial cross-sectional area associated with each fiber, while
fc is the reciprocal ofthe fractional interstitial cross-sectional area (i.e. ifthe total
intracellular and interstitial cross-sectional area is A, then fe = AIAc)' In (8b) G is
an effective parallel impedance of the intracellular and interstitial paths.
For fibers near the periphery of such a multifibered preparation presumably (1)
applies, while for sufficiently deep fibers (8) applies. This paper examines an
idealized semi-infinite preparation, for which a rigorous solution is possible, in
order to develop some guidance regarding the behavior of the interstitial poten
tials as a function of depth into the tissue. Such information is indispensable in the
evaluation of source strength within, say, cardiac muscle, which consists of
multiple layers of excitable fibers.

Bidomain semi-infinite model

We consider a uniform semi-infinite region of cardiac tissue consisting of z
oriented fibers that extend frOln y =0 to y = 00. The region - 00 <y<O consists of
extracellular fluid, assumed uniform and isotropic. A uniform plane wave is
taken to be propagating in the x direction; its isochrones are planes orthogonal
to x.
Note that propagation is chosen to be transverse to the fiber axis, a condition
that mirrors much of actual conduction through whole heart tissue [3]. Transverse
propagation is supported by cardiac tissue because of the high degree of inter
cellular communication (continuity) arising from the presence of gap junctions.
One can, consequently, consider the preparation as if equivalent uniform fibers
lie in the direction of propagation (i.e. x) [4]. This is illustrated in Fig. 1.
A further simplification is possible by ignoring the detailed structure of the

cardiac fibers and considering the preparation to be a continuum. One can view
the interconnected intracellular space as a uniform domain. Similarly, the inter
stitial space, which is actually a complex invaginated structure, can be viewed as a
uniform continuum (domain). Each domain is separated at all points by the
membrane. This view of cardiac tissue is a macroscopic one that deals with space
averaged quantities; it has been described and called the bidomain model of
cardiac muscle [5]. It is perhaps best described by the following expression for
intracellular (subscript i) and interstitial (subscript e) current densities, bearing in
mind the assumed uniformity in the z direction. We have

(9)
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Figure 1. The semi-infinite region y>O is occupied by cardiac tissue with an equivalent fiber orienta
tion in the x direction. The region y<O is occupied by extracellular fluid. Uniformity exists in the z
direction. A uniform plane wave is assumed propagating in the +x direction.

and
(10)

where the conductivities are defined on the total tissue space [6]. Note that these
parameters reflect the accepted anisotropic structure of both intracellular and
interstitial space, As a consequence of the continuity of current, transmembrane
current leaving one space enters the other. Consequently,

(11)

Solution for the interstitial potential field

Experimental study of the intracellular action potential of cardiac tissue shows
little change in action potential morphology with changing load [6J. Con
sequently, we assume that the (temporal) transmembrane action potential to be
identical for all sites in the tissue preparation (whether near the surface or deep to
the surface). Consequently, we have

vm(x,y,t) =Vm(x - et) (12)

(13)

everywhere, where e is the velocity of the plane wave propagation (assumed
uniform in the x direction).
FoliowingRoth and Wikswo [7), let the scalar function", be defined as

'" =<1». +&x <I» = V + gix +&x <I»
I gix e m gix e'
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where we have used Vm = $j - $c' We now introduce a linear transformation
from x, y to X, V defined by

X=x

and

If (9) and (10) are substituted into (11) one obtains

(14)

(15)

(18)

and if (13) is introduced into (16), then we have

g oZ'\jJ/oxz _ g OZ$ loxz + g oZ'\jJ/oyZ _ g;ygex OZ$e +
IX ex e.y gix ay2

We now perform the transformation defined by (14) and (15) on the terms
involving'\jJ in (17). The result is

g oZ'\jJ + g (g;x + gex) o~ + (g _ g;ygex) oZ$e = O.
IX oXz IY g. + IJ oVz ey g. oyZ

ry ~y IX

Now, substitute for $c in (18) the value obtained in (13). Furthermore, in view of
(12), set OVm/oy = O. The final result is

02'\jJ o~_
OX2 + oVz - 0, V>O. (19)

Letting V2 == 02/0Xz + 2J2/2JV2 and using (13) and (19) leads to the desired
relationship

(20)

(21)

Equation (20) shows that the desired interstitial potential field satisfies Pois
son's equation in the two-dimensional X, V space. This partial differential
equation has an integral-form solution, namely [8]

$c=-( gjx )_1 fV2Vmln(R)dXldVI,
g;x + gcx 2rr
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where
R = V(X - X')2 + (Y - Y')2 (22)

(24)

is the distance from a source point (X', Y') to a field point (X, Y).
Equation (21) describes the interstitial field arising from (\72Vm) viewed as a

primary source in a medium of infinite extent. It is necessary to add to this
solution a contribution reflecting the secondary sources at y = 0 (the interface
between tissue and extracellular bath) which arise from the boundary conditions.
At this interface the normal component of current density is continuous and this
requires that

o a4> lay = g '\ /g;x + gex a4> lay = 0 a4> lay (23)oey e ey Vg. + 0 e 0 0 ,Iy oey

where the subscript 0 represents the extracellular medium. From equation (23)
we can identify g.y V(g;x + gex)/(g;y + gey) as the equivalent tissue conductivity.
Furthermore, this boundary condition will be automatically satisfied if image
sources are defined which lie at the mirror image of the primary sources and have
a magnitude factor, F, given by [9]

F = gey V(g;x + g.x)/(g;y + g.y) - 0 0 •

g.y V(g;x + gex)/(g;y + g.y)+ 0 0

So, finally, for field points in the tissue region (Y>O) we have

4>e(X,y)= __l ( gix )[r"'r a2~~ In (R)dx'dY'
21T g;x + gex Jo Jx, ax

+ F t:L ~~~ In (R)dx'dY']. (25)

Numerical model and evaluation

In order to examine the behavior of 4>e in (25), we define an analytic expression
for a cardiac action potential (phase 0) as

Vm(x) = 100e-8(xJ6)4mV; x~O, (26)

where a uniform plateau is assumed for x::::;O. In (26) Vmis in mV, x is in mm, and
ein m/sec. The parameters were chosen to achieve a rise-time of around 1msec,
which is usually observed. The source function is found from

(27)
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Figure 2. Plot of analytical expressions for Vm(x) and 32Vm(x)/3x2 used in the simulation (see
equations (26) and (27». The ordinate values are in millivolts for Vmand relative values for 32Vm/3x2.

A plot of Vm(26) and a2v m/ax2 (27) is given in Fig. 2, for e= 20 em/sec, a cross
fiber value frequently reported [10J and which we adopt here in our simulation.
Conductivity parameters were derived from the experimental data of Clerc [4J
but with the assumption that cells occupy 80% of the tissue volume, a value
currently expected (rather than the 70% assumed by Clerc). In bidomain format
[6J these are

gix =2.21 x 1O-4 S/mm, giy =2.21 x 1O-4 S/mm, giz =1.94 x 1O-4 S/mm,
g"x = 1.57 X 10-4 S/mm,g"y = 1.57 x 10-4 S/mm, gez =4.17 X 10-4 S/mm. (28)

These values along with those in (26) when substituted into (6) and (7) lead to an
interstitial core-conductor potential of 100 x (0.221/(0.221 + 1.57» = 12.3 mV
associated with the rising phase of Vm' The extracellular fluid was assumed to
have a conductivity, 00' of 2 x 10-3 S/mm, as a result of which F = -0.745 is
obtained from (24).
The evaluation of ct>e can now be made by numerical integration of (25), and
this was actually done. However, a more satisfactory approach is first to integrate
over x' by parts. Following this it becomes possible to integrate with respect to Y'.
The result is to reduce the required numerical integration to one dimension and to
eliminate the infinite integrals. This final result is

ct> (x, Y) =~ ( giX) [1 (1 - F) avm tan-I(~) dx' -
e 21T gix + g" x' ax' x - x'

1T(1 + F) (Vm(x) - Vm) ]. (29)

It is necessary to subtract out the constant component of Vm(x) in the second term
of (29) because any constant is necessarily eliminated from the first term.
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Discussion of results

Based on the data given in the previous section, the interstitial potential was
evaluated for y = 0, 0.1, 0.2, 0.5, 1, 5 mm by numerical integration of (29) (and
with essentially identical results from (25». These are plotted in Fig. 3. The
values obtained for y = 5 mm approach the linear core-conductor value expected
at large y, namely

<I> (x Y ) = -100 -.- gix.__ e-X(xlHj4
e 'large gix + gc,

= - (12.3 e-8(xlH)4 - 6.2) mY (30)

(where the added constant gives <l>c(x) the property of zero average value, a
necessary characteristic of fields determined from sources which are described by
derivatives 32y m/3x2 or 3Ym/3x that eliminate constant components).
The value of <l>e at y = 0 corresponds to that expected from half the sum of the
core-conductor field from the primary and the secondary (image) source. this
quantity is

<l>c(x, 0) = - +(1 + F) (12.3 e-X(xlHj4 - 6.2) mY

and since F = -0.745, it comes out

<l>e(x, 0) = - (1.56 e-X(x/ll)4 - 0.78) mY.

(31)

(32)

One notes that, indeed, the results shown in Fig. 3 are consistent with (30) and
(32). Both (30) and (32) can also be obtained from an evaluation of (29).
Figure 3 reflects a general result that was expected: At y = 0, <l>e is small, and

fibers at the surface can be treated as if they were isolated, lying in an unbounded
medium. Conversely, for large y, the Iinear-core-conductor relations of (6) and
(7) apply and peak-to-peak values <l>e of 12 mY are expected and obtained. In fact,
values roughly in this range are actually seen with conventional unipolar intersti
tial (plunge electrode) recordings [11].
Figure 3 suggests a criteria for y to be 'large', namely that y>1mm. However,

even for y as small as 10-20 J.tm in depth, we note that <I>e lies close to its
asymptotic Iinear-core-conductor value in the phase 0 region.
The question of how to treat a thin layer of cardiac tissue is not directly
answered by Fig. 3, but is at least suggested. For tissue, say 400 J.tm in thickness
(with extracellular fluid on each side) one might expect the interstitial potentials
shown in Fig. 3 for 0<y<0.2. In particular, it would not be correct to assume
<I> e:::::::O. The assumption of linear-core-conductor conditions everywhere would
be a better assumption, though even here deviations clearly exist. In any event,



37

.S!
C..
o
lL - <----->....., .4 .6 .8

X(mm)

-5

1.0 1.2

Figure 3. Plot of interstitial potential in a semi-infinite bidomain model of uniform cardiac tissue as
described in Fig. I, for various depths of y = 0, OJ, 0.2, 0.5, I, 5mm. The x coordinate is in mm and
corresponds to the Ym(x) shown in Fig. 2. The potential values shown are in mY.

the conclusion that the interstitial space must be explicitly considered seems
inescapable. A more detailed extension of this presentation is given elsewhere
(12).
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Discussion

Clark: I am wondering what the effect of intercalated disc resistance would be
along a cable model of this cylindrical structure? It would seem that your model is
a rather macroscopic one, wherein you assume low disc resistance and effectively
replace the cellular meshwork by a single 'equivalent cell'.
Plonsey: This is a very simple model. It is known as the bidomain model. It is in
fact a macroscopic model, because we have not only simplified the behavior in the
axial direction, which is where the intercalated disc would essentially be thought
to lie, but have simplified things in the lateral direction (assuming structural and
field uniformity) and we are therefore looking at a homogenate, i.e. a mac
roscopically uniform continuum tissue model. So effects that would be introduced
by the intercalated disc are considered only through the contribution to the
averaged conductivity; the discrete effect will not be revealed in this model. This
model is already more complicated than usually assumed and the discrete effect of
the intercalated disc is a still further complication.



3. Parasympathetic control of the SA node cell in
rabbit heart - a model

c.R. MURPHEY and l.W. CLARK JR

Abstract

A mathematical model of the sinoatrial (SA) node cell based on the modeling
studiesofOi Francesco and Noble [1] for the Purkinje fiber, and Noble and Noble
[2] for the rabbit SA node, is developed along with models of the utilization of the
autonomic neurotransmitters acetylcholine and norepinephrine by elements of
the cell membrane. Studies of the phase-sensitivity for the SA node cell model to
vagal burst stimulation are conducted, with and without a constant background
level of norepinephrine. The results reported are of a preliminary nature, but
they mimic published data regarding the free-running behavior of the primary
cells of the SA node as well as, their response to phasic vagal burst stimuli.

Introduction

Mathematical models of the Hodgkin-Huxley type [3] were first applied to
cardiac muscle by Noble [4] in a study of the cardiac Purkinje fiber. This model
was later revised by McAllister, Noble and Tsien [5], and most recently by Oi
Francesco and Noble [1), based on an accumulated wealth of improved voltage
clamp data. The reader unfamiliar with this work is directed to the aforemen
tioned references as well as a book by Noble [6]. In addition, a review of the ionic
basis of electrical activity in cardiac tissue based on voltage clamp data is provided
by Coraboeuf [1].
The McAllister, Noble, Tsien (MNT) model of the Purkinje fiber has been
applied to the characterization of a variety of other cardiac tissues including
ventricular cells [8] and sinoatrial node cells [9,10]. The Purkinje fiber, having the
most complex cardiac action potential waveform, may also be viewed as having a
full complement of membrane ionic currents. Since the MNT model provided a
reasonable characterization of the electrical behavior of the Purkinje fiber wave
form based on information available at the time [5], it seemed logical to attempt
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to model the behavior ofother cardiac cells by appropriately deleting or inactivat
ing selected membrane channels, according to known electrophysiological
characteristics of a particular type of cell. A major difficulty in this approach in
the past has been the paucity of reasonably accurate voltage-clamp data from
other tissues (nodal, atrial, etc.) on which to base changes in the many parameters
associated with the MNT model. However, rather significant progress has been
made in the area of cardiac electrophysiology in the past decade, particularly in
the area of membrane biophysics. The accuracy of voltage clamp methods has
improved steadily, as have experimental dissection methods and techniques, first
with small strips of tissue and more recently with enzymatic dispersion methods
that allow one to isolate and study the electrical behavior of virtually any type of
cardiac cell (e.g. ventricular [1] atrial [12, 13]; SA and AV node [14]; Purkinje
fiber [15]). Recent experimental findings have also required that the classical
MNT model be revised in several respects, incorporating for the first time
mathematical models of the ATP-dependent Na+-K+ pump, a Na+-Ca++ ex
change mechanism and intra- and extracellular concentration changes for Na+,
Ca++ and K+. These modifications have been incorporated in the work of Oi
Francesco and Noble [1] on Purkinje fibers, and this new model has been
extended to a characterization of the sinoatrial (SA) node cell by Noble and
Noble [2].
The objectives of this paper will be to modify the aforementioned Oi Fran
cesco-Noble (ON) model appropriately for the study of the SA node cell mem
brane response to phasic parasympathetic (vagal) stimulation, with and without a
background level of norepinephrine in the bathing medium of the cell. The results
of these simulation studies are consistent with experimental data in the literature,
and suggest that the model may prove useful in explaining the electrogenetic basis
of dynamic vagal-sinus node interactions.

Modeling aspects

The basic node cell model

The electrical equivalent circuit for the membrane of a lumped SA node cell
consisting of a membrane capacitance Cm(nF) in parallel with several voltage and
time dependent membrane conductances as well as pump, ion-exchange and
background currents is shown in Fig. 1. The parameters associated with the cell
geometry are contained in Table 5. Under space clamp conditions, the differen
tial equation describing the membrane potential (V) s:

dV __ If + IK+ IK1 + Ib + IN•K+ IN•C• + IN. + lSi + Istim + IAch (1)
ili- C '

m
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Figure 1. A: equivalent network model of the idealized SA node cell membrane including a separate
ACh-sensitive muscarinic channel I". B: Block diagram ofthe overall model including models for ACh
release and diffusion from vagal nerve terminations, the ACh receptor complex at the outer mem
brane surface and muscarinic membrane channel dynamics. Here v(t) represents the vagal neural
input to the SA node cell in terms of discrete action potentials, A(t) is the ACh concentration at the
ACh-receptor site on the membrane surface, a(A. Y, t) is the gating variable associated with the
muscarinic channel (dotted lines in A. and Y is the transmembrane potential.

where INa' lsi and I k are the sodium, calcium and potassium currents, respectively;
IK1 is the instantaneous inward-rectifying background potassium current, Ib is the
sum of the Na and Ca background currents, INaK is the ATP-dependent Na+-K+
pump current; and I NaCa is the Na-Ca exchanger current. The specific equations
for these currents and the constants associated with them are given in Tables 1-5,
where the inward currents are given in Table 1, the delayed outward potassium
current IK and the background currents are given in Table 2, the pump and ion
exchange currents in Table 3, the concentrations for Na+, K+ and Ca++ in the left
and intracellular media are given in Table 1, the delayed ouward potassium
current IK and the background currents are given in Table 4, and miscellaneous
model parameters are listed in Table 5. One will note from Tables 1and 2 that the
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Table 1. Inward currents

IN.: sodium inward current

200.0 (V + 41.0)° =--........-;c.....-:-;~
m 1 _ e O.I(V+4J.O)

0h = 20.Oe-O.125(V+75.0)

lsi: slow inward current

E
mh

= RT In [INa]" +O.l2IK]c]
F INa]; + 0.12IK];

flm = 8OOO.Oe -11.056(V+66.0)

II _ 2000.0
f'h - 320.0e -O.I(V+75.0)

I (dff d') (I I) 1 (lsi [NE]':,~
si = 2+ si.Ca + si.K 'lsi = +[NE]"~ + Tl'"si .

o "'NE,SI

P [ ] IOO.OF [ ] -2(V - 50.0)£"4.0'ls;P,; (V - 50.0) RT (Ca ;eRT'""" - Ca "e RT)

4~= ~
1- e- (V-50.0)RT

l'i.K =

P F
0.01 'ls;P'i (V - 50.0)RT ([K];e~ - [K]"e -(V - 5(0)R1')

F
1- e - (V - 50.0) RT

30.0 (V + 24.0)
1- e O.25(V+24.0)

fld = 12.0 (V + 24.0)
eO. I(V+24.0) _ 1

0dIV=-24.0 = 120.0

fldIV=-24.0 = 120.0

6.25 (V + 34.0)
eO. 25(V+34.0)-1

II _ 50.0
f'f- 1+ e -O.25(V+34.0)

O~V=_34.0 = 25.0

d' = d'ma,
1+ e 0.15(V+ 15.0)
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Hodgkin-Huxley type gating variables m. h. d. f and n are solutions of first order
differential equations of the form:

i(V. t) = oz(l- z) - ~zz. (2)

where z =m. h. d. f. n. y. a and the rate functions Oz and ~z are functions of
transmembrane potential V. The nomenclature follows the classical H-H for
mulation for cardiac muscle employed in the MNT model, and more recently the

Table 2. Outward and background currents

IK : delayed rectifier current

x= a, (1 - x) - f3,x

- _ (Kli - (Klce-O.04(V-35.0) [ bk(NEI~kIK - Ik•max 1+ :----:"-''-----7.--
140.0 (NEI~k +K~h

0.5 (V + 22.0)
a, = ------;.....,.,...,....,~

1.0 - e O.2(V+22.0)
0.178 (V + 22.0)

13, = --;;:-:=;"..-;-:=-,...---
eO.067(V+22.0) _ 1.0

Ir: hyperpolarizing-activated current

I r = yir

i r= (Klc rdV - Er) [1 + br (NEI~r
(Klc +Kmr g. (NEI~r+ K"r

NE,f

13 = 1.0 (V + E,.)
y 1 - e 0.2 (V + E,)

IK1 : time independent background potassium current

I~.Na: background sodium current I~.C:I: background calcium current
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Di Francesco-Noble (ON) model. Differences between the kinetic behavior of
the current components are thus reflected in the individual rate functions az(V)
and I3z(V) which are specified in Tables 1 and 2.

Parasympathetic stimulation

A major objective of this report is the study of the effect of parasympathetic
stimulation on the shape and time course of the action potential of the SA node
cell. It is generally accepted that the hyperpolarizing effect of acetylcholine
(ACh) release on cardiac tissues is due to an increase in potassium conductance,
however the specific mechanism remains controversial. One group of studies
supports the view that ACh opens ACh-specific channels separate from the
normal potassium channels [16, 17]; while other studies suggest that it directly
affect the kinetics of the normal potassium channel [18, 19]. In our model we have
chosen the first alternative, namely, a separate channel hypothesis and ACh is
assumed to have no direct influence on any other channel; this chemically
sensitive channel is also voltage-dependent, and is commonly referred to as the
'muscarinic channel'. A block diagram model of the parasympathetic neural
terminations, the muscarinic ACh-sensitive membrane receptor complex and the
muscarinic membrane channel dynamics are shown in Fig. l(b). Here v(t) repre
sents the vagal neural input to the SA node cell in the form of discrete action
potentials, A(t) is the ACh concentration at the receptor site on the outer
membrane surface, a(A, V, t) is a gating variable for the muscarinic membrane
channel and V(t) is the transmembrane potential. The muscarinic channel is also
shown in Fig. l(a) (in dotted lines) as an additional channel shunting the mem
brane capacitance. The equations describing the parasympathetic stimulation
system are given in Table 4 and are based on previous work [9, 10]. Thus, this
neural stimulation model allows one to apply discrete patterned vagal stimuli to

Table 3. Pump and exchanger currents

IN"K: sodium-potassium pump current

I - -I [K)c [Na); [1 0N"K [NE)~NaK 1NaK - NaK +------'-"--
[K)c + Km.K [Na); + Km.Na [NE)~NaK + K';l"E.~

INac,,: sodium-calcium exchanger
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the SA node cell model to discern the effect of these stimuli on the waveshape and
time course of the action potential of the SA node cell.

Sympathetic stimulation

Since it is generally agreed that the dynamics of the sympathetic control of the SA
node cell response are much slower than the dynamics of the parasympathetic
response, it is assumed that sympathetic stimulation by itself will not have the

Table 4. Compartmental equations for ionic species

[Na). = -(IN. + Ib.Na + ILN• + l,j.N. + 31NaK + 3 INa",), VjF

Calcium binding equations

[Cali
I,el = a,el [Ca),el [Cal' + K' .

I m.C.

0.625 (V + 64.0)
a =---"-,,,,,,,;-,-,-,,,,----'

p e0.25(V+64.0) - 1
A 5.0
I-'p=--...,......,~-,-;-;;"'1+ e O.25(V+64.0)

aplv = -64.0 = 2.5

[C) =Iup-I"
a up 2V Fup

2FV,el
o.rel=-

'trel

[Cal = I" - I,el
,el 2V,elF

Potassium binding equations

[K), = Pdiff ([K)b - [K),) +~.;
1

[K)i= -~'FK
I
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phasic influence on the waveshape and time course of the SA node cell action
potential. Therefore, in the present report we will consider only the case of tonic
sympathetic stimulation that essentially provides a constant background level of
norepinephrine (NE). The model equations affected by a change in nor
epinephrine concentration in the bathing medium [NEJ are given in Tables 1 and
2. The specific currents affected by NE are the slow inward current Is;' the delayed
rectifier current Ik , and the background current If which is activated upon hyper
polarization. Unlike ACh, norepinephrine is assumed to affect the behavior of
three existing membrane channels. The binding reaction for NE to a receptor site
is assumed to be modeled by an independent first-order process described by
Michaelis-Menten kinetics. The gating variables of the slow inward and delayed
rectifier (Ik) channels are assumed to be unaffected by [NEJ based on the findings
of Kass and Wiegers [20J on Purkinje fibers. namely that the dynamics of these
channel currents appear to be independent of [NEJ and only the gain function for
the channel is affected. The dynamics of the background current if are affected by
[NEJ according to Noma et al. [21J and Brown et al. [22J and consequently. the
rate constants a y and ~y in Table 2 appear as functions of [NEJ.

Computational aspects

The modeling equations were implemented in the C programming language on a
Vax 11-750 using 15 digit precision for all variables, the numerical integration
scheme employed was a hybrid form consisting of Rush-Larsen approximations
for the gating variables ([23] and a fifth-order Runge-Kutta-Merson method
[24]). The stepsize in time was adjusted by taking into account both the error

Table 5. Parameters

Yr =0.80 a2 1
Yrel = 0.02 Yr
Or- = 1O.0sec-1

tup = 0.007 sec
KN"c" = 0.015
(K)~=2.4mM

gr.N" = 30.0 JA.S
iN"K = 75.0nA
Kmf =45.0mM
MA'~ = 1.74 1O- 16 mM
D = 9.15 IO-~ cm2/sec
0,; =0.37
nK = 1.15
KNEf = 1.33 10-7M

V,. = 0.05 Vr

Vc"=0.1 Vi
Km.f~ = 0.001 mM
t rcp = 0.1 sec

dN"c" = 0.001
g" = 0.75JA.S
d'm", =0.04
Km.N"= 40.0mM
Km.c, = 0.001 mM
kA'~ = 12.32see- 1

XA'~ = 0.0001 em
nsi = 1.2
KNE.K = 1.33 1O-7M
IK.m", = 30.0 nA

V; = 0.95 Vr

gN" = 7.0JA.S
I k .m", = 30.0 nA
t'e1 = 0.075 sec
PMf = 1O.0see
g~.N" = 0.03 JA.S
g~.o, = 0.02JA.S
Km.K = 1.0mM
[Na)o= 140.0mM
kll = 1.62sec- 1

kd.A'h = 1.7 10-J mM
KNE.,i = 1.26 10-7M
Or = 0.24
a=0.2mm

Vup = 0.05Vr
P,i = 8.0see- 1

gKI =20.0JA.S
rca1up = 5.0mM
Cm= 0.0056 nF
gr.K = 30.0JA.S
(K),=2.4mM
y=0.5
[Ca).,=2.0mM
0" = 17.0see- 1

A= 0.0133 mV-1
OK =0.12
nr = 1.15
I=O.lmm
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estimate provided by the Runge-Kutta-Merson method and the allowable rate of
change of transmembrane voltage with each step.

Results

Figure 2 illustrates the free-running behavior of the SA node cell model. The
general waveshape of the transmembrane potential agrees very well with pub
lished data for the rabbit SA node cell. The channel currents contributing to the
total membrane current 1m are also shown. Clearly, the fast component of the
slow inward current lsi is responsible for the leading edge of the action potential,
the slight plateau region is contributed by the influence of the Na-Ca exchanger
current and the presence of incomplete inactivation of the slow inward current.
Incomplete voltage-dependent inactivation is taken into account in the model via
the function d'(V) appearing in the equation for lsi; the terminology adopted
comes from the MNT model. This appears to be a very necessary feature of the
model for producing plateau behavior in pacemaking cells. The adoption of the
function d'(V) is a temporary measure on our part as we await quantitative
descriptions of the inactivation variable f for this tissue as it exhibits incomplete
voltage-dependent inactivation at higher membrane voltages. Moreover, that
voltage-dependent activation is a general feature of slow-inward Ca channels and
is now being called into question by findings that inactivation of calcium channels
is mediated by calcium in several noncardiac preparations [25]. Investigations on
frog atrium [26] and calf Purkinje fibers [27, 28] partially confirm that this also
occurs in the heart, on slow inward channels. Inactivation in these channels is
therefore most likely both voltage and calcium dependent and future models
should attempt to incorporate these experimental findings. In Fig. 2 the repolar
ization of membrane potential is accomplished by the increase in the delayed
potassium current IK , and the slow decrease in the 'tail' of this current is the main
factor is governing the rate of depolarization of membrane potential V during
phase 4 depolarization.
The true course ofmembrane hyperpolarization produced by vagal stimulation
cannot be determined in the normal free-running cell. To study this effect
experimentally one might add appropriate amounts of tetrodotoxin (TTX) and
verapamil to the bathing solution of an isolated nodal preparation, in order to
block the fast and slow inward currents. In the model the parameters gNu and Psi
(Table 1) may be set equal to zero, thus simulating the effect of blocking these
channels with drugs. Implementing this approach, the effect of single-burst vagal
stimulation of the quiescent SA node cell membrane is shown in Fig. 3. In panel
A, the transmembrane potential response to a single vagal stimulus is shown. One
will note that the membrane response begins only after a latency L of approx
imately 90 msec and its magnitude grades in a nonlinear fashion with the number
of pulses delivered per burst (i.e. 1,3,5,9 ppb). Fig. 3B shows the time course of
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Figure 2. Free running behavior ofthe SA nodal cell model. The numbers seen in the figure refer to the
cycle length (347msec). Panel A, transmembrane potential; Panel B shows the time course of
concentration changes in the internal calcium concentration, Ca; (IJ.M). Calcium in the uptake and
release compartments Caup (mM) and Carel (mM) and the potassium ion concentration Kc (mM).
Panel C shows a number ofcurrents: 1mis the total transmembrane current in nA, lsi is the slow inward
current, IN,c> is the sodium-calcium exchanger current in nA, and IK is the inward rectified delayed
potassium current.

the current through the muscarinic, ACh-sensitive channel in response to single
burst vagal stimulation at 1, 3, 5 and 9 pulses per burst (ppb) , while panel C shows
the time course of the ACh concentration at the outer surface of the cell
membrane.
Figure 4 demonstrates the phase-sensitivity of the innervated SA node cell, in
that the length of the test cycle in which the vagal stimulus is applied varies,
depending on the portion of the cycle in which the stimulus is delivered. This
figure illustrates the model response to a vagal burst (5 ppb) applied with various
delays (-70, 0, 100, 200msec) after the last spontaneous discharge, i.e. the
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Figure 3. Temporal response of the model to a single vagal burst when the inward channels INa and Is;
have been blocked. A: The hyperpolarizing change in membrane potential in response to the stimulus
delivered at t = 0; note the latency, L, in the response (-90msec). The majority of this latency is due
to the diffusion ofACh across the gap between the neural release site and the outer membrane surface
of the cell. B: the time course of the muscarinic channel current. C: the time course of the concentra
tion of acetylcholine at the cell surface. The response at more ~than three pulses per burst shows
marked saturation.

control heart period. Figure 5 examines the effects of vagal stimulation more
closely by showing the temporal relationships between the transmembrane po
tential (V), the total membrane current (1m), and the muscarinic channel current
(I.), as a single vagal burst (5 pbb) is delivered with a phase delay «I> =Omsec.
Approximately four cycles of a control waveform are shown in panels A and B for
reference, along with the superimposed test waveforms resulting from the single
vagal burst stimulation. The point marked ST in fig. 5A refers to the time of
stimulus delivery. One will note the delay prior to the rise in muscarinic channel
current I. (panel B) and the fact that this current diminishes substantially in
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Figure 4. Phase sensitivity of the innervated SA node cell model as single-burst vagal stimuli (5 ppb)
are applied with various stimulus delays: A, -70; B, 0; C, 100; D, 200 msec. A zero delay corresponds
to stimulus delivered at the onset of the test cycle P. Note there is a latency of approximately 90 msec in
response to the applied vagal stimulus. This latency is a major contributor to the functional no-effect
period Q associated with the test cycle.

succeeding heartbeats. The model-generated curves of Fig. 3(b) are in general
agreement with the experimental results of Jalife and Moe [29J for the isolated
sinus node of the young cat.
The conventional methods used to display information regarding the phase
sensitivity of pacemaking cells are the pacemaker response curves (Fig. 6(A» and
the vagal inhibition curve (Fig. 6(B». The pacemaker response curve (PRC) is
concerned with the relative change in length of the test cycle (the cycle in which
the stimulus is delivered) as a function of stimulus phase measured with respect to
the onset of the test cycle. On the other hand, the vagal effect curve of Brown and
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Figure 5. temporal relationships between transmembrane potential V. total membrane current 1m and
muscarinic channel current la as a single vagal burst (5 ppb) is delivered at the point marked ST in the
top record. Control records of V and 1m are superimposed in panels A and B for reference.

Eccles [30] is concerned with the relative change in cycle length (period) over
several beats.
In the pacemaker response curve of Fig. 6(A) the ordinate is the relative

change in the cycle length from control 6. P given by

6.P= ~-=!~
Po

where Po is the control cycle length or period. The abscissa is the normalized
stimulus delay which may be varied over the range -g/Po::::<p::::(Po- g)/Powhere
g is the 'no effect' period, wherein a stimulus delivered late in the cycle has no
effect on the current test cycle, but does have an effect on succeeding cycles. The
PRe is concerned however only with one cycle, the test cycle of length PI in which
the stimulus is delivered. As the stimulus latency is increased from zero, the
resulting periods increase untill a maximum is reached (see Fig. 6(A)); beyond
this delay where the maximum slowing of the cycle occurs, a rapid decrease in the
response occurs and the stimulus is in the no-effect zone discussed above.



54

A 2:,--__..1...- -..1. -+

0-

Q...

B

Q...

_o9
0 0--° __ <DS

0--0-- __ «t--~ I
____ 0--- __ ",--'" e3

0---0 .. __ «Ii --- I
-- __ U>-- __ .---

1 ---'" .---_e_e- I
I

0_0-0-0-0 1 \
-0-0 - ....

0",- '--O--';;'-.._e_e
I,

0.5

DISCRETE TIME ...- see.

Figure 6. A: family of model-generated phase response curves (PRe's) constructed by sweeping
across the test cycle. The response of the model is given in terms of the normalized change in the
period of the test cycle (L1P) relative to the control period (Po). Here Q is the no effect period. The
majority of this time interval is taken by L, the latency in the response of the membrane to vagal burst
stimulation (see Fig. 3). B: family of model-generated vagal effect curves for 1, 3, 5 and 9ppb. The
ordinate is the normalized change in heart period and the abscissa is the discrete time calculated
according to equation (3). Data for four heart periods are shown. For more details see (10, 30).

Similarly, test stimuli delivered prior to the beginning of the test cycle P, (i.e.
-Q/Po<<p<O), have no effect on the control heart period Po, but do have an effect
on P. A phase <p equal to zero means that the stimulus is delivered at the beginning
of the test cycle.
Figure 7 shows the influence of the addition of norepinephrine to the bathing
medium of the cell. The bath concentration is 10pM and steady state conditions
are assumed. It is apparent from panel A that as a result of the addition of NE to
the bath, cycle length has diminished from the control value of 347 msec to a
period of 263 msec. In comparing Figures 2 and 7 (panel C) one will note that the
currents lsi and IK have also increased as a result of their dependency on [NE).
These currents however do not change as much as the current Ie which is the main
factor influencing membrane current flow during phase 4 depolarization in the
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Figure 7. Steady-state model behavior in the presence of 10 p.M norepinephrine.

presence of significant concentrations of NE. Under control conditions (no
autonomic influence) the main factor affecting phase 4 depolarization is the slow
decrease in potassium channel conductance i.e. the slow tail of the IK waveform).
The steady-state dose-response curve curve for the norpinephrine concentration
[NEJ and the cycle length of the resulting train of nodal action potentials is shown
in Fig. 8. As concentration increases from a threshold level of O.01IJ-M to a
saturation dose of approximately 10.0 IJ-M, cycle length changes from 347 msec to
263 msec, a change of approximately 24% from the controlleveI. One wi11 also
observe from Fig. 9 that background levels of [NEJ strongly affect the phase
sensitivity of the cell membrane to vagal burst stimuli, and the form of the changes
seen in the PRC's of Fig. 9(A) are in general agreement with the experimental
findings of Stuesse et aI. [31].
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Discussion

A preliminary, first approximation model for the response of the rabbit SA node
cell to phasic vagal burst-like stimuli, with and without background levels of
norepinephrine is presented. The basic cell model is heavily based on the new Oi
Francesco-Noble (ON) model for Purkinje fibers [1J and the adaptation of that
model to the SA node cell by Noble and Noble [2J. The ON model introduces
fluid compartments (including a cleft space), Ca+ +-binding storage and release,
as well as a Na-K membrane pump and a NaCa exchanger mechanism, as
important elements in the description of the electrical behavior of cardiac cells.
Previous models on this subject [9, 10, 32, 33J have not described the SA node in
such detail. The benefit that accrues by using the ON model is a much more
comprehensive description of factors affecting the state variables of the model,
during the course of an action potential as well as over longer periods of time.
In autonomic stimulation of the SA node cell, periods of time involving several
heart beats are of interest. The vagal stimulation model employed, namely that
used in previous work [10J, is capable of producing both phase response and vagal
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stimulation at 5 ppb, under three background conditions regarding norepinephrine concentration
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effect curves that describe the experimental findings of many investigators quite
well (see Fig. 6(A) and (B)). Our efforts to mathematically model the effect of
norepinephrine on the waveshape and cycle length of the SA node cell is based on
the experimental findings of Brown and Oi Francesco [22] and Noma et al. [16].
The extension of the modified model to the case where the effect of the back
ground levels of NE on the phase sensitivity of the cell to vagal burst stimuli (Fig.
9) seems to have bourne good fruit, since the model-generated pacemaker
response curves generally agree with the experimental findings of Stuesse et al.
[31].
The results reported here are admittedly preliminary. However, a modeling
approach of this type may eventually be of use not only in describing the electrical
behavior of pacemaking cells in the heart, but also as a conceptual tool for the
study ofmore complex subjects such as the effect of parasympathetic-sympathetic
interactions on nodal tissue, and subsequently their effect on heart rate.
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4. Effects of the discrete cellular structure on
electrical propagation in cardiac tissue

Y. RUDY and W. QUAN

Abstract

The effects of the discrete cellular structure on propagation of electrical excita
tion in cardiac muscle were studied in a I-dimensional fiber model containing a
periodic intercalated disc (ID) structure. Globally, the macroscopic velocity of
propagation follows the behavior associated with propagation in a continuous
tissue (except for high values of disc resistance). In addition, the computed spatial
extracellular potential is a smooth bi-phasic waveform and does not reflect the
underlying discrete cellular structure of the tissue. Other results of the simula
tions demonstrate the discontinuous nature of propagation. Vmax displays a
bi-phasic behavior as a function of increasing ID resistance. An initial 'paradoxi
cal' increase in Vmax (with a simultaneous decrease in conduction velocity) is
followed by a decrease which leads to decremental propagation and conduction
block. The time constant of the foot of the action potential ('tlnn,) increases
monotonically with increasing ID resistance. An increase in the leakage current
to extracellular space brings about a significant decrease in the action potential
duration and a loss of the plateau. This major effect is accompanied by a relatively
smaller decrease in conduction velocity. Collision of two activation wavefronts
results in a significant (100%) increase in Vmax and a very small (0.6%) decrease in

Introduction

The anatomical structure of the myocardium as an assembly of discrete cells
separated by a periodic intercalated disc structure was established in 1954.
However, until recently the propagation of electrical excitation in cardiac muscle
has been characterized as though it occurred in a syncytium. The effects of the
structural discontinuities introduced by the discs were not considered important,
and activation was analyzed on the basis of continuous models utilized suc-
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cessfully for nerves (classical continuous cable theory). Recent experimental
results [1, 2] showed electrical properties of cardiac muscle that could not be
explained on the basis of classical continuous cable theory. For example, Vmax

(maximum rate of change of the temporal action potential) was observed to
increase as propagation velocity decreased due to a wider angle of propagation
relative to the fiber axis. This result is in contrast to the direct relationship
between Vmax and velocity predicted by continuous models and often used in the
interpretation of results obtained in cardiac tissue. In addition, the importance of
the anisotropic structure of cardiac muscle in determining conduction velocity
and source configuration [3-5], as well as its possible role in causing conduction
abnormalities [1] was recently established. The anisotropy is caused largely by the
higher density of discs traversed by a wavefront propagating perpendicular to as
compared to parallel to the fiber axis. The anisotropy reflects, therefore, the
discrete nature of the myocardium. It is clear that the effects described above and
the underlying mechanisms involved can only be examined using a model which
includes microscopic discontinuities (intercalated discs) at the cellular level. In
this paper a model of this nature is utilized to study the effects of the periodic disc
structure on propagation in cardiac muscle.

Methods

The model (Figure 1) consists of a one dimensional fiber that includes 4(}-lOO
individual cells (each 100 JLm long, and 16 JLm in diameter). Neighboring cells are
connected by an intercalated disc structure modelled as a T-resistance network
(two axial resistances representing the intercytoplasmic channels (connexons),
and a radial leakage resistance to the extracellular space). Each individual cell
was discretized into 3 Beeler and Reuter [6] membrane patches. This division of
the cell was tested for convergence. It permits the study of spatial variations
within a single cell, and allows to separately study effects of the myoplasm and of
the intercalated disc resistance. By combining the Beeler and Reuter membrane
model with the core conductor model [7] and the periodic intercalated disc
structure, we were able to develop equations for the propagating action potential
Vm (x,t) at every membrane patch. The method of Cooley and Dodge [8] and the
simplifying algorith of Rush and Larsen [9] were used to compute Vm (x,t)
numerically.

Results

Effects of variations in the intercalated disc resistance

Under normal physiological conditions the contributions from the myocardial cell
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Figure 1. A: discrete cable model of cylindrical cardiac cells, each lOO/Lm in length and 16/Lm in
diameter, interconnected by an intercalated disc structure which contains intercellular bridges (con
nexons). B: core conductor network with 3 Beeler and Reuter (B-R) membrane patches per cell, and
a T-network representing the intercalated disc between cells. Rt = disc resistance, Rmyo = myoplasm
resistance, and R'h = leakage resistanc.e to extracellular space.

myoplasm and from the intercalated disc to the total effective axial resistance are
roughly equal. However, while the myoplasm occupies a length of 100 JLm per cell
in the direction of propagation, the gap junction between cells is only 80A in
dimension, introducing a recurrent periodic discontinuity in the axial resistance.
Moreover, the junctional resistance can be modulated and obtain very high
values in abnormal cases such as ischemia and infarction leading to very slow
conduction and, in the extreme case, to complete decoupling of neighboring cells
and a resulting conduction block. It is clear, therefore, that the discrete recurrent
junctional resistances must play an important role in the activation process in
cardiac tissue. This section deals with the effects on propagation caused by
changes in junctional resistance. In the stimulations below the myoplasm resis
tance was kept constant at the typical value of 200 ohm· cm, while the disc
resistance was varied over a wide range of values (see Figures below).

Macroscopic velocity and microscopic velocity

Two different velocities were defined: microscopic velocity emicro representing the
velocity of propagation inside a single cell, and macroscopic velocity emaero (or
average velocity e) representing the average velocity of propagation over many
cells. The effects of variations in the effective axial resistivity (brought about by
changing the disc resistance for a constant myoplasm resistance of 200 ohm· cm)
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on 6 mino and 6macro are shown in Figure 2 (curves 1 and 2, respectively). The
continuous case (no discs were included in the model) is shown for comparison in
curve 3, and follows the inverse square root relationship between conduction
velocity and axial resistance as expected. As the disc resistivity was varied from
O.lohm . cm2 to 360 ohm· cm2 6 mino and 6macro exhibit opposite changes. The
microscopic velocity increases with increasing disc resistance reflecting the fact
that the current is more confined to the single cell and therefore more current is
available to depolarize the cellular membrane. The macroscopic (average) ve
locity, on the other hand, decreases with increasing disc resistance as a result of an
increased time delay at the disc. In the range of effective axial resistivity from
210 ohm· cm to 1000ohm· cm the macroscopic velocity follows closely the inverse
square root relationship of continuous cable theory. However, beyond this range
changes in the disc resistance result in a greater decrease in velocity than pre
dicted by the inverse square root relationship. It will be shown below (section on
decremental propagation) that in the range of 380 ohm . cm2 to 400 ohm . cm2 of
disc resistance decremental conduction is obtained in the discontinuous model,
and beyond this range complete block occurs. Note (Figure 2) the discontinuous
'saltatory' nature of propagation with high velocity of propagation inside a cell,
and slower propagation over many cells. For the typical value of 2ohm· cm2 disc
resistance the microscopic velocity is twice macroscopic velocity. This ratio
increases and the saltatory nature of propagation becomes more pronounced with
increasing disc resistance (Figure 2).

Vmax and velocity

The maximum rate of rise of the action potential Vmax and the average mac
roscopic velocity 6macro are shown in Figure 3 (curves 1 and 2 respectively) as a
function of the effective axial resistance (again varied by increasing the disc
resistance while keeping the myoplasm resistance constant at 200ohm . cm). The
continuous case is shown for comparison in Figure 4. Vmax displays a bi-phasic
behavior. In the range of disc resistance from 0.1 ohm· cm2 to 70 ohm· cm2 Vmax
increases and conduction velocity decreases. This 'paradoxical' behavior is op
posit to the direct relationship between Vmax and conduction velocity that is
predicted by continuous cable theory when the membrane sodium conductance is
varied. Note that for small values of disc resistance velocity is high and Vmax levels
off, approaching the value associated with propagation in a continuous cable (see
Figure 4). For high values of disc resistance a second phase is exhibited and Vmax
decreases with increasing disc resistance. This part of the curve reflects the
transition to decremental conduction and eventually to a complete conduction
block. For a certain value of disc resistance (70 ohm· cm2) Vmax attains a max
imum. For this high resistance value the cell is separated to a large degree from its
downstream neighbor and Vmax approaches the value that could be obtained
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Figure 2. The effects of variations in axial (longitudinal) resistivity on microscopic velocity (6m;c curve
1) and on average macroscopic velocity (6m:oc curve 2). The continuous case (no discs included in the
model) is shown for comparison (curve 3) and follows the inverse square root relationship of
continuous cable theory. The effective longitudinal resistivity is varied by varying the disc resistivity
while the myoplasm resistivity is kept constant at 200 ohm· cm. Both effective longitudinal resistivity
and the corresponding disc resistivity are indicated.

under space-clamp condition. Note that in the continuous case (Figure 4) the
velocity drops according to the inverse square root relatio~shipand Vmax remains
constant, independent of variations in axial resistance.

The foot of the action potential ('(roo.)

Figure 5 shows the behavior of '(foot (curve 1) as a function of axial resistance
(again varied by increasing the disc resistance). The macroscopic velocity is also
shown (curve 2). For comparison, the continuous case is shown in Figure 6. Note
that '(fOOl increases monotonically with increasing disc resistance in the actual
discontinuous case, accompanied by a decrease in velocity. As expected, no
change in '(foot is observed in the continuous case (Figure 6). The sensitivity of the
'(fool measurement to its distance from the stimulus site is simulated in Figure 7.
For a stimulus of 900 JLA/cm2

'(fOOl measured at a distance of 2mm from the
stimulus site is about 10% smaller than that at 4 mm away. This long range effect
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of the stimulus has to be considered in measurements of "[fOOl from a cardiac tissue
of complex geometry.

Decremental propagation

For the range of very high disc resistivity (380 ohm· cm2 to 400 ohm· cm2) decre
mental propagation is obtained in our model simulations. This situation is shown
in Figure 8. The velocity of propagation decreases progressively with distance
from the stimulus site (the velocity could be as low as 1.5 em/sec). In addition, the
action potential duration and amplitude decrease. Note the spike like appearance
of the action potential which is consistant with the experimental observations
of Sasyniuk and Mendez [10]. For values of disc resistance greater than
400ohm . cm2 complete conduction block occurs.

The leakage resistance (R,,,)

An increase in the leakage current to the extracellular space may occur in areas of
damaged myocardium due to a decrease in the leakage resistance at the disc. The
effects of such changes on the propagated action potential are simulated below.
The major effect is on the action potential duration as shown in Figure 9. Curves 1
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to 4 correspond to progressively decreasing values of the leakage resistance
(RSh = lOS, 107, 1()6 and 105 kQ, respectively). As a result ofthe increase in leakage
current, the duration of the action potential decreases progressively until the
plateau is completely lost (curve 4). Note the small changes when RSh is decreased
from 108 to 107 kQ. In contrast, for Rsh smaller than 107 kQ the action potential
duration decreases quickly and this change is accompanied by a decrease in the
amplitude of the plateau. A progressively increasing effect on the velocity
of propagation is also observed with the values of 55.47 cm/sec; 55.40cm/sec;
54.80cm/sec; and 48.12cm/sec obtained for cases 1 to 4 respectively. For lower
values of Rshunl conduction block is observed.
The effects of variations in RSh on the ionic currents that constitute the Beeler
and Reuter membrane model are shown in Figure 10. While the sodium current
(INa) decreases by only about 10% in the range of RSh considered, the slow
currents (Is, IXI and Ikl) that are associated with the plateau and repolarization
phases are strongly affected and diminish in both amplitude and duration, bring
ing about the large change in the action potential duration.
In the simulations above the leakage resistance was varied at every disc
location in the fiber. A different situation is examined in Figure 11. Here the
leakage current at all disc locations is considered negligible except at the end of
the fiber, simulating a localized area of damage. A progressive decrease in action
potential duration and plateau potential is observed as the action potential
aproaches the 'leaking' end. For a fiber consisting of 40 cells, and for RSh =105 kQ
the action potential duration at the end of the fiber is shorter by about 20msec
than the duration at the 5th cell away from the stimulus site (the duration is
measured at -60mV).

Collision

Due to the complex geometry of the myocardial structure collisions of propaga
tion wavefronts are likely to occur both at the cellular level and the global tissue
level. In particular, the geometry and organization of the tissue suggests that
multiple collisions can occur for propagation in a direction transverse to the fibers
orientation. The following simulation (Figure 12) examines the effects of collision
at the cellular level in the one dimensional discontinuous fiber. The model
consists of 40 individual cells with symmetrical boundary conditions at both ends.
Stimuli were applied simultaneously at both ends of the fiber, leading to a
collision site at the 20th cell. The numbers in the body of the figure mark the cell
number in the fiber. As the action potential approaches the collision site several
changes are observed. Vmax increases progressively and is almost doubled at the
collision site. In addition, Vmax is obtained at progressively higher values of
potential (marked by the line connecting the cells from 10 to 20 in the figure), and
the amplitude (relative to the zero potential) increases as well. In contrast to the
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large increase in the value ofVmax' "tlOOl shows a very small decrease of only 0.6%.
The variations of these four variables (Vmax' the membrane potential Vm at Vmax'
"tloo!' and the maximum potential amplitude Vmax) as a function of distance from
the collision site are summerized in Figure 13.

Extracellular potential

The rising phase of a spatial propagating action potential obtained from the
discontinuous model is shown in Figure 14. Note the sharp discontinuities intro
duced at each intercalated disc location (arrows). In contrast, the action potential
computed from a continuous model (no discs included) is smooth an does not
exhibit sharp changes in slope (inset to Figure 14). The equivalent dipolar source
density along the fiber is proportional to the slope of the action potential. The
source density is therefore very large at the disc. However, only a small fraction of
the cell cross section is occupied by the connexons at the gap junction and is
available for axial current flow. The effective cross section at the disc is only
0.01%-0.03% of the total cross section based on morphological studies [11].
Taking this factor into account, the contribution to the extracellular field from
sources at the disc becomes negligible [12], and the computed spatial extracellular
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potential at the surface of the fiber (Figure 15) is a smooth biphasic waveform that
does not reflect the underlying discontinuous structure.

Discussion

The simulations described above demonstrate the importance of the structural
discontinuities introduced by the intercalated discs in determining the charac
teristics of propagation in cardiac muscle. The propagation is discontinuous in
nature with high velocity inside a cell, and slower average (macroscopic) velocity
over many cells. This discontinuous behavior becomes progressively more pro
nounced with increasing disc resistance. It should be emphasized, however, that
over the normal physiological range of disc resistivity the discrete structure of the
myocardium is not manifest in the behavior of the macroscopic velocity of
propagation which follows closely the inverse square root relationship of continu
ous cable theory. Only for high values of disc resistance (>20 ohm . cm2) a
deviation from this relationship is observed, and for very high disc resistance
(>380 ohm . cm2) decremental propagation and conduction block are obtained.
In addition, the extracellular potential even at the surface of the fiber does not
reflect the underlying discontinuities and resembles the smooth bi-phasic wave
form of the continuous case.
In contrast to the above, several important characteristics of the propagating
action potential are strongly influenced by the underlying discrete nature of the
fiber. For a certain range of disc resistivity a 'paradoxical' increase in Vmax with
decreased velocity caused by higher disc resistance is observed. The behavior in
this range can be explained on the basis of higher degree of confinement of the
axial current flow. Since the relative contribution of the discs to the effective
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resistivity is higher in the direction transverse to the fibers, slow conduction with
high Vmax should occur in this direction. This behavior was observed experimen
tally by Spach et al. [1]. It should be noted that for high values of disc resistivity
(>700hm· cm2) Vmax starts to decrease and a gradual transition to decremental
propagation and eventually conduction block is observed. This complex non
monotonic behavior ofVmax implies that the common practice of using Vmax as an
index of conduction velocity (based on the direct relationship between the two
that is obtained from classical continuous cable theory) may not always be valid
for cardiac muscle.
Another important parameter is the foot of the action potential ('tfooJ In our

simulations 'tfool increases with increasing disc resistance. This result is in dis
agreement with the experimentally observed decrease in 'tfool for propagation
transverse to the fibers in the 2-dimensional tissue preparation of Spach et al. [1].
The complex geometry of cell connections and branching in two dimensions
suggests that many collisions may occur in this preparation, especially in the case
of transverse propagation. This motivated us to examine the effects of collisions
in our I-dimensional discrete model. As a result of the collision Vmax is almost
doubled. This result is consistent with the 80% increase inVmax observed by Spach
et al. A slight decrease in 'tfoot is observed at the collision site in the simulation.
While the direction of the change is in agreement with the experiment, quan
titatively the simulated effect is negligible compared to the 30% change that is
observed experimentally. The question whether multiple collisions in the two
dimensional geometry can bring about the observed change awaits further inves
tigation.
The simulations related to the effects of increased leakage current at the disc
examine a situation that is not documented experimentally. However, it is
possible that under abnormal conditions structural changes in the disc may occur
that bring about a decrease in the leakage resistance (Rsh)' The major effect of an
increase in the leakage current is to significantly shorten the duration of the
propagating action potential. Such localized changes in regions of the myocar
dium can bring about non-uniformities in refractory periods and precipitate
conditions of vulnerability to arrhythmias (reentry).
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5. Electrical field model for electric interactions
between myocardial cells

N. SPERELAKIS

Abstract

An electric field model for the electrical transfer of excitation between con
tiguous excitable cells was proposed in which there is no requirement for low
resistance connections between the cells. The major requirement is that the pre
and post-junctional membranes be ordinary excitable membranes. The electric
field that develops in the narrow junctional cleft between contiguous cells during
the rising phase of the action potential in the pre-junctional membrane acts to
depolarize the post-junctional membrane to threshold. The electric field model
has been further developed by incorporating the effect of K+accumulation in the
clefts. The combined effects of the electric field and K+ accumulation were
examined in a chain of six cells. Propagation occurred down the chain at velocities
of about 25 cm/sec, at surface to junctional membrane capacitance ratios ranging
from 62.5: 1 to 80: 1.When the surface to junctional membrane capacitance ratio
of80: 1was kept constant but the total capacitance was increased 2x, 3x, and 4x
the corresponding velocities were: 25.5 (IX), 15.6 (2x), 9.6 (3x), and 2.9 cm/sec
(4x). When K+ accumulation was not incorporated, propagation occurred only
when the capacitance ratio was 80: 1and at a slower velocity. Hence, allowing K+
to accumulate in the junctional clefts facilitates transmission of excitation from
one cell to the next and enhances propagation velocity. These results are in
agreement with our previous theoretical analysis that showed that K+ accumula
tion in the junctional clefts could be an important facilitory mechanism for
transmission of excitation, and with the fact that propagation velocity increases
markedly to an optimal value when [KJo is elevated to about 8mM. The electric
field model is also consistent with the findings of Spach et al. [IJ that propagation
in cardiac muscle is saltatory or discontinuous in nature, and with those of Diaz et
al. [2J who concluded that propagation jumps from intercalated disk to intercal
ated disk, with most of the propagation time being consumed at the cell junctions.
Although it is not known whether the electric field model actually applies
biologically, given the morphological arrangement of the cells with very closely
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spaced junctional membranes, it is difficult to rule it out. Hence, the electric field
model provides a possible alternative mechanism for electrical interactions
among contiguous excitable cells that either are not normally connected by low
resistance tunnels or have lost such connections under pathological conditions.

Introduction

The vertebrate myocardium is an assembly of short individual cells, separated at
their ends by the intercalated disks (IDs). The fluid in the 10 gap is continuous
with the bulk interstitial fluid, and the gap thickness averages about 200A [3J.
Regions in which the two membranes come into closer proximity (about 20A),
the gap junctions, are found abundantly in mammalian hearts, but such spe
cialized contacts are rare and much smaller in area in lower vertebrates (see for
references [4, 5]). A step on the rising phase of the action potential, resembling a
post-junctional potential, becomes prominent under conditions of impeded prop
agation [6]. Increase in gap width occurs in conditions that depress propagation
[4J, and the cell-to-cell transmission process is labile [7, 8J. Contiguous cells
become functionally disconnected at the IDs following focal injury [9J and under
other experimental conditions [4J.
There are two major schools of thought with respect to the mechanism whereby
excitation spreads from one cell to the next. One school, summarized by Weid
mann [lO), believes that the cells are connected by low-resistance pathways at the
gap junctions (by means of small-diameter tunnels), such that local-circuit cur
rent accompanying the action potential can readily spread from one cell to the
next. The second school of thought, summarized by Sperelakis [8, 11), believes
that the cells do not require low-resistance connections. If so, then there must be
some type of unique mechanism involved. For example, K+ ion accumulation in
the junctional cleft during the rising phase of the action potential might help to
rapidly depolarize the post-junctional membrane to its threshold [13]. An analysis
of the resistance and potential profiles within the cleft at the intercalated disk was
made [14]. Sperelakis and Mann [15, 16J presented a new model which would
allow electrical transmission to occur between contiguous excitable cells, without
the requirement of low-resistance connections, provided that the pre- and post
junctional membranes were ordinary excitable membranes. In this electric field
model, the electrical potential developed in the narrow junctional gap between
cells, during excitation of the prejunctional membrane, serves to depolarize the
postjunctional membrane to threshold by means of a 'patch clamp' effect. The
present article is an expansion and updating of my article published three years
ago [l1J.
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Some evidence against low-resistance coupling

This section will provide a brief review and summary of some of the key evidence
that suggests that adult myocardial cells are not normally connected by low
resistance pathways. In the case of reverted (partially dedifferentiated) myocar
dial cells in reaggregate culture, about half of double-microelectrode impale
ments showed moderate to strong degrees of electrotonic coupling, i.e., the ratio
of i1V/i1VI was high, whereas very weak or no electronic coupling was observed
in the highly differentiated reaggregates [17].

Morphological evidence

In electron microscopy of cardiac muscle, in certain conditions such as muscular
dystrophy or hypertonicity, pathologically-appearing cells are often observed
surrounded by normal-appearing cells [3, 18]. The cell membranes along the cell
surface and intercalated disks are the sharp boundaries between the normal
appearing and abnormal-appearing cells. The morphological changes may in
clude: super-contracted myofibrils, swollen SR, and swollen and disrupted
mitochondria. The fact that the individual cell is the smallest unit to exhibit
pathology or die is more consistent with lack of low-resistance connections to
neighboring cells.
In cat hearts rapidly fixed during induced ventricular fibrillation, sharp discon
tinuities in sarcomere length were observed across the intercalated disks [19].
That is, one cell might be in a contracted state (e.g., average sarcomere length of
1.8J-tm), whereas a contiguous cell across an intercalated disk was in a relaxed
state (e.g., sarcomere length of 2.1 J-tm). It is difficult to conceive how this could
occur if low-resistance connections existed between cells, since then the two cells
should have been at nearly the same membrane potential, and hence have about
the same state of contraction.
As stated previously, gap junctions are either absent or present at very low
incidence, and tiny in size, in cardiac muscle of lower vertebrates (e.g., amphibi
ans and reptiles) ([20]; see for additional references [4]). If this is correct, and
since transmission from myocardial cell to myocardial cell does occur in these
hearts, if is difficult to assume that the gap junction is the morphological basis for
transmission from cell to cell.
In sheep Purkinje fibers exposed to two electron-opaque tracers (ruthenium
red and lanthanum nitrate), Baldwin [21] found that cells near a cut end, but
allowed to heal, took up the tracers whereas the other cells did not. In tissue pre
fixed in glutaraldehyde dye coupling occurred even though glutaraldehyde fixa
tion should have converted all communicating junctions to the blocked or un
coupled state. No differences could be detected morphologically between gap
junctions in injured (and presumably uncoupled) and un-injured areas. These
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findings seem to place some doubt on the role of gap junctions in the transmission
of excitation.

Presence of junctional potentials

Junctional potentials are not expected in cables, e.g., if the cells were freely
interconnected by low-resistance pathways. In reality, steps on the rising phase of
the cardiac action potential are frequently observed [6, 22-24]. The steps (or
prepotentials) become much more prominent under conditions of impeded prop
agation. The junctional potential represents the excitatory interaction between
contiguous cells, and triggers the action potential in the post-junctional cell. In
the context of the electric field hypothesis discussed below, the junctional poten
tial may reflect the potential change across the post-junctional membrane (pas
sive plus active).
Excitatory junctional potentials (EJPs) are illustrated in Fig. 1 for cultured

heart cell monolayers. They can be observed as steps on the rising phase of the
action potentials. The EJPs can also be revealed by hyperpolarizing the mem
brane sufficiently to inhibit development of action potentials (Fig. lA-B). When
such an experiment is done, there is an abrupt disappearance of the spikes,
leaving only the driving EJPs (Fig. lB). The sudden disappearance of spikes also
argues against low-resistance connections between cells, because if such connec
tions existed, then the amplitude of the action potential should have decreased
progressively as anodal block spread further and further away into neighboring
cells with increasing steps of hyperpolarizing current. This was never observed
[24]. Therefore, it seems unlikely that the cells were connected by low-resistance
pathways, even though transmission of excitation occurred from cell to cell.
Sometimes EJPs without spikes occurred naturally, indicative of a partial block
of transmission (Fig. 1D-F). In such cases, local excitatory potentials are some
times superimposed on the EJPs, and they can be suppressed by hyperpolariza
tion (Fig. IE). Depolarizing pulses circumvent the partial block (Fig. 10). Con
tractions of the impaled cell did not occur when only EJPs were recorded,
although the neighboring cells contracted; however, contractions did occur when
spikes were generated.

Hypertonicity partial block

Intracellular microelectrode recordings simultaneous with surface ECG record
ings were made on isolated frog hearts before and during perfusion with hyper
tonic solutions [25]. In isotonic solution the intracellular action potentials were
always in synchrony with the surface ECG potentials. However, in hypertonic
solution an impaled cell sometimes fired action potentials at a fraction of the
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Figure 1. Presence of driving junctional potentials in monolayer cultures of embryonic chick ventricu
lar cells, showing the spread of excitation to the impaled cell from a neighboring cell. Upper trace
indicates relative intensity of current pulse; upward deflection, depolarizing current and downward
deflection, hyperpolarizing current. A-C: sequential photos from one impalement. Hyperpolarizing
pulses of 4.8nA (A) and 7.6nA (B); the larger pulse suddenly abolishes firing and reveals the driving
junctional potentials. Depolarizing pulse of 3.6nA applied in C. D-F: sequential photos from an
impalement illustrating the variable magnitudes of the junctional potential. D: no current applied;
amplitude of prepotential increases during diastolic depolarization between spikes. E: hyperpolariz
ing pulse of 2.0 nA diminishes the local excitatory response and produces complete transmission
block. Anodal-break excitation occurs at end of pulse. F: depolarizing pulse of 1.8nA causes each
junctional potential to trigger a spike, thus circumventing the naturally-occurring partial block. Taken
from Sperelakis [8).

ECG frequency. During the time that the impaled cell failed to fire an action
potential there was only a very small (1-2 mY) potential change in this cell; this
indicates that the large electric field generated by the heart, as evidenced by the
ECG, was only slightly reflected in the quiescent impaled cell. This suggested that
the impaled cell was electrically isolated from its neighbors, even though it had a
large resting potential and was capable of firing large action potentials, thus
showing that it was functionally connected to the surrounding cells.

High input resistance

The resistance between two closely-spaced microelectrodes was measured in frog



82

ventricular muscle when one microelectrode was intracellular and when both
were intracellular [26J. The rationale for this experiment was that if the myocar
dial cells were connected by low-resistance pathways, then the total resistance
measured when only one electrode was impaled (the input resistance, Rio) should
decrease when the second electrode was inserted nearby «0.5 mm away).
Instead, what was found was that the total resistance increased to about twice Rio'
This indicates either that there are no low-resistance connections between the
cells or that the length constant (A.) is «500 /Lm.

The Rio values obtained for cardiac muscle are high, about 3-12MQ; similar
values are obtained for cultured heart cell monolayers [8, 24, 26, 27J. De Mello [9,
28J has reported values of about 3MQ for Purkinje fibers. The high Rio is
consistent with the junctional membranes (intercalated disks) being of high
resistance, because a high Rio means that most of the current injected intra
cellularly exits into the interstitial fluid (ISF) close to the site of injection.
Therefore, the higher the Rio the greater the likelihood that the intercalated disks
are high in resistance. In a 3-dimensional syncytium, the cells being highly
interconnected with low-resistance pathways, Rio should be very low (or Rm

would have to be extremely high). In a true cable Rio =1/2 rm°.5 rio.5; therefore, for a
fiber of given diameter and rm, Rio is a fuction of rio Since the resistance of the
intercalated disks (rmd) is in series with, and indistinguishable from, ri, a high Rio
would reflect a high rmd • An additional approach was also used to infer that the
intercalated disk membranes are high in resistance [11].

Electrotonic spread of current

The most direct method of determining whether current can spread easily from
one cell to another is to measure the electrotonic spread of injected current. This
was done in frog and cat ventricular muscles (trabeculae) using double micro
electrodes cemented together at a fixed interelectrode distance [29-31]. Elec
trode 1 was placed in a bridge circuit so that voltage (~VI) could be recorded
while polarizing current was injected; electrode 2 was used only for voltage
recording (~V2)' At interelectrode distances of 60 /Lm or greater (longitudinal
orientation), currents of up to 16 nA never produced a change in Em at electrode 2
(i.e., ~V2 = 0), even though ~VI was large. That is, the degree of electrotonic
interaction (~Vi~VI) was always nearly zero. At shorter distances, two types of
behavior were observed depending on the impalement: either ~Vi~VI was large
(e.g., 0.3-1.0) or the ratio was nearly zero. For example, Fig. 2 illustrates two
impalements at an interelectrode distance of 7 /Lm, one of which showed a large
electrotonic interaction (Panel A), and one which exhibited almost zero interac
tion (Panel B). The shorter the interelectrode distance the greater was the
incidence of observed interactions. When the electrodes were placed perpendicu
lar to the fiber axis, significant electrotonic interactions were never observed at
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Figure 2. Typical experiments measuring spread of electrotonic current between two closely-spaced
intracellular microelectrodes in intact myocardium at rest. The experiments illustrated were on frog
ventricular trabeculum at an interelectrode distance of 7JLm. Electrode I was in a bridge circuit and
was used to apply current and record potential (~VI) simultaneously; electrode 2 was used to record
voltage (~V2), a short distance away. In some impalements (A), the degree of electrotonic interaction
during the application of hyperpolarizing pulses (ratio of ~Em recorded by each electrode, namely
~V/~VI) was high, being nearly 100% in some cases. In other impalements (B), the degree of
interaction was low, approaching 0%. Several step increments of current were applied in A and B.
The bridge became unbalanced during the last four steps in A. Figure modified from Tarr and
Sperelakis (29).

distances greater than 10 JLm. Thus, it was concluded that electrotonic interac
tions between the two electrodes occurred only when the two microelectrodes
had impaled the same cell.
Several criteria independently confirmed when the two electrodes had impaled
the same cell. One such criterion was the recording of simultaneous and con
gruous subthreshold oscillations. Another criterion was the decline of resting
potenial due to injury subsequent to the double impalement. The latter is
illustrated in Fig. 3, in which impalements were made in frog ventricular muscle at
an interelectrode distance of llJLm. As shown in Panel A, the interaction at rest
and during the plateau was zero in this case in which both cells had high resting
potentials. In another penetration (Panel B), the cell impaled had a low resting
potential due to the double impalement, and the interaction was substantial.
A fortuitous result is illustrated in Panels C and D of Fig. 3. These are
sequential records from one impalement showing that while the two electrodes
were in the same cell the interaction was large (Panel C), but when one electrode
spontaneously left that cell and impaled a neighboring cell (due to the con
traction) the degree of interaction went to zero (Panel D). These data suggest that
there are no low-resistance connections between contiguous myocardial cells.

Resistivity measurements

Longitudinal resistivity (e,) measurements were made in bundles of cardiac
muscle (trabeculae and papillary muscles) before and during equilibration in
8-fold higher resistance solution [7, 32]. It was found that e, increased 6.3-fold
(Table 1), indicating that most of the applied current passed through the extra-
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Figure 3. Three experiments (A, B, and C-D) measuring the spread of electrotonic current between
two closely-spaced intracellular microelectrodes in intact frog ventricular trabeculae at rest and during
the action potential plateau. The interelectrode distance was ll/Lm. Two successive sweeps of the
oscillos.cope superimposed in each photograph. A: interaction at rest and during the plateau was
nearly 0%. B: in another impalement in which the cell was injured by the two electrodes, the resting
potential was low and the degree of interaction was high. C-D: in another impalement in which the
cell was injured, the resting potential was low, and the degree of interaction was high (electrode 1
deflection not shown because of bridge imbalance). The contraction accompanying the action poten
tial caused one of the electrodes to become dislodged from that cell and penetrate into a neighboring
cell which had a normal resting potential; the degree of interaction then became nearly zero. Figure
modified from Tarr and Sperelakis (29).

cellular space. That is, if Q, had increased 8-fold, then all of the current would
have passed through the interstitial fluid (ISF) space, even though the cross
sectional area of the cell space is much larger than that of the ISF space. In
contrast, in skeletal muscle, which is composed of long cellular cables, Q, in
creased only 1.6-fold (Table 1), indicating that most of the applied current passed
through the intracellular space. Therefore, these findings suggest that the myo
cardial cells are not connected by low-resistance pathways.

Impedance measurements

The longitudinal tissue impedances (Z) of parallel-fibered cat papillary muscles
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and ventricular trabeculae were measured at different sinusoidal frequencies [7].
In normal Ringer solution, it was found that the impedance decreased as fre
quency was increased, so that the ratio of impedances at 10,000Hz to 10Hz
(Zlil KH/ZIII Hz) was 0.75. This suggests that there are transversely oriented mem
branes in cardiac muscle (presumably the intercalated disks) that have a high
capacitance (Cmd) and a high resistance (Rmd). After equilibration in isosmotic
sucrose solution to increase the resistance of the interstitial fluid (ISF) the ZIO KH/
ZIO Hz ratio decreased even further to 0.48. That is, in sucrose, a greater fraction of

Table 1. Summary of measurements on the longitudinal and transverse resistivities of cardiac muscle
fiber bundles compared to skeletal muscle. and calculations based on these measurements.

A. In normal Ringer solution (isotonic control)
QI (O-cm)
Q. (O-cm)

Q,IQI

296 ± 19 (25)
3351 ± 240 (29)
11.4

200 ± 12 (26)
4285 ± 236 (23)
21.4

B. In tenfold diluted Ringer (+ sucrose to isotonicity)
QI (O-cm) 1865 ± 99 (7)
Q, (O-cm) 3672 ± 171 (26)
Q,IQI 2.0

321 ±34 (II)
5506 ± 434 (11)
17.1

C. Ratio of B to A:
QI/Qr

Q,IQ,

Q;" (O-cm)
Q"oll (O-cm)

Q"oll/Q;,r (measured)
(calculated assuming junctions are zero resistance)

Vol;" (% extracellular space)
Q; (O-cm-junc)
Rm; (O-cm2)
Rmj (O-cm2) (corrected for convolutions)

emj (/LF/cm2)

6.28
1.10

311 (33.700)
6140 (3,730)

19.8 (0.11)

16.1 (1.3)
5970
45
288
6.8

1.60
1.27

468 (17,100)
349 (5.710)
0.75 (0.33)

17.8 (4.1)
53

• Since in sartorius, Qcell == Q;sfo then if in sucrose Qisr --> 00, the maximum Q1u/QI would be 2.0. Q1u is the
longitudinal resistivity in ion-free isosmotic sucrose solution.

Q;" calculated assuming that the resistivity of the extracellular pathway goes up 8.5 times in isosmotic
solution in which all ion concentrations have been diluted IO-fold.

Q; calculated assuming a myoplasmic resistivity (R;) of 1400-cm (at 37°C) for cat cardiac muscle and

2400-cm (at 22°C) for frog sartorius; these values become 167 and 2960-cm. respectively. when
corrected for the ISF space (R,IVol;,r).

Rm; (uncorrected calculated assuming 67 junctions/em (cell length of 150/Lm) and no convolutions of
disk. The corrected Rmj calculated on the assumption of a 6.4-fold increase in surface area due to

convolutions obtained from the tortuosity ratio of 2.5 for cat cardiac muscle measured by Sperelakis

and Rubio. The Rm; value is for only one membrane of the junction.
Values given in parentheses are the calculated values for the transverse direction.
Table modified from Sperelakis and Macdonald [32J.
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the applied current must pass through the cell-to-cell pathway, and so the tissue
impedance should be more sensitive to the frequency. In contrast to these results
on cardiac muscle, the longitudinal tissue impedance of frog skeletal muscle
(sartorius) was independent of frequency, consistent with the absence of trans
verse cell membranes, Le., the fibers are long cables.
From the above resistivity and impedance data, calculations gave the following
values for cardiac muscle: Rmd = 2880 x cm2; Cmd = 6.8J.tF/cm2; Vol,sF = 16%
(Table 1). The resistance of the cell pathway was about 20x greater than that for
the ISF pathway, whereas in skeletal muscle, this ratio was only 0.75 (Table 1)
[8, 32].

Transverse resistivity

In parallel-fibered muscle bundles, the electrical resistance or resistance to
diffusion should be several times greater in the radial compared to the axial
directions relative to fiber orientation. Therefore, the extracellular fluid of a
muscle bundle itself acts as a cable, and one must distinguish between length
constants of the tissue and of the cells (or fibers). To examine this point, a physical
model to represent the extracellular fluid of a bundle of parallel cardiac muscle
fibers was constructed by using glass rods and Tyrode solution [8]. With the
packing of rods used, the electrical resistivity of the 'tissue' in the transverse
direction was seven times that in the longitudinal direction. In actual cardiac
muscle, this ratio can be much larger because of the smaller ECF space and the
more flattened profile of cell cross-sections. The ratio can theoretically approach
infinity with special packing.
An electrical analog circuit representing diffusion in the extracellular fluid of a
bundle of cardiac muscle fibers was also constructed [8]. Bullet-shaped potential
profiles (at lie) were obtained from the electric analog for any longitudinal
section passing through the core of the 'bundle' of 0.5 mm radius for different
resistance ratios. If the length constant (A) is arbitrarily taken as the point where
the potential falls to lie (37%), this analog gives an average tissue Afor a bundle
of 500 J.tm radius of about 0.53 mm (A' at the core of over 0.9 mm) if the ratio of
diffusion coefficients in the longitudinal/radial directions is taken as 8. Weidmann
[33] actually found that ABr for Be- diffusion in 0.4 mm radius cardiac bundles, Br
being used as an extracellular marker, was approximately 0.5 mm.
Theoretical calculations were also made for diffusion in parallel-fibered muscle
bundles using the diffusion equations [8]. Calculations were made for bundles
having radii of 0.4 mm and 1.0mm. The curves were sums of exponentials, but
approached a single exponential at the larger ratios. There was reasonably close
agreement between the theoretical calculations and the electrical analog mea
surements. Therefore, the long apparent 'length constants' measured by any
extracellular means can be due entirely to ion movements through the extracellu-
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lar fluid and need not have any direct bearing on the resistance of the intercalated
disks.
The transverse resistivity of cardiac muscle bundles was ll.4-fold greater than
the longitudinal resistivity, thus indicating that the tissue bundle acts as a cable
(Table 1) [32]. Because of this electrical anisotropy, this could account, at least in
part, for the fact that measurements of length constant made with extracellular
application of current give relatively long values of about 0.8-1.6 mm (e.g., see
[10)). That is, it is possible that measurements of A, made by extracellular
application of current, do not allow conclusions as to the cell-to-cell coupling
resistance (see [8)). With intracellular application of current, very short equiva
lent Avalues are obtained [8, 29, 34].

Cable analysis in cardiac bundles

It was demonstrated using physical analogs (glass rod model) and electrical
analogs that muscle bundles composed of parallel fibers act as a cable [8]. Such
muscle bundles behave as a cable because the resistivity of the tissue in the
transverse (or any radial) direction is much higher (10-20x) than that in the
longitudinal direction [32]. In other words, the diffusion coefficient for a small
ion, such as Na+ or Cl- through the interstitial fluid (ISF) space, would be much
lower in the transverse direction because of the tortuosity factor. A theoretical
and mathematical analysis of this problem of diffusion in a bundle was also made
[35]. Thus, the ISF space of the bundle acts as a cable because, from within the
core of the bundle, the transverse resistance is 10-20x greater than the longitudi
nal resistance. This fits the definition of a cable, which is two relatively low
resistance conductors separated by a relatively high transverse resistance. The
second longitudinal conductor is the fluid bathing the outer surface of the bundle.
Therefore, the cable properties of the muscle cells themselves must be dis
tinguished from those of parallel-fibered muscle bundles.
The cable behavior of muscle bundles can explain why measurements of the
length (space) constant (A) by extracellular methods give values much longer
(e.g., 0.8-1.6 mm) than those obtained by intracellular injection of current (e.g.,
70-200 JLm, which is about the length of one cell). (For a summary of these values,
the tissue used, and the references, see Table 5 in the article by Sperelakis [8].)
Therefore, depending on whether the current was applied intracellularly or
extracellularly, opposite conclusions would be reached with respect to the re
sistivity of the cell-to-cell junctions (e.g., the intercalated disks in the case of
cardiac muscle) and whether contiguous cells were connected by low-resistance
pathways. (When a very large current is injected intracellularly (e.g., >lJLA), it
behaves as an extracellularly-applied current and produces a measurable mem
brane potential change in adjacent cells, which gives a long apparent length
constant value that is artifactual.) It has been concluded in a number of publica-
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tions, based on the findings of a long Afrom extracellular application of current or
42K [8, 33], that the cells are connected by low-resistance pathways, since Awas
several times greater than one cell length. Arguments were developed and
proposed in the article by Sperelakis [8] that the cell-to-cell resistance cannot be
determined from experiments in which current is applied extracellularly.
To further analyze this problem, a bundle of closely-packed parallel fibers
embedded in an interstitial fluid (ISF) space, and bathed in a large volume
conductor, was modeled by an electrical circuit analog. To simplify the model,
only one fiber tract imbedded deep within the bundle core, consisting of 20 cells
linked end to end in a chain configuration, was represented and linked to the
equivalent circuit for the ISF space at each cell in the chain. The electrical circuit
representing the configuration of passive cell elements plus the surrounding
extracellular space is shown in Figure 4. Since all voltage measurements were
made under steady-state conditions, the capacitive elements in the cell membrane
could be ignored. These studies were carried out by Sperelakis and Picone [36].
The results showed that for cells not connected with low-resistance pathways, a
relatively long Acan be obtained if current is applied extracellularly. That is, the
length constant of the external bundle cable (AI» determines the apparent Avalue
measured intracellularly (Ar) in such a situation. Therefore, Avalues measured by
extracellular application of current should not be used to determine whether
contiguous cells are connected by low-resistance pathways.

Arand AI> had values of about 3.2 cI under standard conditions, which included a
ratio of resistivities of the bundle (ro/2rol ratio) of 10: 1 (Figs 5,6). When the ro/
2rol ratio was increased to 20: 1, Ar and AI> increased to 4.5 cl. If the cell length is
about 200 j.Lm, then a Arof4.5 cI is equivalent to 0.90 mm, which is in the vicinity of
the experimentally measured values.
The length constant of the inner fiber cable is strongly influenced by the outer
bundle cable. In fact, there is a 1: 1dependence ofAron AI> (see Fig. 7). The outer
bundle cable facilitates the electrotonic spread of current along the fiber, allow
ing more current flow down the fiber's length than would otherwise occur, giving
an apparent Arof about 3.2 cell lengths (c1) under standard conditions. Indeed, in
the absence of this outer bundle cable, the apparent length constant of the fiber
falls greatly (Ar <1 c1). Thus, AI> has a large influence on Ar• In contrast, the inner
fiber cable has a negligible influence on the outer bundle cable; its presence or
absence does not substantially alter the bundle length constant.
Lowering rmd had very little effect on AI>' with or without rjc connected. Lower
ing rmd , with or without rjc connected, had little effect on Ar, until rmd was lowered
to 1/800th or less of its standard value. In contrast, when the outer bundle cable
was disconnected, lowering rmd had a large effect on Ar, as expected from the cable
equation. Since the present analysis applies regardless of the actual mechanism of
cell-to-cell interaction, i.e. whether the resistance between cells is low or high,
one cannot conclude about the nature of cell-to-cell coupling from measurements
of length constant in a muscle bundle using extracellularly applied current.
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Figure 4. Circuit used for the electrical analog model for cable analysis of bundles of cardiac muscle or
smooth muscle. A fiber pathway, composed of a chain of 20 cells in series connected end to end, is
depicted deep within the core of a muscle bundle composed of many fibers orderly packed in parallel
to one another in part A. The circuit details are shown more clearly, with the cells and bundle
superimposed, in part B. The surface of the muscle bundle is bathed in a large volume of Ringer
solution which serves as a large volume conductor and is at ground potential. In the standard model,
the end (junctional) membranes have a high resistivity equal to that of the surface cell membrane, i.e.,
the contiguous cells are not connected by low-resistance tunnels; rmd is the resistance of these
membranes, prorated for surface area. As depicted, rj,. is the radial resistance ofthe junctional cleft. rm
is the transmembrane resistance of each cell surface membrane; ri is the equivalent internallongitudi
nal resistance (myoplasmic) of half of the cell length; rot is the equivalent external (outside) longitudi
nal resistance of the interstitial fluid (ISF) between fiber tracts; rOI is the equivalent (outside)
transverse resistance of the ISF space. Because of tortuosity in the transverse direction through the
bundle, the ratio of resistivities (ro,l2rot) is about lO. The values used for all circuit parameters are listed
in Table 1. Current was injected into one end of the bundle by applying a battery between ground and
the intracellular fiber pathway (ii) and extracellular bundle pathway (io), as depicted. Taken from
Sperelakis and Picone (36).

If the current is injected intracellularly only into celll of the 20-cell chain, then
an enormous discontinuity in potential along the inner fiber cable occurs, which is
confined primarily to cell 1 but slightly to cell 2 as well (Fig. 8). However,
beginning with cell 3 and beyond, the voltage profiles and Ab and At values are
unchanged from those depicted in Figures 5 and 6. Therefore, currents injected
intracellularly behave as if they were applied extracellulary with respect to cells
distant from the point of current injection. The results were similar when current
was injected intracellularly into cell 11, except that the discontinuity was sym
metrical, as expected, on both sides of the current injection point. This distortion
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Figure 5. Computer simulation of fall-off of steady-state voltage with distance (cell lengths) under
standard conditions. At lower left, values for the length constant (A) are shown, as measured from the
spatial decay of voltage across the extracellular transverse resistances (rOl),the paired extracellular
longitudinal resistances (2ro'), and the membrane resistance (rm), respectively. As can be seen, there is
some disturbance of the exponential decay of potential at the termination ofthe bundle. Two curves in
the figure were drawn to reflect the discontinuities in potential along the outer bundle cable and inner
fiber cable. due to the use of lumped single resistors to represent the resistive parameters for each cell
and its surrounding fluid. Taken from Sperelakis and Picone (36).

quickly dissipates as the current flows away from the point of injection. The large
voltage discontinuity in the injected cell and somewhat in its immediate neighbor
is caused by the high-resistance junctions in the model (under standard condi
tions), i.e., the lack of low-resistance connections between cells. The slightly
larger voltage drop in the neighboring cell is the result of an increased amount of
current flowing directly between the injected cell and its neighbor across the cell
junction.
Hence, length constant measurements, made using bundles of muscle fibers,
are not sufficient to make any conclusions regarding the degree of cell-to-cell
coupling in the fibers. As was shown above, this is because the relatively long
length constant of the bundle (e.g., 0.8-1.6mm, depending on bundle diameter
and cell packing [8]) is the primary determinant of the voltage decay measured
intracellularly along the fiber. In cases where low-resistance connections between
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Figure 6. Fall-offof steady-state voltage with distance (cell lengths) under standard conditions plotted
in a normalized fashion with respect to the voltage across cellI. At lower left, values for the length
constant (k) are shown, as measured from the spatial decay of voltage across the extracellular
transverse resistances (ro,)' the paired extracellular longitudinal resistances (2rol)' and the membrane
resistances (rm). Taken from Sperelakis and Picone (36).

contiguous cells are assumed not to exist, a long apparent length constant would
still be obtained. That is, a long length constant does not reflect low-resistance
connections between cells in a fiber, but rather reflects the long length constant of
the bundle.
Thus, measurements of cell-to-cell coupling, based on the use of an Abe
Tomita bath chamber [37), should be re-evaluated. This overriding influence of
the bundle length constant probably accounts for results obtained by a number of
laboratories, in which they found that conditions which varied the number of gap
junctions had little or no apparent effect on the length constant as measured in an
Abe-Tomita chamber [37-39]. For example, Daniel et al. [38] noted that the
length constants for the circular and longitudinal layers of the large intestine are
nearly identical despite the large difference in the number of gap junctions in
these tissues.
In summary, the long length constant values obtained for bundles of parallel
packed fibers by extracellular application of polarizing current (e.g., 0.8-1.6 mm)
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Figure 7. Graphic plot of the data from the computer simulations showing the dependence of the
length constant of the cell pathway (fiber A) on the length constant of the interstitial fluid pathway
(bundle A). The straight line drawn through the data points has a slope of1.0 and extrapolates through
the origin, and indicates that the bundle Acompletely determines the measured fiber A. The values for
Aare given in arbitrary units of cell length. The numbers given in parenthesis near each data point
indicate the number of data points averaged, all of which were identical values. Bundle Awas changed
by varying the ro,/rol ratio. Taken from Sperelakis and Picone [36J.

are primarily due to the long length constant of the extracellular space, not of the
fiber. Thus, these values do not necessarily reflect low-resistance junctions
between the short cardiac muscle or smooth muscle cells. Such measurements of
length constant, therefore, should not be used as a measure of cell-to-cell resis
tance. Thus, traditional measurements of cell-to-cell coupling should be ques
tioned, and probably accounts for results obtained by several investigators in
which they found that conditions which varied the number of gap junctions had
little or no apparent effect on the cell-to-cell resistance.

High-resistance coupling

From the above, it appears that there is some doubt about the validity of the low-
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diamonds (V'o,) and triangles (V2rol)' There was an enormous discontinuity in potential along the inner
fiber cable between the first few cells. Currents injected intracellularly behave as if injected extra
cellularly with respect to distant cells. Taken from Sperelakis and Picone [36].

resistance coupling hypothesis for adult cardiac muscle. The purpose of this
section is to present several alternative possibilities based on high-resistance
coupling between the cells.

K+ accumulation model

A normal cell constituent such as K+ ion could serve as a chemical messenger.
During depolarization, the electrochemical driving force for net outward K+
current increases instantaneously. Therefore, efflux of K+ across all surfaces of
the cell will suddenly increase during the rising phase of the action potential, ifK +

conductance (gK) remains constant. The K + effluxing across the surface sar
colemma will tend to diffuse rapidly into and mix with the bulk ISF. However, the
K+ effluxing into the narrow intercalated disk (10) cleft will accumulate and tend
to depolarize the post-junctional membrane. A theoretical analysis [12] indicated
that the K + concentration in the 10 cleft would increase from a baseline level of
4 mM to about 10mM within 1msec (for a gK of 0.01 S/cm2 and gap width of 100A)
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Figure 9. Potassium accumulation in the intercalated disk cleft during excitation of the pre-junctional
cell based on theoretical calculations. K+ concentration in the center of the junctional gap ([KJic) is
given as a function oftime in msec. It was assumed that the initial [KJ;c value was 4 mM, and the resting
potential was -90mV. The curves were calculated for the four different K+ conductance (gK) values
indicated. A: gap width of 50 A. B: gap width of 200 A. Figure modified from Macdonald et al. [12J.

(Fig. 9). Such a K+ accumulation is sufficient to decrease EK across the post
junctional membrane by about 20mV, which is close to the critical depolarization
required to reach threshold. The K+ accumulation was even greater if the
effective junctional gap width was decreased. Thus, K+ accumulation may be at
least a contributory factor in the transmission process.
Page and McCallister [40] proposed that transient ion accumulations occurring
in the ID cleft might be electrophysiologically important. By use of K+-sensitive
micro-electrodes, Kline and Morad [41] demonstrated that a K+ accumulation of
1-2 mM occurs in the ISF of frog ventricular strips during each action potential.
They suggested that much greater K+ accumulations would occur in narrow clefts
such as at the cell junctions.
Consistent with the view that K+ accumulation in the ID cleft may be important
in the transfer of the signal are the observations that propagation velocity
a. increases (to a maximum) when [K]o is elevated about two-fold, and
b. decreases to about 50% when cardiac muscle bundles are equilibrated in two-
fold hypertonic solution to increase the cleft volume [13].

It was demonstrated that extracellular K+ accumulation mediates a specific
neuronal interaction between giant interneurons of the cockroach (Periplaneta)
that are not electrotonically coupled by low-resistance connections [42]. A single
action potential was capable of generating a large depolarization in an adjacent
neuron. Intracellular injection of TEA+ increased the duration of the action
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potential of the injected cell while reducing the postsynaptic depolarization, thus
indicating that K+accumulation was the mechanism of the postsynaptic potential.

Electric field model

In the electric field model, the electrical field that develops in the narrow cleft
between two contiguous cells during the course of an action potential in one cell is
the mechanism for the transfer of excitation. The circuit used for the model is
depicted in Fig. 10. When the prejunctional membrane fires, the cleft between the
cells becomes negative with respect to ground (the interstitial fluid surrounding
the cells), and this negative cleft potential acts to depolarize the post-junctional
membrane (by an equal amount) to its threshold. This, in turn, brings the surface
membrane of the post-junctional cell to threshold. The inner surface of the post
junctional membrane remains at nearly constant potenti.al with respect to ground.
Thus, virtually no local-circuit current flows through the post-junctional cell, and
intercellular transmission occurs electrically without low-resistance connnections
between cells.
A number of mechanisms can be invoked to allow the pre-junctional mem
brane to fire a fraction of a mil!isecond before the immediately adjacent surface
membrane, including: a slightly lower threshold (increased gNa)' slightly lower
capacitance (time constant), slightly faster kinetics of activation of the fast Na+
conductance of the junctional membranes, or K+ accumulation in the junctional
cleft.
In a further development of the model, the modified Hodgkin-Huxley equa

tions [43, 44J were incorporated to make the model conform more closely with
known membrane behavior, and the effect of varying the dynamics of the gates of
the cation channels on transmission capabilities of the model was determined [45,
46].
Subsequently, we expanded the model to a chain of six cells, and we altered its
mathematical formulation to allow greater flexibility in varying the individual cell
membrane parameters. It was demonstrated that the electric field model allows
propagation at a constant velocity down the entire chain of cells (Fig. 11). In
addition, we examined the effect of increasing the extracellular resistances and
the radial cleft resistance on propagation, including doing a 'sucrose-gap' type of
simulation. With the parameters used, propagation occurred at a velocity of
about 0.17 m/sec. Raising the extracellular resistances, ROL and ROR, along the
entire 6-cell chain up to 4-fold slowed propagation only slightly; however, when
the radial cleft resistance, RJC, was varied concomitantly (as should occur in the
biological situation) then there was a marked slowing of propagation velocity,
e.g., to 3.3 cm/s (24% ofcontrol) in 4.0x resistance. Variation ofRJC alone had'a
similar effect (Fig. 12). The optimal RJC value for peak velocity was IOMO.
Higher values of RJC depressed the velocity, although the effect was relatively
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Figure 10. Schematic diagram of the chain of six myocardial cells modelled for computer simulation of
the electric field interactions between cells in the narrow junctional clefts. A: the chain of 6 cells,
numbered sequentially. Each cell was composed of four Hodgkin-Huxley (H-H) units, one for each
junctional membrane and two for the surface membrane (one for the left half of the cell, and the other
for the right half of the cell). The H-H units are numbered serially from 1 to 24 in the 6 cells. B:
enlarged diagram of the first two cells in the chain, showing the four H-H units for each cell, the
external resistance (roj and ror) and internal resistance (rj), and the radial junctional cleft resistance
(r;c)' Ground is the bulk interstitial fluid bathing the bundle. C: the equivalent circuit for each H-H
unit is depicted. Cm=membrane capacitance; EN., EK= the equilibrium potentials for Na+ and K+;
gN. = resting Na+ conductance; gN. = voltage-dependent Na+ conductance; gKI = inward-going K+
conductance; gK = outward-going delayed rectifier K+conductance. Figure taken from Sperelakis et
at. [58].
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Figure 11. Successful propagation of action potentials at constant velocity along a chain of six cells
under standard conditions of the model. All external resistances [ROL (rOI)' ROR (ror), RJC (rjJI are
equal to Ix. The ordinate gives the membrane potential (in mY) and the abscissa gives the time (in
msec). Unit 1is driven by an applied ramp depolarization. The traces are numbered 1to 24 to indicate

the respective H·H units. Propagation velocity was 17.lcm/sec. Figure taken from Sperelakis et al.
[58).

small at 2-fold RJC (20Mil) (Fig. 13). Lowering RJC to about O.6x (6Mil)
slowed the propagation velocity slightly, but further lowering of RJC to 5Mil and
lower caused failure of propagation (Fig. 13). Lowering of ROL and ROR up to
8-fold had essentially no effect on velocity of propagation (Fig. 13).
In a sucrose-gap type of simulation, raising the resistance of the extracellular

fluid bathing the middle two cells, up to 3 times the normal value, slowed down
propagation velocity in the sucrose-gap region (Fig. 14). Raising this resistance to
4 times blocked propagation through this region. +Vmax of both the surface
membrane and junctional membrane decreased as a function of the external
resistance. Part of the slowing of propagation velocity and +Vmax of the action
potentials and block in the sucrose gap region may be attributed to the lowering of
the Na+ equilibrium potential (ENJ that results from lowering of [Nal, (in order
to raise ro)' This lowers the electrochemical driving force (Em - ENJ for inward
fast Na+ current during the rising phase of the action potential, and hence lowers
+Vmax and peak overshoot potential of the action potentials (APs). (ro was
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Figure 12. Propagation of action potentials under conditions in which the radial junctional cleft
resistance (RJC) alone was increased by 2·fold along the entire chain of 6 cells. This had a significant
effect to slow down propagation velocity (6). 6was 16.1 em/sec, as compared to 17.1 em/sec under the
standard conditions (RJC = Ix) illustrated in Fig. 11. Figure taken from Sperelakis et at. [58].

increased by lowering [Na]o and [CI]o only; [K]o' and hence EK , was not changed.)
The other reason for the lowering of propagation velocity in the sucrose-gap
region is the fact that RJC of the junction in the center of the gap (between cells 3
and 4) was increased proportionally to ROL and ROR, and hence this acts to slow
propagation, as described above for the experiment in which the external resis
tances were varied uniformly along the entire chain of 6 cells.
Thus, the electric field model allows propagation of excitation at constant
velocity down a chain of cells not connected by low-resistance tunnels, and
propagation velocity is dependent on the extracellular resistance, and particularly
on RJC. Hence, this model can account for many of the facts observed biolog
ically.

Combined K+ accumulation and electric field models

We have recently combined the K+ accumulation model with the electric field
model. By incorporating the likely possibility of rapid K+ accumulation in the
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Figure 13. Graphic summary of data for average propagation velocity (6) as a function of the external
resistances along the entire chain of 6 cells. The value of 1.0 on the abscissa represents the standard
resistance parameters used in the model. When ROL, ROR, and RJC were increased simultaneously
to 1.5x, 2.0x, 2.5x, 3.0x, and 4.0x times the standard values, 6 was greatly decreased (circle
symbols in figure). When only ROL and ROR were increased, there was only a slight decrease in 6
(square symbols). Decrease in ROL and ROR to 1/2X , 1/.x , and l/SX times also had little effect on 6.
When RJC alone was increased (triangle symbols), the decrease in 6 was about as great as when all
three external resistances were varied. Lowering RJC to O.7x and 0.6x had little effect, but lowering
to 0.5x produced an abrupt failure of propagation. Thus, there was only a relatively small effect of
RJC between 6Mil (0.6x) and 20 Mil (2x). When gNa of the junctional membranes was set to equal
to that for the surface membranes (400 mS/cm2), 6 was slowed (filled circles). Figure taken from
Sperelakis et al. [58).

junctional cleft into the electric field model, we expected that this will facilitate
the transmission process. In turn, this should allow all electrical properties of the
junctional membranes to be identical to those of the surface membrane and yet
achieve successful transmission. The safety factor for transmission should also be
enhanced.
The six cell chain simulation was modified to allow for K+ ion accumulation in
the ID clefts. K+ ions were allowed to diffuse out of the pre- and post-junctional
membranes into the junctional cleft. Computer simulations were made with and
without K+ accumulation to determine the effect of K+ ion accumulation in the
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Figure 14. Sucrose-gap-type of experiment in which the external resistances (ROL, ROR, RJC) were
increased by 3-fold along only the middle two cells (Cells 3 and 4) of the 6-cell chain. The external
resistances were raised by the equivalent of replacing two-thirds of the NaCI in the solution bathing
the sucrose-gap region with an equi-osmolar amount of sucrose. Since the Na+ equilibrium potential
(EN") was decreased in the sucrose-gap region (assumes that [Na); remained constant), this accounts
for the smaller overshoot of the action potentials in Cells 3 and 4. Note that propagation velocity (8)
and +Vm", were decreased in the two cells in the sucrose gap. 8 in the sucrose gap was 6.7 cm/sec,
compared to 19.8cm/sec for the cells outside of the sucrose gap. Increasing the gap resistances to 4x
caused failure of propagation in the sucrose gap region (not depicted). Figure modified from
Sperelakis et at. [58).

intercalated disk clefts on propagation by the electric field mechanism. Different
surface to junctional membrane capacitance ratios were used to determine the
effect of this parameter on the velocity of propagation and to make propagation
erratic in the absence of K+ accumulation, so that the effect of K+ accumulation
could be assessed.
The differential equations modeling the system were of the form:

dE = (:-1(1 - GE)
dt '

(1)

where (:-1 is the inverse of the capacitance matrix,G is the conductance matrix, E
is the vector ofvoltages across the units. The derivation of the conductance matrix
was given previously [16, 45].
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To study the effect of K+ accumulation, five more differential equations were
used to describe the state of the system, one for each of the gaps found between
the six cells [47]. The five new differential equations were of the form:

d[K]jC _ 1 (I I - I )
dt - ----vF Kpre + Kposl Kpump· (2)

(3)

(4)

Derivation of this equation is as follows. If [K]jc is the concentration of K+ in the
junctional cleft and v is the volume of the cleft, then v [K); is the total amount of
K+in the cleft (Q). The K+will move into the cleft through both the pre- and post
junctional membranes (first from prejunctional membrane). If the area of a
membrane facing a cleft is A, then:

dQ = A(Jin _ JOUI)
dt K K'

where J~ and J~UI are the amount (in moles) of K+ per unit time per unit area
moving into the cleft and out of the cleft. If the cells are very close together
compared to the cleft membrane areas, then J~UI =O. That is, there is no signifi
cant diffusion of K+ out of the mouth of the cleft in the short time being
considered «1 msec). The final equation obtained is:

~~ = ~ (I~e + IrS! - I~ump).

It is assumed that the K+ pumped is equal to the leak of K+ down its resting
electrochemical gradient into the junctional cleft:

(5)

where the subscript r refers to the value at rest. The factor of 2 reflects the two
junctional membranes.
Computer plots of the K+ accumulation in the five junctional clefts ([K]jJ were
made. There is a K+ efflux into the junctional cleft from the prejunctional cell
during the rising phase of its action potential down an electrochemical gradient
for K+ [(Em - EK)]. There was a very large (>72mM) and rapid «1.0msec) rise
in [K]jc in each cleft in succession that correlated with propagation down the cell
chain. This large increase in [K]jc would act to depolarize the postjunctional
membrane, and so facilitate transmission of excitation by the electric field model.
Simulations were made to determine whether K+ accumulation in the cleft has
a profound effect on propagation down the entire chain of 6 cells. The results of
some of these experiments are illustrated in Figures 15-17. In these figures, the
upper panels (Part A) represent the situation without allowing for K+ accumula
tion in the junctional cleft, and the lower panels (Part B) represent the situation
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Figure 15. Effect of allowing K+ accumulation on propagation velocity. Capacitance ratio (surface
membrane to junctional membrane) of 80: I (200pf/2.5pf). A: successful propagation of action
potentials at constant velocity along the chain of six cells. Propagation velocity was 23.7 em/sec. K+

accumulation was not incorl?orated in this simulation. B: effect on propagation when K+ accumula
tion in the cleft was incorporated. Note that the propagation velocity was slightly faster in this case:
25.5 em/sec. Taken from Sperelakis et a!. 147).
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with incorporation of K+ accumulation. The capacitance ratio of surface mem
brane to junctional membrane (CsurlCjune> was held constant in any such compari
son. The capacitance ratios were 80: 1 (Fig. 15), 70: 1 (Fig. 16), and 62.5 : 1 (Fig.
17). In Figure 15, it can be seen that incorporation of K+ accumulation speeded up
the velocity of propagation. In Figures 16-17, it can be seen that allowing for K+
accumulation changed erratic and partially blocked propagation into a regular
fast propagation. The results of these experiments are summarized in Table 2.
Thus, K+ accumulation in the junctional clefts facilitates and speeds propagation
by the electric field mechanism.
The effects of varying the capacitance ratio, CsurlCjunc' on propagation was also
determined. The ratio was lowered by raising the value of Cjunc (Table 2). The
effect of varying Csur/Cjunc can be discerned for the situation without K+ ac
cumulation by comparing the upper panels in Figures 15-17. The Csur/Cjunc ratios
illustrated are: 80: 1(Fig. 15A), 70: 1(Fig. 16A), and 62.5: 1(Fig. 17A). At a ratio
of 80: 1 (Fig. 15A), propagation was smooth and fast. At lower ratios, propaga
tion became slowed and progressively more erratic (Fig. 16A) and eventually
blocked (Fig. 17A). The effects of varying the ratio of Csur/Cjunc can be discerned
for the situation with K+ accumulation by comparing the lower panels in Figures
15-17. These results are summarized in Table 2. Thus, these experiments demon
strate that smoothness and speed of propagation is strongly dependent on the
ratio of capacitances of the surface membrane to junctional membrane. The
higher this ratio, that is, the lower the value of the junctional membrane capaci
tance (Cjunc), the smoother and faster the propagation.
Figure 18 summarizes the results of varying the total cell capacitance while
maintaining an 80 to 1 ratio of surface membrane capacitance (Csurf) to junctional
membrane capacitance (CjunC>. There was a marked slowing of propagation

Table 2. Summary of all simulations assessing incorporation of K+ accumulation.

Capacitance (pf) Incorporation Propagation \lm..:'(

of K+ velocity (V/sec)
Junctional Surface Ratio of accumulation (cm/sec)

Surf./Junc.

2.5 200 80: 1 No 23.7 472
2.5 200 80: 1 Yes 25.5
2.86 200 70: 1 No Erratic 475
2.86 200 70: 1 Yes 24.6
3.08 200 65: 1 No Erratic 476
3.08 200 65: 1 Yes 23.7
3.2 200 62.5: 1 No Blocked 455
3.2 200 62.5: 1 Yes 23.7
3.33 200 60: 1 No Blocked 452
3.33 200 60: 1 Yes Erratic
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Figure 18. Plot of propagation velocity (ordinate) versus total capacitance (abscissa). The total cell
capacitance is the sum of the four parallel capacitances: two surface membranes (C,urf) and two
junctional membranes (Cjunc)' The standard (Ix) values for C,urf and Cjunc were 200pf and 2.5pf,
respectively, giving a C,oto' of 405 pf. Clot'"~ was doubled (810 pf), tripled (1215 pf), and quadrupled
(1620 pf) in the simulations. As can be seen, there was a linear decrease in velocity with increase in cell
capacitance. Taken from Sperelakis et al. (47).

velocity when the total capacitance was increased. Doubling the absolute capaci
tance values caused a drop in propagation velocity from 25.5 to 15.6cm/sec (Fig.
19). Tripling the capacitances descreased the propagation velocity to 9.6cm/sec.
Quadrupling the capacitance values slowed propagation velocity down to 2.9 cm/
sec. Thus, propagation velocity is critically dependent on the absolute values of
the membrane capacitances, as well as on the ratio of Csu,ICjunc'
The results demonstrate that propagation of action potentials with the electric
field model is facilitated by the K+ accumulation in the junctional gap between
the pre- and post-junctional cells. The results also indicate that increasing the
total capacitance of both the surface and junctional membranes slows down the
rate of propagation. The present results are in agreement with and extend our
previous theoretical analysis that showed that K+ accumulation, by itself, might
be an important facilatory mechanism for transmission of excitation between
myocardial cells [12]. The fact that propagation velocity increases markedly to an
optimal value as the K+ concentration in the bathing solution ([K]o)is elevated
[13] is consistent with K+ accumulation playing a role in the transfer of excitation
from cell to cell. The combined electric field/K+ accumulation model provides a
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Figure 19. Effect of increasing the capacitance of the surface membrane by a factor 2. With K+

accumulation. A: fast propagation down the cell chain under standard conditions: capacitance ratio of
surface membrane (Csu,l) to junctional membrane (CjunJ of 80: I (200 pf/2.5 pf). Propagation velocity
was 25.5cm/sec. B: slowed propagation when the capacitance of both the surface membranes and
junctional membranes were increased 2-fold (C,url)lCj"n, still 80 : 1). Propagation velocity was slowed
to 15.6cm/sec. Taken from Sperelakis et al. (47).
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possible alternative mechanism for electrical interactions among excitable cells
that does not require low-resistance connections between the cells. Transmission
of excitation across the cell junctions occurs by an electrical mechanism, namely
the electric field that develops in the narrow junctional cleft depolarizes the post
junctional membrane to threshold. K+ accumulation in the junctional clefts
facilitates this mechanism.

Discussion and summary

The results with our electric field model demonstrate that propagation of action
potentials can occur at a constant velocity of about 17.1 cm/sec down a chain of
excitable cells that are not interconnected by low-resistance tunnels. Transmis
sion of excitation across the cell junctions occurs by an electrical mechanism,
namely when the pre-junctional membrane fires an action potential, the electric
field that develops in the narrow junctional cleft depolarizes the post-junctional
membrane to threshold. The key assumption in the model is that the junctional
membranes are ordinary excitable membranes.
Raising the extracellular resistances, ROL and ROR, along the entire chain of

6 cells by up to 4-fold slowed propagation velocity slightly. However, when the
radial cleft resistance, RJC, was increased either alone or concomitantly with
ROL and ROR, then there was a marked slowing of propagation velocity. In a
real biological experiment, raising the ROL and ROR (e.g., by partial replace
ment of NaCI in the bathing solution by isosmotic sucrose) should also cause a
proportional increase in RJC. These results indicate that RJC is the most impor
tant parameter of the external resistances in determining velocity of propagation.
In addition, it is clear that the model is relatively insensitive to the actual values of
ROL and ROR selected, since lowering of ROL and ROR by up to 8-fold also
had relatively little effect.
Although we don't know whether the electric field model applies to actual
biological cells, it does provide a possible alternative mechanism for electrical
interactions among excitable cells; this mechanism does not require low-resis
tance connections between the cells.
The other possible mechanism, namely the local-circuit current hypothesis,
requires that there be low-resistance tunnels between the cells. A theoretical
analysis of the potential in the junctional cleft between myocardial cells, assum
ing that the junctional membranes were non-excitable and low in resistance, was
done by Heppner and Plonsey [48] and by Woodbury and Crill [49]. For such a
modified cable situation, they found that the maximum resistivity of the junc
tional membranes that would allow successful transmission (for a cleft thickness
of 80A) was about 3n x cm2, i.e., about 1/100-1/1000 times that of the surface
membrane. The value of 3n x cm2 is in good agreement with values calculated
for a similar arrangement by Weidmann [33] and Sperelakis [8] (for other
references, see [4]).
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The electric field hypothesis can account for a number of experimental facts
concerning propagation in cardiac muscle, namely that
a. propagation velocity is about 0.3 m/sec;
b. propagation is bi-directional;
c. the transmission process is labile and often can exhibit partial or complete
block;

d. increasing the separation of the junctional membranes under pathological or
experimental conditions, thus decreasing RJC, impedes and blocks transmis
sion;

e. there is a prepotential step on the rising phase of the action potential;
f. synaptic-like vesicles are not observed at the intercalated disks.
In addition, and more importantly, the electric field hypothesis is consistent with
the lack of measurement of low resistance between myocardial cells in adult heart
tissue by a number of different approaches (for a summary of these, see [4, 8] and
foregoing sections).
The electric field model is also consistent with recent observations of Spach et
al. [1] who found that the rate of rise of the cardiac action potential was greater
with transverse propagation, although propagation in the transverse direction
was much slower than in the longitudinal direction, i.e., propagation velocity
could be separated from rate of rise. They also reported that propagation in
cardiac muscle is saltatory or discontinuous in nature. These findings are consis
tent with the predictions given by Sperelakis and colleagues (e.g., see [8]),
namely that myocardial cells behave as truncated cables with little or no low
resistance coupling between the cells.
Diaz, Rudy and Plonsey [2] also concluded, from a theoretical analysis of a
model based on resistive coupling between cells, that 'continuous cable theory
does not adequately describe propagation in cardiac musle' and that excitation
jumps from intercalated disk to intercalated disk, i.e., saltatory propagation
occurs. They found that propagation inside a single cell was ten times faster than
the average velocity over many cells, i.e., most propagation time is consumed at
the cell junctions. This is also consistent with the predictions given by Sperelakis
and colleagues for truncated cables (see [8]). In the model of Diaz et al. [2],
propagation velocity was greatly slowed at rjc values below 170MO, and failed at
rjc values below 17MO. These rjc values are considerably higher than those
required in our electric field model (>5MO).
The electrotonic length (L, dimensionless) was measured in pig ventricular
muscle using the Rail analysis [50]. It was found that L. varied between 0.81 and
2.26 in 8 cells analyzed, with a mean value of about 1.4. Input resistance ranged
between 8.8 and 39MO, and 'tm from 1.2 to 3.7 msec. From the low value of L, the
authors concluded that the myocardial cell does not terminate in a dendritic-like
arborization, i.e., there must not be low-resistance connections with neighboring
cells to produce a 3-dimensional syncytium.
A study highly quoted in support of low-resistance coupling in cardiac muscle is
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that of Barr et at. [51] showing that a sucrose-gap of about 100-200 /Lm blocked
propagation in frog atrial strands unless a low shunt resistance was placed across
the sucrose-gap region. However, it seems this experiment shows only that in a
biological system current must flow in order to produce a potential change.
Regardless of interpretation, the fact that the sucrose-gap region had to be short
in order for the experiment to work, indicates that the length constant (A) cannot
be long, as claimed by some investigators.
Another study highly quoted in support of low-resistance coupling is that of

Weidmann [33], who showed that the steady-state distribution of 42K along
ventricular muscle bundles (across a membrane separating a loading compart
ment) was exponential with a length constant of about 1.55 mm, whereas that for
82Br was only 0.55 mm. However, it seems difficult to conclude what the re
sistivity of the intercalated disk is from this experiment because of the anistropic
muscle bundle acting as a cable (problem discussed above) and because longitudi
nal diffusion can occur through capillaries, etc.
A number of other studies have been done using dye diffusion as a presumed

indicator of low-resistance coupling (for references, see [4]). However, it is
interesting that no evidence of electrotonic coupling was found among pyramidal
cells of the guinea pig hippocampus, although the fluorescent dye Lucifer Yellow
injected into one soma spread to neighboring cells (dye coupling) [52]. Therefore,
dye studies must be interpreted with caution.
Although the parameters of the electric field model were selected specifically

for cardiac muscle, the principles of this model have general applicability to
interactions between other types of closely-apposed excitable cells. The only
requirements are that their cell membranes be in close apposition over a small
fraction of the total surface area, and that the junctional membranes be ordinary
excitable membranes. The model might also apply to intracellular interactions
between the cell membrane and sarcoplasmic reticulum (SR) membrane. Electri
cal field interactions between neurons in vertebrate brain, both excitatory and
inhibitory, have been described by Korn and Faber [53], but these are ephaptic in
nature, depending on current flow through the second neuron and on the resis
tance of the extracellular space. Dudek and co-workers [54-56] have shown that
electrical fields contribute to the generation of synchronous epileptiform bursting
in adjacent hippocampal neurons in which chemical transmision was blocked.
Propagation in smooth muscle tissues also may be dependent on electric field
effects. For example, Daniel and co-workers [57] noted that propagation occurs
in the absence of ultrastructurally defined gap junctions in several types of
smooth muscles, such as the taenia coli. Since numerous close appositions, but
not low-resistance tunnels, are present in these tissues, it is possible that electrical
field effects are important for propagation in this tissue.
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6. The role of distributed conduction velocities in
simulated epicardial activation maps

D. ADAM

Abstract

The effects of the spatial arrangement of myocardial fibers and of the inferred
3-dimensional distribution of conduction velocities on epicardial activation pat
terns are described. A simplified geometry is considered, that of an ellipsoidally
shaped left ventricle (LV), attached to a sectioned ellipsoidal right ventricle. The
modeled myocardial volume is sectioned into different layers and areas, each
filled with different 'cells', thus allowing to describe the distribution of velocities
and orientation similar to physiological and anatomical data. The propagation
velocity along the myocardial fiber is assumed to be 3 times the transverse
velocity. Once simulation starts, a stimulated 'cell' activates all its neighbors, thus
generating patterns of activation within and on the surfaces of the myocardium.
The simulated activation maps from the myocardial surfaces are found to be
sensitive to the underlying distribution of conduction velocities, specifically when
abnormal velocities are introduced at certain 'infarcted' areas. The existence of
ectopic foci is readily identified by the distortion of the normal patterns. The
maps, however, are much less sensitive to minute changes in the location of the
foci of activation within the normal conduction system. While the simulated
epicardial and endocardial maps are affected by the spatial distribution of the
conduction velocities, the surface maps are specifically sensitive in displaying the
existence of abnormally propagating myocardial activity.

Introduction

This study examines the relationship between simulated activation maps, as
calculated on the surfaces of an idealized heart, and (some of) the processes
which influence the generation of these maps. The activation maps do not include
all the information contained within the potential maps. They may serve how
ever, as data for calculating the electrical sources within the myocardium (the
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inverse problem), as they were found to produce a good description of the
underlying processes [1]. The importance of the epicardial and endocardial maps
is becoming more evident as their clinical use is more common [2], and commer
cial systems for epicardial recordings are available. Data has been accumulating
concerning the success of surgical interventions guided by recordings and analysis
made by such systems [3]. As most of the information required for estimating the
myocardial sources is contained in the epicardial surfaces [1], the measurements
must be made on the epicardium and may therefore be carried out only during
open chest surgery procedures.
Measurements of surface activation maps, or for that matter also of potential
maps, are hampered by technical problems and limitations. The number of
electrodes and data acquisition channels is limited and therefore the spatial
resolution is usually low. The electrodes affect the normal activity of the myocar
dium and quite often also damage it. These difficulties have limited the use of this
technique and the experimental data available in the literature. It is therefore
quite impossible to locate experimental data concerning the sensitivity of the
epicardial maps to the various parameters which govern their production. While
tissue properties like directional conduction velocities [4], conductivities [5] and
even membrane characteristics [6, 7] are well documented, the complexity and
inaccuracy of intact heart measurement do not allow us this data. The complexity
is increased when pathologies are studied, when spatial distribution of properties
is altered and the initiation of activity is shifted. There has been, therefore, the
need for models of the electrical processes within the heart, the analysis of their
sensitivities, the description of the spread of their excitation and the potentials
they generate. Such models should perform well both under normal conditions as
well as conduction pathologies, like Bundle Branch Block, regional obstruction
of Purkinje fibers and myocardial infarction. The models and their generated
surface maps have to perform just as well under conditions of ectopic activity and
prematurity.
A model which generates the surface maps with high spatial resolution may
produce the necessary data needed for the different studies of the forward
problem (e.g. producing the body surface potential maps) or the inverse problem
(e.g. calculating the myocardial surfaces maps or even the myocardial sources).
The ultimate goal of electrocardiography is to estimate the myocardial electrical
sources from body surface potential maps; as this estimation problem is ill-posed,
several suggestions have been made for calculating the epicardial activation maps
[8] or the activation maps together with the action potential amplitudes [9] by
accepting some restrictions. These volume conduction models and their respec
tive limitations may also be studied and evaluated by the use of the present model
of the myocardial activation process.
When trying to compare measured myocardial surfaces' physiological data with
data generated by models, the choice is limited to finite-elements models, which
may include true geometry, inhomogeneity of the tissue or non -isotropy of the
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myocardial fibers [10, 11]. Presently, 3-dimensional models are usually limited to
simple, idealized geometry [12]. The analytical models, which in many cases
include physiologically important properties (like membrane conductances) as
part of the model parameters [13, 14], are usually limited in scope to one
dimensional or two-dimensional models. They seldom include the distribution of
parameters found in the biological sytem.
Different models of the myocardial activation processes have been described in
the literature; a few of these produce also the myocardial and the surface
potential maps [15] or activation maps [16,17,18]. In order to take into account
some of the important properties that govern the myocardial activation processes
(e.g. anisotropy, distribution of properties) the present model has been con
structed. Although the basic principals are similar to the model reported else
where [11], the model was modified significantly (see Methods). In its present
form the model uses 3-dimensional finite-elements to describe the activation
processes in the left and right ventricles while generating excitation time maps
(i.e. equiactivation times or isochrones) on the myocardial surfaces during the
QRS period. The model is used here to describe the effects of the spatial
arrangement of myocardial fibers and of the inferred 3-dimensional distribution
of conduction velocities on epicardial activation patterns. The model is also used
to determine the sensitivity of the epicardial maps to conduction pathologies, like
Bundle Branch Block, regional obstruction of Purkinje fibers and myocardial
infarction. Last, the model and its generated surface maps are tested under
conditions of ectopic activity and prematurity.

Methods

The activation process of the left ventricle (L.V.) and right ventricle (R.V.) is
simulated here by utilizing a finite-elements model. The basic concepts of the
model have been described elsewhere [11], but for convenience a short descrip
tion is given below, emphasizing the modifications made. The model incorporates
3-dimensional geometry of the myocardial volume, with the L.V. as an idealized
ellipsoid and the R.V. as a sectioned, narrower ellipsoid. The model is con
strained by a few assumptions, which are detailed and justified below.

Model assumptions

1. The myocardial geometry is described by non-contracting ellipsoids, as the
simulations include the activation processes during the QRS, before mechan
ical contraction is initiated (see Fig. 1). The myocardial volume is sectioned to
about 1.2 mm 'cells', by a grid of 98 x 78 x 98.

2. The L.V. 'cells' are grouped into 4 confocal layers, while each of the layers is
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Figure 1. The geometry of the model is depicted here: the left ventricle as idealized ellipsoid; the right
ventricle as a narrower, sectioned ellipsoid.

divided into 14 subgroups. The R.V. contains 2 layers, each of 7 subgroups. In
each subgroup all 'cells' have similar properties, selected out of a Gaussian
distribution.

3. The parameters by which a subgroup is defined are: direction of high velocity
the direction of the myocardial fibers at that location, which imposes propaga
tion velocity three times higher than in all other directions; propagation
velocity (a relative value - multiplication of the simulation basic time step);
absolute refractory period (R.P.) - mean and standard deviation of the mean
(S.D.); activation time (mean and S.D.), the time period during which the
'cell' activates its neighbors that are not during their own R.P.

4. The direction of high velocity is chosen out of 14 possible directions, in a way
that closely resembles the fibers orientation within the myocardium. The fiber
orientation is spiral with different tilt at the various layers [19]. In a passive
'fiber' (or group of 'cells'), forward and backward propagation is allowed.

5. The inner-most layer, the 'endocardium', is characterized by a higher con
duction velocity (between 2-4 times the velocity of myocardial fibers [20]),
with direction of higher velocity pointing mostly from apex to base [21]. The
interaction between the 'Purkinje' network and the 'myocardium' may be in
both directions, as the myocardial cells may re-activate the Purkinje cells
[22]. The model does not contain the more central parts of the conduction
system, i.e. the A.V. node, the HIS bundles or left and right bundle branches.

6. The propagation from one 'cell' to the next does not depend on membrane
properties, but on the geometrical relationships and on whether the neighbor
ing 'cells' are active or passive. The implications of this assumption are that the
membrane properties do not appear explicitly as parameters of the simulation,
but only indirectly through their effect on (mean) conduction velocity and
(mean) refractory period over a length of a few 'cells'. On the other hand, the
computational complexity is reduced by orders of magnitude.



119

Model formulation and simulation

The assumptions mentioned above define the rules used for producing the
activation process in the present model. The flexibility in defining different
geometries, and sections within these geometries, allows the selections of param
eters which describe different tissue properties at each section. Thus before each
simulation the conduction velocities, for the high speed direction and for all other
directions, are selected by setting the mean and S.D. of the mean for each section.
In order to initiate the activation process, stimulation points must be defined. For
the normal case, these points are defined on the endocardium, within the layer
which represents the Purkinje conduction network. Once this is done, after the
next simulation time step and then after all following steps, the 'cells' which are
active effect their neighbors according to the rules stated above. In this manner
the activity spreads to all 'cells' which are not refractory. As the activation
sequence is studied here only during the QRS period, the repolarization pro
cesses are not included, but secondary activation wavefronts may appear either
when premature beats are studied or when regional refractory periods are very
short and reactivation occurs.
The simulations used here have been completed within reasonable time by
extensively using the Virtual Memory features of the computer employed (VAX
780IVMS). Typically a simulation study might require 20 minutes CPU, although
some might run for little more than an hour. The results were plotted by a
modified PLOT-lO and SAS-Graph plotting libraries.

Results

Different tissue characteristics and stimulation conditions have been selected to
demonstrate the effects of conduction velocities on the epicardial activation
maps. The simulations have usually started with all 'cells' inactive, and four 'cells'
being stimulated. The four points, which are the stimulation points for most of the
studies reported here, are located on the central frontal cross-section plane; two
are located in the lower 1/5 of the L.V. endocardium (Purkinje 'cells') on the free
wall and septum, respectively, while the other two are similarly located in the
R.V. Once simulation is initiated, all parameters remain constant. Since the
present report emphasizes the activation process (during the QRS), the simula
tions have been terminated after a certain time period (90 simulation time steps)
long enough to activate all the myocardium. The pattern of propagation of the
activation process within the myocardium may be extracted from the simulation
results by focusing on the time of activation of each 'cell' in the model. As the
results describe the processes in three dimensions, any visual presentation of
results requires either 2-dimensional cross-sectional data or (spread out) surface
data, with the third axis denoting the time of activation.
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The simulation of the myocardial activation process during normal perform
ance requires selection of parameters similar to those found under normal
physiological conditions. The selection has been of long refractory periods (50
times the simulation step), small S.D. of the mean for the distribution of the
refractory periods within the population, short activation times, Purkinje net
work of 'cells' on the endocardial layer with fiber orientation from apex to base
and typical distribution of conduction velocities, as described and justified else
where [23, 19]. Typical results of simulations with parameters within the normal
range are presented in Fig. 2. In this figure and the following ones, (a) and (b)
display the time of activation of the different 'cells' on the anterior epicardial
layer of the ventricles and on a central frontal cross-section plane of the two
chambers, respectively: the higher the point, the later it was activated (with
arbitrary scales); (c) displays the epicardial activation map (i.e. equiactivation
times or isochrones) of the two ventricles, calculated from (a). In Fig. 2(b) the
slope at the endocardial layers indicates the rapid propagation from the points of
stimulation to base, while across the myocardial wall the slope is steep, i.e.
propagation is slow. While in the cross-section of the free wall the activity
propagates smoothly, in the septum the two wavefronts collide. These differences
can hardly be seen in the epicardial maps. The last area to be activated is the
epicardial layer near the base on the anterior side.
When the conduction system is completely abolished in both ventricles, dif
ferent resulting activity maps are generated, as seen in Fig. 3. One feature is quite
evident, the early activation above the septum, due to the initial stimulation on
both sides of the wall while the conduction system is not present. Although such a
condition is rare clinically, it serves as an example of the sensitivity of the maps.
A more common pathological condition is that of Right Bundle Branch Block,
here modeled by no conduction system in the right cavity (myocardial fibers
only). Fig. 4 presents the results. The propagation of activity on the epicardial
layers above the R.V. looks very similar to that ofthe previous figure, while the
activity over the L.V. looks more like the normal case. The pattern is clear and
meaningful.
Various clinical conditions may be tested by an early second stimulation
(Premature Ventricular Contraction), usually associated with automaticity of
cells injured by an ischemic episode, or conduction abnormality. To simulate such
a condition, a second, early stimulation has been applied to the R.V. of the
model. The stimulation points are, as usual, in the Purkinje fibers network on the
endocardial free wall and septum. The activation sequence at the central cross
section is depicted in Fig. 5(b), representing a particular moment in which the
first (regular) beat has activated the whole myocardium, while the second early
R.V. P.V.c. has activated most of the R.V. and only part of the L.V. (in this
figure the initiation of a third stimulation is seen). The activation maps at the
epicardial layers are clearly demonstrating the underlying processes. It is interest
ing to note that as long as the premature activation does not penetrate the
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Figure 2, Time of activation of different 'cells', (a) in the anterior epicardial layer of the ventricles and
(b) in a central frontal cross-section plane of the two chambers: the higher the point, the later the
'cells' were activated (arbitrary scale); (c) epicardial activation map (i.e. equiactivation times or
isochrones) of the two ventricles, calculated from (a). Simulation results under normal conditions.
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Figure3. Same as Fig. 2 but under different conditions: the conduction system is completely abolished
in both ventricles, resulting in different activity maps. The early activation above the septum is quite
evident in these maps.
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Figure 4. Same as Fig. 2 but under different conditions: the conduction system in the R.V. is blocked
or abolished. simulating a common pathological condition of Right Bundle Branch Block. The
propagation of activity on the epicardial layers above the R.V. looks very similar to that of the
previous figure. while the activity over the L.V. looks more like the normal case.



124

b

c

Figure 5. Same a Fig. 2 but under different conditions: simulation of an early. abnormal beat (P.V.c.).
A second, early stimulation has been applied to the R.V. of the model. The stimulation points are as
usual in the Purkinje fibers network on the endocardial free wall and septum. A particular moment is
represented in which the first (regular) beat has activated the whole myocardium while the second
early R.V. P.V.C. has activated most of the R.V. and only part of the L.V. (in (b) an initiation of a
third stimulation is also seen).
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Purkinje network, the propagation is slow.
A different, common, clinical condition is that of chronic myocardial infarc
tion, which usually manifests itself by an area of necrotic tissue with very low
conduction velocities surrounded by areas of high excitability. This condition
implies short R.P. and leads very often to re-entry, leading usually to ventricular
tachycardia and fibrillation. Fig. 6 depicts such a condition. The infarction is
penetrating the width of the left lateral side of the L.V. damaging also the
conduction system at that area (seen as the highest plateaus in this figure,
symbolizing areas which have been activated very late in the previous beat).
Because of the anisotropy of the tissue, the activation propagates somewhat
quicker around one side of the infarction than the other, leading to a wavefront
which starts circulating that area (Fig. 6(d, e, f». This condition, together with
short R.P., leads to 'fibrillation', when 'cells' are reactivating each other in a
random way (Fig. 6(g, h, i». The epicardial maps (Fig. 6(c, f, i», representing in
this figure lateral views of the L.V. free wall, demonstrate clearly the underlying
activity. It is worth while noting that the R.V. free wall is the last area to be
affected by the circlingwavefront as well as by the deterioration into 'fibrillation'.

Discussion

The emphasis of this study is on the spatial distribution of epicardial activation
times and their relationship to the myocardial processes which generate them.
The simulated surface activation maps are found to be sensitive to the underlying
distribution of conduction velocities. Although this result is expected from other
(more idealized) models, and from experimental measurements [1, 24, 25], it is
interesting to note that they were produced by a 3-dimensional geometry of
complex intra-structure, including layers with different fiber orientation. As both
ventricles have, in the model, similar conduction system and are stimulated
simultaneously, the last epicardial areas to be activated are on the anterior and
posterior L.V. free walls near the base. The limitation on the number of stimula
tion sites in the model may explain the differences between the present results
and those of detailed experiments [24, 25]. The maps, however, are much less
sensitive to minute changes in location of points of initiation of activity in the
normal conduction system. This is held true as long as the stimulation point is
limited to the central cross-section. Once the stimulation points are allowed to
occupy any point on the endocardium, the patterns of activity vary significantly.
These conditions were excluded from the present study.
Once pathologies are introduced, the simulation results reveal many properties
and advantages of the model. The resultant maps are specifically altered when
abnormal velocities are introduced at certain 'infarcted' areas. When the area is
defined by just minor reduction of conduction velocities at the epicardial layers,
there are minute changes in the maps. Once the velocities change significantly
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Figure 6. A sequence of results and maps is presented, of an infarcted and excitable (short R.P.)
myocardium. (a, d, g): depicts the time of activation of different 'cells' in the anterior epicardial layer
of the ventricles: the higher the point. the later the 'cells' were activated (arbitrary scales); (b, e, h):
similarly, in a central frontal cross-section plane of the two chambers; (c. f. i): epicardial activation
maps (i.e equiactivation times or isochrones) of the two ventricles. calculated from (a), (d) and (g),
respectively. In (a. b, c), early after the stimulation, the activity wavefront propagates regularly in the
myocardium, except the infarcted area. In (d. e, f). due to anisotropy. the wavefront starts a 're
entry'. In (g. h. i), due to fragmentation and short R.P.. 'fibrillation' occures, in which neighboring
'cells' re-activate each other.
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and the 'infarction' penetrates through the whole width of the myocardial wall,
the changes are global. Because of the nonhomogeneity of the tissue at the
different layers and areas, a condition may arise in which the activation process
advances more rapidly around one side of the 'infarction' than the other, thus
leading to re-entry. As conduction velocities are pre-assigned, and do not depend
on the local membrane potentials, re-entry may be generated only around a very
slow conducting tissue.
The existence of ectopic foci is readily identified by distortions of the normal
patterns. The success of the model is in generating different propagation ve
locities and patterns for the activation wavefront in the myocardium before it
penetrates the conduction system and after the penetration. As the P.V.C.
originates in the R.V., most of the spread of activity is slow; once the activity
reaches the L.V. endocardium and its conduction network, the activation wave
front spreads rapidly.
Several conclusions may be drawn from the results presented here. While the
simulated epicardial and endocardial maps are affected by the spatial distribution
of the conduction velocities, the maps are specifically sensitive in displaying the
existence of abnormally propagating myocardial activity. These consequences
mean that although the variability with time and among different subjects may be
high, pathologies produce a more significant alteration of the maps. This result is,
to some extent, supported by experimental results [25], but quantitative evalua
tion is impossible.
A more general conclusion may be drawn from the results presented above.

The generated maps vary smoothly over the ventricular surface only during
normal activity, while when pathological conditions are introduced the maps
include large variations of values over short spatial distances. The high spatial
frequencies found in the maps generated by the model under 'pathological'
conditions would make it impossible to produce a meaningful solution of the
inverse solution. As measured data under such conditions produce similar results
[1), this conclusion holds also for the experimental measurements. Therefore the
accuracy of the inverse solution is expected to be good only under normal
conditions.
As epicardial potential maps and activation maps are becoming a more clini

cally useful tool, while also helping to validate solutions of the forward or inverse
problems, the study of their sensitivities to the underlying processes becomes
more important. The present simulation results and the surface maps they
generate are useful as base for quantitative evaluation of models of myocardial
activation processes [16, 17, 18), and of solutions of the forward problem [12]. The
present model and its maps may serve as an important link in validating solutions
of the inverse problem [12], either in its present form or with the addition of body
surface potentials.
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Discussion

Clark: Could you say a word or two about the endocardial activation sequence
that you use to drive the model. What approximations did you use with regard to
the excitation of wall elements? Did you assume a sequential fashion? You
assumed a propagation velocity, but you had to drive the model with an endocar
dial activation sequence to begin with. How are they interrelated? What data was
it based upon and what are the algorithms for the spread through the wall?
Adam: The endocardial layer was covered with, what might be called, Purkinje
fiber network which means it's spread of activation was about three times as fast
as in the myocardial layers (2.5: 1). The main orientation of the Purkinje fibers
was mostly from the apex to the base of the ventricle, but not necessarily only in
that direction. The chances are that the excitation would go much quicker from
the apex to the base, as verified by several reports from the Joyner group, Otsuka
and Hara, Kubbertus and others. The propagation process from one cell to its
neighbors is according to the Higgins principle. Itmeans that once a cell is active,
it will activate its neighoring cells in the next timestep and it will do that in a 3 : 1
ratio in the preferred direction. This process is fixed in time and therefore its
speed is fixed. On the other hand, the overall propagation velocity is not fixed and
is determined according to tissue characteristics and condition. In all the normal
cases, the initiation of activity was achieved by simultaneously stimulating only
four points, two at the left ventricle and two at the right ventricle, on the Purkinje
conduction system. From there the activation spreads out quicker through the
Purkinje conduction system and slower through the myocardial fibers.
Rudy: Do you make any attempt to represent the conduction system with realistic
geometry? Is there any penetration of the Purkinje network into the myocardial
wall as part of the model so as to allow bidirectional conduction.
Adam: The conduction system distal .to the Purkinje fibers network is repre
sented in the model in as true a fashion as possible. These fibers are oriented from
apex to base, with a speed of propagation 2.5 times that in the myocardial fibers.
The activation also propagates in other directions, but slower. The layer, with the
Purkinje fibers is the inner-most layer, covering the endocardium. The endocar
dium is shaped in the present simulation as an ellipsoid, and so is the layer of the
conduction system. The interaction between the Purkinje (conduction) layer and
the endocardium is achieved by propagation of activity between the two kinds of
cells, but at low conduction velocities. There is also the possibility of activation
from the myocardium back to the conduction system, so it is a bi-directional
conduction. The penetration of the Purkinje fibers into the subendocardial layers
is achieved by higher-than-usual transverse (radial) conduction velocities in these
layers. The functional role of these fibers is, therefore, simulated.
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Abstract

The effects of uniform anisotropy of conduction was studied on functional reentry
in a computer model. The model simulated conduction of the cardiac impulse in a
30 X 30 matrix of cells, connected to each other by a specified resistance that
determined the time lag between excitation of one cell and another (conduction
velocity). Each cell also had a predetermined time course for recovery of excit
ability (refractory period). Functional reentry was initiated in an isotropic matrix
(equal conduction latencies in all directions) by exciting a cell adjacent to a
transient line of conduction block. Functional reentrant circuits had properties of
'leading circle' reentry. The wave length of the circulating excitation (refractory
period x conduction velocity) was only slightly shorter that the path length of the
circuit, did not vary greatly as the impulse conducted around the circuit and only a
very small excitable gap was present. During established reentry, the sheet was
made anisotropic (conduction in the horizontal direction was 5 times more rapid
than in the vertical direction). This caused the reentrant circuit to assume an oval
shape. Furthermore, the wave length of the circulating excitation changed mark
edly in different regions of the circuit, expanding during rapid horizontal con
duction and contracting during slow vertical conduction. As a result of the slow
vertical conduction and the resultant short wave length, a large excitable gap
appeared. The results predict, therefore, that functional reentrant circuits in
anisotropic tissue will have an excitable gap.

Introduction

Conduction of the cardiac impulse is strongly influenced by the structural inter
relationships of the myocardial fiber bundles. A fundamental characteristic is that
impulse propagation is more rapid along the long axis of myocardial fibers than
perpendicular to the long axis [1]. This anisotropic property has been further
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subdivided by Spach et al. [2, 3]. According to their definitions uniform aniso
tropy occurs in cardiac muscle in which the fibers are all arranged parallel to each
other. Nonuniform anisotropy occurs when non conductile barriers such as those
formed by connective tissue influence conduction or when myocardial fibers are
not arranged in parallel.
The anisotropic properties of cardiac muscle may play an important role in the
genesis of reentrant arrhythmias. Spach et al. [2] proposed that it may cause the
conduction block of premature impulses that may initiate reentry because of a
low safety factor for conduction in the longitudinal direction. Conduction per
pendicular to fiber orientation can also be slow enough even in normal tissue to
cause reentry [2]. Slowed conduction caused by anisotropy in the epicardial
border zone of canine infarcts may be an important factor leading to functional
reentry in this region [4-8]. Not only might anisotropy cause reentry but also
reentrant circuits in anisotropic tissue might have different properties than cir
cuits in tissue that is not strongly anisotropic. For example, the reentrant circuits
in the epicardial border of infarcts often have excitable gaps e.g. during reentrant
tachycardias electrically stimulated impulses can invade the reentrant circuit and
reset or terminate the arrhythmia (unpublished observations). This experimental
result is contrary to a predicted property of functional circuits - it has been shown
that in atrial reentry caused by the leading circle mechanism, an excitable gap
does not exist because the head of the wave front usually travels in the relatively
refractory tail [8]. We propose that excitable gaps in the functional circuits of
infarcts might be a consequence of the anisotropy-induced slow conduction which
might not be prominent in the atrial free wall. However, it is not possible in
experimental studies to change the anisotropic properties of the tissue and
determine the effects on reentrant circuits - an intervention that would directly
show the influences of anisotropy on reentry. We have, therefore, used a compu
ter model of excitation in a sheet of excitable elements to study the effects of
anisotropy on reentry.

The electrical excitation model

The model permits the investigation of the propagation of excitation waves in a 2
dimensional matrix. The model consists of a sheet of 900 cells arranged in a
regular matrix of 30 x 30 (Fig. lA). Every cell is connected to eight neighbors
(Fig. lB), except at the boundaries of the matrix. The following parameters are
assigned to each cell.
1. A parameter designating the cell as 'active' or 'inactive': cells that are 'active'
can be excited and those that are 'inactive' cannot. This makes it possible to
construct reentrant circuits with various geometrical configurations, such as
circuits around a hole in the matrix. Cells can be designated as being inactive
for a finite period of time and thereafter, may become active. In this way,
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Figure 1. The 30 x 30 matrix of cells used in the simulation studies is shown in A. The center of this
matrix is magnified in B to show the connections between cells (arrows). These connections are in
vertical and horizontal directions as well as in the oblique directions at each corner. In C the time
course of excitability in one cell is depicted. The vertical axis is the state of excitability with 1.0 being
fully excitable and 0.0 being completely inexcitable. On the horizontal axis is time expressed as
arbitrary units that occur during the simulation (time steps). At the moment of activation. excitability
drops to zero and remains at that level for a pre-assigned time period. This is followed by a gradual
increase in excitability with a time course given by a simple exponential function. The cell is absolutely
refractory from the moment of activation until the exponential recovery phase has reached the
excitability threshold (ARP). Thereafter the cell is in its relatively refractory period until the 95%

excitability level is reached.

temporary regions of block can be induced.
2. Conduction latencies (expressed in arbitrary time units. called time steps) to
the eight neighboring cells: this is the amount of time required for one cell to
excite the next when the cells are fully excitable. An additional time latency is
added to this basic latency when cells have not completely recovered excit
ability from a previous activation (see below). These local conduction proper
ties may be different in different directions.
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3. A time period and a time constant: together they determine the course of
excitability after the cell has been activated. When a cell fires, either by
activation from a neighboring cell or by an external 'stimulus', the excitability
of the cell drops to zero (Fig. Ie) and remains at this level during the assigned
period. Thereafter, the excitability is gradually restored, following a simple
exponential function with a rate determined by the assigned time constant
(Fig. Ie). These parameters can be different or the same in every cell.

Two general parameters are used which are operative for all the cells in the
matrix:
1. Duration of activation: this is the time allowed for a cell, when fired, to
activate a neighboring cell. In the simulations performed in this study the
duration of activation was set at I time step. If the neighboring cell is not
receptive within this time period, it will not be excited.

2. Threshold of excitability: this threshold determines the minimum level of
excitability required for activation (Fig. Ie).

The threshold of excitability, together with the time course of excitability,
determines the absolute and relative refractory time periods in each cell (Fig. Ie).
The absolute refractory period (ARP) starts at the moment a cell is activated and
ends when the exponentially increasing excitability reaches the threshold of
excitability. During this period the cell is inexcitable. The relative refractory
period starts after the ARP and ends when excitability has reached a level ofO.95.
The conduction velocity between cells is determined by the basic latency as
assigned to every connection (see no 2) and the excitability of the cell at the
moment it is activated according to the relationship:

.. Basic latency
ConductIOn time = E . bTl I'xClta I Ity eve

In the fully excitable state (excitability = 1.0, see Fig. Ie) the conduction time is
equal to the basic latency. If the cell is partially excitable, the conduction time is
increased depending on the initial excitability level according to the above
equation.
Two major events occur at each time step during an actual simulation.

1. The excitability level is updated in every cell.
2. If a cell has fired in the previous time step, the possibility of conduction to its
neighbors is tested. If one of these neighboring cells is fully or partially
excitable, the conduction time between the two cells is calculated. The con
duction time is added to the activation time of the firing cell to obtain the
predicted activation time of the receiving cell. Usually this new activation time
exceeds the current simulation time. The cell is, therefore, not yet allowed to
fire; instead this predicted activation time is storea until the simulation time
reaches the predicted time, at which moment the cell will fire. During the time
that the excited cells waits to fire, the same cell may be approached by other
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impulses coming from a different direction which may lead to an update of the
predicted fire time. The cell is allowed to fire when the running simulation
time reaches the earliest predicted activation time.

The simulation program was written in Fortran IV. It was run on a PDP 11104
computer using a Tektronix 4010 terminal as operator console and a Ramtek 9050
graphic processor for color display of the sequence of propagation and the state of
excitability in the 900 cells.

Results

Properties of the conductive matrix - the sheet of 'excitable' cells

For the simulations that we describe in this report, we utilized several sheets of
excitable cells with different intrinsic properties. One sheet was isotropic; this
means that the latency time in all directions was equal and therefore conduction
velocity in all directions was the same. The pattern of activation in this isotropic
sheet after the center cell was excited (center stimulation) is shown in Fig. 2A.
Activation occurs in concentric circles away from the center. We also used
anisotropic sheets (uniform anisotropy) in which conduction in the vertical axis
was made slower than conduction in the horizontal axis by increasing the latency
time in the vertical axis relative to the horizontal. The latency time changes
monotonically between the two axes. The activation pattern after excitation of
the center element in an anisotropic sheet with a 3 : 1latency ratio is shown in Fig.
2B. The isochrones are elliptical with the long axis of the ellipse in the horizontal
direction because of the more rapid activation (shorter latency time).

Simulation of functional reentry in an isotropic matrix

Reentrant excitation was initiated in an isotropic sheet by activating (stimulating)
a cell in the sheet adjacent to a long line of block which was caused by making a
line of cells temporarily inexcitable (Fig. 3). In the figure, the location of the
inexcitable cells are shown by the black line and the site of stimulation is indicated
by the '$'. Activation proceeded away from this site toward the end of the line of
block which was programmed to disappear by the time activation had travelled
along its entire length. The activation wave then moved back towards its site of
origin (right to left) on the opposite side of the original line of block. As it
travelled back toward the stimulation site, the activation wave was prevented
from exciting cells it had already activated because these remained inexcitable for
132 time units (absolute refractory period - see Fig. 1). By the time the excitation
wave arrived opposite to the stimulus site (toward the left margin of the sheet) the
cells that were initially activated had recovered excitability. Activation then
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Figure 2. Activation patterns after excitation ofthe center cell in two different sheets. In A the sheet is
isotropic, the latency value (see Fig. 1) is equal in all directions. There is uniform spread of activation
away from the central stimulus. In B, the sheet is anisotropic. Latency in the vertical direction was
maq'i,3 times longer then in the horizontal direction; activation in this direction is, therefore, slower
than in the horizontal direction. In this figure, the activation times of each of the cells is ploued as
excitation moves away from the stimulus site. The same number of activation times make up the
excitation maps shown in the following figures. However. only the isochrones are shown for the sake
of clarity.

Figure 3. Initiation of fU{lctional reentry in an isotropic sheet. At the beginning of the stimulation, a
line of elements perpendicular to the left border was made inexcitable. This line is shown in black. An
element adjacent to the line (S) was excited. Activation occurred in the sequence indicated by the
arrows and the isochrones. Before activation reached the 100 isochrone the line of block was removed.
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occurred across the line and once more in the left to right direction. Continuous
reentry was thereby established.
Figure 4A shows the pattern of activation of the isotropic sheet during the
stable reentry. Activation occurs in a spiral pattern with wavefronts propagating
in all directions away from the center. We will concentrate on the events occur
ring at the origin of the spiral where the smallest diameter reentrant circuit is
located. This has been called the leading circle [8, 9] and we will use this
terminology despite the fact that this smallest circuit is not really circular. This
circuit of excitable elements is indicated by the black bars in Figure 4A. It is also
shown, enlarged, in Figure 4B where the time of activation of each cell compris
ing the circuit is indicated for one complete revolution. The arrows show the
sequence with which one cell is exciting the next. For this cycle excitation begins
in the top row of cells (cell labelled 5) and continues in a clock wise direction to
the cell indicated by the 134. The complete revolution time around the circuit is
137 time units. Activation is occurring around a long, narrow line between the two
horizontal rows of cells. This is a line of block because activation from one row
cannot cross over to excite cells in the other row except at the ends. The block is
functional-eells on one side of the line are refractory while activation is occurring
on the other side of the line, preventing activation from crossing or short circuit
ing the line.
As the wave of excitation proceeds around the functional circuit, it leaves in its
wake a 'tail' of functionally refractory cells, e.g. cells that have recently been
excited and have not yet recovered excitability (to the excitability threshold).
Thus a part of the circuit is always inexcitable and this part moves around the
circuit following the excitation wave. How much of the circuit is inexcitable is
determined by the wave length of the propagating excitation wave which is
defined as the distance traveled by the excitation wave during the time the tissue
restores its excitability sufficiently to propagate another impulse. The wave
length is equal to the functional refractory period x the conduction velocity [10].
In order for reentry to continue, the wave length cannot be longer than the path
length. That is, there must always be some excitable tissue in front of the
activation wave or else activation would die out. In the experimental studies on
leading circle reentry in rabbit atria it was shown that the size of the reentrant
circuit was determined by the conduction velocity and refractory period of the
impulse and that the size was not much longer than the wave length [8, 9].
We found this same characteristic in our simulation of functional reentry in an
isotropic sheet. The size of the circuit was just large enough to accommodate the
wave length of the simulated excitation wave, with a small part of the circuit in
front of the activation wave always existing in the excitable state. Therefore,
propagation around the circuit could continue. Figure 5 shows the state of
excitability of cells in the leading circle at different representative times during
propagation around the circuit. All inexcitable cells are indicated in black.
Excitable cells in the circuit are designated by the unfilled boxes that have the
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Figure 4. A: pattern of reentry (initiation shown in Fig. 3) in the isotropic sheet. The leading circle of
excitable elements are indicated in black and the relative times of activation of these elements are
shown in the enlarged version of the leading circle in B.

state of excitability printed in them. This state of excitability is determined by the
exponential time course for recovery shown in Fig. 1. Since the excitability
threshold in this simulation was 0.5, cells were only excitable when this threshold
was exceeded. In Figure 5, the decimal has been omitted in indicating the state of
excitability. The total range of excitability is from 6 (just excitable) to 10 (fully
excitable). There is at least one cell with an excitability greater than 5 just in front
of the head of the wave front at each time shown. For example, in Fig. SA, the
wavefront is moving from right to left along the bottom row of cells. At the time
shown, the head of the excitation wave is preceded by two cells designated as
having an excitability of 6, meaning the cells are relatively refractory and can be
excited. Excitability of other cells outside the leading circle that are relatively
refractory are also plotted and inscribe the same spiral of activation around that
center region that was described in Fig. 4. At the time period shown in Fig. 5B,
the excitation wave has just arrived at the last cell at the left of this row. There is
one cell with an excitability of 6 in front of the wavefront at this time. In Fig. 5C
and 5D activation is occurring from left to right along the top column of cells and
at each time depicted there are two partially [6J excitable cells in front of the
activation wave.
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Figure 5. The excitable gap in the leading circle and in the rest of the isotropic sheet during functional
reentry. In each panel, the leading circle ofexcitable elements is indicated by the black bars (see Fig. 4
for explanation of this format). The white boxes with the numbers indicate the elements comprising
the excitable gap and their relative excitability for different locations of the wave front in the circuit.
The arrows indicate the direction of activation. In each panel. the activation wave is just moving into
the partially excitable elements.

At this time we will introduce the term 'excitable gap'. This term is used to
describe the part of the circuit which remains excitable during reentry [I1J. The
gap may be either completely or partially excitable. The part of the circuit which
is excitable is determined by the relationship between the wave length of the
impulse and the path length of the circuit. The larger the path length with respect
to the wave length, the greater is the part of the circuit that remains excitable. As
shown in Fig. 5, during the simulation of functional reentry, no cells in the circuit
are completely excitable and thus there is no completely excitable gap. However,
there are partially excitable cells in front of the activation wave and these
constitute a partially excitable gap. Figure 6 shows the extent of this partially
excitable gap in this simulation as activation moves around the reentrant circuit.
The cells that constitute the leading circle are numbered from 1-16 as shown in the
top of the diagram. The arrow points out the direction of activation of these
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Figure 6. The wave length of refractory cells and the partially excitable gap during functional reentry
in an isotropic circuit. At the top, the cells comprising the leading circuit are numbered from 1 to 16
(see Fig. 5). At the bottom, the wave length is indicated by the length of the black arrow (the number
of each cell is on the horizontal axis). The unfilled boxes comprise the gap of partially excitable cells.

elements. These cells are also indicated by number on the horizontal axis of the
graph below. This graph shows the duration of the wave length as excitation
proceeds from one cell to the next. On the vertical axis of this graph is the wave
length expressed as the number of cells it encompasses. The wave length along
the circuit is indicated by the length of the vertical black arrows. The size of the
excitable gap is shown by the unfilled boxes that contain the state of excitability.
As activation is progressing between the first 4 cells (cell number 1-4 on the
horizontal axis), the wave length extends over 14 of the 16 cells in the circuit
(length of the black arrow on the vertical axis). The other 2cells are excitable with
an excitability level of 6. The wave length increases to 15 cells when activation of
elements 5 and 6 occurs, and the excitable gap decreases to one cell. Then the
wave length decreases again to 14 cells when cells 7-12 are activated and once
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more increases when cells 13 and 14 are activated. The gap increases and de
creases concomitantly.
This simulation clearly shows that during circus movement in a sheet of
isotropic tissue there is only a small excitable gap all around the circuit. The
excitable gap only shows minimal variations in width caused by slight variations in
conduction velocity.

Effects of anisotropy on functional reentry

After functional reentry was established in the isotropic sheet, the sheet was
made anisotropic while reentry continued. The change in the sheet caused a
change in the characteristics of the reentrant circuit. The effects of an anisotropic
sheet with as: 1 conduction ratio (slow conduction in the vertical direction) is
shown in Fig. 7. Activation now occurs in an oval pattern around the center
leading circle (Fig. 7A), rather than the circular pattern shown in Fig. 4A. The
oval is a consequence of the disparity in conduction velocities between the
horizontal and vertical directions; the long axis of the oval is in the direction of
most rapid conduction. Figure 7B shows the activation times for one cycle for the
cells that comprise the leading circle. The size of the central leading circuit has
decreased by one cell and conduction time around the circuit has increased to 179
time units.
The state of excitability of cells comprising the leading circle at several re
presentative times is indicated in Fig. 8. The format of the figure is the same as
Fig. 5. In Fig. 8A, activation is turning around the left corner and is preceded by
one partially excitable cell (excitability level is 6). In Fig. 8B, as activation is
moving from left to right in the horizontal direction it is now preceded by 6
partially excitable cells, 3 of which have an excitability of 8. As the activation
wave approaches the right corner of the leading circle and turns around it, the
number of partially excitable elements preceding it decreases (Fig. 8e, D).
Figure 9 (format is the same as Fig. 6) shows the extent of the partially excitable
gap and the wave length at each cell in the leading circuit. Both are changing
throughout the reentrant circuit, with the minimum wave length and maximum
partially excitable gap occurring when cells 7 and 14 are activated (excitable gap
consists of 6-7 cells, 3 with an excitability of 6 and 4 with an excitability of 8). The
maximum wave length and minimum partially excitable gap occurs at cells 5 and 6
and 12 and 13 (excitable gap is one cell with an excitability of 6). It is therefore
apparent that anisotropy has increased the excitable gap.
The changes in the wave length and the partially excitable gap during reentry in
the anisotropic matrix are a consequence of the marked changes in conduction
velocity in the leading circuit. Moving in the horizontal direction there are 6 time
units between activation of adjacent elements. The conduction velocity slows
markedly when activation occurs in the vertical direction. At the left there are 44
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Figure 7. Pattern of reentry (initiation shown in Fig. 3) in an anisotropic sheet with as: 1activation
ratio. The leading circle ofexcitable elements are indicated in black and the relative times of activation
of these elements are shown in the enlarged version of the leading circle in B.
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Figure 8. The excitable gap in the leading circle and in the rest of the anisotropic sheet during
functional reentry. In each panel, the leading circle of excitable elements is indicated by the black
bars. The white boxes with the numbers indicate the elements comprising the excitable gap and their
relative excitability for different locations of the wave front in the circuit. The arrows indicated the
direction of activation. In each panel, the activation wave is just moving into the partially excitable
elements.
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Figure 9. The wave length of refractory and the partially excitable gap during functional reentry in an
anisotropic sheet (5: I latency ratio). The format is the same as Fig. 6.

time units between elements 13 and 14 and at the right there are 57 time units
between elements 6 and 7. The very slow activation is a consequence of the
anisotropy. As a result the wave length shortens drastically and the partially
excitable gap increases at these times. These changes then outlast the return of
rapid conduction velocity; wave length gradually increases and partially excitable
gap decreases during rapid excitation in the horizontal direction.

Discussion

The cardiac impulse normally arises in the sinus node and spreads throughout the
heart over well defined routes. The conducting impulse leaves in its wake refrac
tory tissue that cannot be reexcited for 200-500 msec. As a result, when the last
remnants of heart muscle are excited, the impulse finding itself completely
surrounded by refractory fibers, dies out. Under certain conditions, however, an
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impulse that has excited the heart once does not die out but finds a pathway of
excitable fibers over which it may return to reexcite part or all of the heart. This
phenomenon is called reentrant excitation and the pathway through which the
impulse propagates while it is 'waiting' for the rest of the heart to regain excit
ability is the reentrant circuit (see [12-14] for detailed reviews on mechanisms
causing reentry).
In general, there are two basic kinds of reentrant circuits, an anatomical circuit
and a functional circuit [8, 13]. An anatomical circuit is comprised of a well
defined pathway around an anatomical obstacle. This type of reentrant circuit
was first studied by Mines [11] in rings of excitable tissue, the center of the ring
formed by the obstacle. In the in situ heart, anatomical circuits may be formed by
the bundle branches of the specialized ventricular conducting system [16], by the
atria, AV conducting system, ventricles and bypass tracts in patients with WPW
syndrome [17], by the tissue around the orifices of the vena cavae [18] or AV
communication [19]. In all these examples, during reentrant tachycardia, the
impulse circles in one direction around the central barrier. On the other hand, a
functional circuit is not dependent on a nonconductile obstacle, but the circuit
through which the impulse circulates is completely defined by the electrophysio
logical properties of the fibers composing the circuit [8, 13]. Thus reentry can
occur in the free wall of the atria after conduction of a properly timed premature
impulse blocks transiently in regions where refractory periods may be long, and
conducts slowly through other regions where refractory periods are shorter,
eventually returning to the initial region of block after it has recovered excit
ability. A functional reentrant circuit is thereby established and reentry may
continue by the leading circle mechanism [20, 21].
The properties of reentry resulting from these two different mechanisms and
the arrhythmias they cause, have been shown to be very different [8]. These
differences are mostly a result of the relationship between the wave length of the
conducting impulse and the length of the path comprising the reentrant circuit. As
we have already indicated, the wave length is defined as the distance travelled by
the depolarization wave during the time needed for the tissue it has excited to
restore excitability sufficiently to propagate another impulse [10]. For reentry to
continue, this wave length cannot be longer than the path length or else the
conducting impulse would run into the refractory tissue in its wake, block and
reentry would stop. However, in a reentrant circuit around an anatomical ob
stacle the wave length may be significantly less than the path length and therefore
part of the reentrant circuit is always fully excitable - a gap of full excitability
exists [8]. The presence of such a gap has 3 significant influences on the properties
of the circuit. First, the revolution time of the impulse around the circuit is
determined primarily by the conduction velocity of the impulse and not signifi
cantly influenced by (moderate) changes in the refractory period. Second, the
reentrant circuit is predicted to be more stable. Third, it is possible to perturb
conduction of the reentrant impulse and even stop reentry by applying appropri-
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ately timed stimuli to tissue in or around the reentrant circuit. It is this third
property that we wish to emphasize in this discussion. During continuous reentry
a new impulse may be elicited by a stimulus applied to tissue near the circuit. This
stimulated impulse may enter the reentrant circuit if it finds excitable tissue in the
circuit. This may easily occur when there is a large excitable gap. Once in the
circuit, the stimulated impulse may begin to conduct in both directions around the
circuit. In doing so, it can collide in the retrograde direction with the reentering
impulse but continue to conduct in the antegrade direction around the circuit.
Reentry may continue although the revolution time may be transiently perturbed
(prolonged) if the stimulated impulse conducts more slowly around the circuit in
relatively refractory tissue. If the stimulated impulse occurs sufficiently early in
the excitable gap, it may collide with the reentering impulse in the retrograde
direction, but also block in the antegrade direction. Reentrant excitation is
terminated as a result. This is the physiological basis for termination of reentrant
tachycardias by stimuli applied to the atria or ventricles by a pacemaker [22].
On the other hand, in a functional reentrant circuit caused by the leading circle
mechanism, the length of the circuit is not fixed but is determined by the
electrophysiological properties of the tissue [8]. The impulse, therefore, circul
ates in the smallest possible pathway in which the stimulating efficacy is just
enough to excite the tissue ahead which is still in its relative refractory phase - 'in
this smallest circuit possible which is designated as the leading circle, the head of
the circulating wave front is continuously biting in its own tail of refractoriness'
[8]. Because of this tight fit, the length of the circulating pathway equals 'the wave
length' of the circulating impulse. Functional circuits of this kind may, therefore,
not be stable. Because there is a tight fit between the crest and the tail of the
impulse, changes in refractory period can have significant influences on the
revolution time around the circuit and there is no excitable gap in the circuit. This
implies that a wave front (or stimulus) of greater efficacy than the circulating
impulse is required to interfere with the leading circle [8]. This property may
protect leading circle reentry from being terminated by stimuli applied to the
heart during the arrhythmias which it causes and may explain why some reentrant
arrhythmias cannot be terminated by pacemakers [23].
The tendency has been to apply the principles learned from studying leading
circle reentry in atrial myocardium to functional reentry occurring in other
regions of the heart. However, this may not be a valid assumption. We have
studied reentrant excitation in the sheet of muscle which survives on the epicar
dial surface of canine infarcts. This reentry is also functional- there is usually no
anatomical obstacle and the reentrant circuit is determined by the functional
properties of the cardiac tissue [5, 24]. However, unlike leading circle reentry in
the atria a large excitable gap is sometimes present in the circuit allowing
reentrant tachycardias to be terminated by electrical stimuli applied to the
ventricles. One major difference between the anatomy and electrophysiology of
the muscle in which reentry is occurring in the epicardial border zone of the
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infarcts and in the atrial free wall is the orientation of the myocardial fibers and
the influence of this orientation on conduction. In the epicardial border zone, the
muscle fibers are oriented in parallel to one another and conduction parallel to
the long axis of the myocardial fibers may be 3-5 times more rapid then con
duction perpendicular [4]. This difference in conduction velocity dependent on
anisotropic structure has been explained [1-3] by the differences in the degree of
cell coupling in the different directions. Because of the differences in conduction
velocity caused by anisotropy, the conduction velocity of the impulse around the
reentrant circuit is not uniform - it is more rapid in that part of the circuit parallel
to fiber orientation while slower in that part of the circuit perpendicular to fiber
orientation [5]. It has been proposed by Frame and Hoffman that differences in
properties in different parts of the circuit might lead to the appearance of an
excitable gap [25]. On the other hand in that part of the atria where leading circle
reentry has been studied most thoroughly, there is no clear influence of fiber
orientation on conduction velocity since the myocardial fibers are arranged in
many different directions.
To determine whether the presence of anisotropy might lead to the appearance
of an excitable gap, we did the simulation study described in the results. Our
computer model for activation of a sheet of excitable cells is not based on
simulating transmembrane currents or longitudinal current flow [26, 27), but
simply relies on excitation latencies between cells and the interrelationships
between excitation and the time course of recovery of excitability of the cells.
These are important factors that govern conduction in reentrant circuits. In our
simulation in an isotropic sheet of cells, the functional reentrant circuit closely
mimicked some aspects of leading circle reentry studied in atrial myocardium. In
particular, the size of the leading circle was governed by the properties of
conduction and refractoriness of the cells, and the head of the wave front
travelled in the partially refractory tail. As shown in Fig. 5, the excitable gap in
the isotropic circuit is small, consisting of only one or two cells and the state of
excitability in the gap is never more than 0.6. Thus, excitability is just sufficient to
allow continued propagation around the circuit. Another important characteris
tic of this functional reentry is the relative consistent wave length of the impulse
throughout the circuit. Although there are small changes in conduction velocity in
several regions of the circuit they do not influence the wave length sufficiently to
cause major changes in the excitable gap. It is also expected that in leading circle
reentry in atrial myocardium, the wave length is relatively constant throughout
the reentrant circuit during tachycardia since, at these rapid rates, refractory
periods and conduction velocity may be nearly uniform.
In the anisotropic matrix of cells, leading circle reentry also occurs. However,
there are marked changes in conduction velocity when activation changes from
the fast direction (parallel to fiber orientation) to the slow direction (perpendicu
lar to fiber orientation). As a result of the slowing, the wave length quickly
decreases revealing a large excitable gap not evident in the isotropic matrix. Thus,
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it is predicted that tachycardias caused by functional reentry and occurring in
anisotropic tissue may be more stable than in isotropic tissue and may be termin
ated by pacemaker stimuli.
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8. Interaction of oscillatory currents and steady
state membrane conductance in isolated cardiac
myocytes: Experimental description and
preliminary modeling of syncytial effects

C. NORDIN and R.S. ARONSON

Abstract

Oscillatory currents associated with conditions that increase myoplasmic Ca2+
may be an important cause of ventricular arrhythmias. During diastole, the
magnitude of voltage deflections generated by such currents will be a function not
only of the currents themselves, but also of the net conductance of the membrane,
which is reflected in the steady-state current-voltage relationship. We used the
two microelectrode voltage clamp technique in isolated guinea pig ventricular
myocytes to study the relationship between the magnitude of oscillatory current
and the shape of the steady-state current-voltage relationship. This was done
under two experimental conditions that induce self-sustained, non-driven action
potentials in unclamped cells:
1. exposure to K+-free, Na+-deficient modified Tyrode's solution which induces
spontaneous action potentials, and

2. exposure to normal Tyrode's solution containing ouabain (10-<>M) which
induces triggered action potentials that arise from delayed after-depolariza
tions.

No current oscillations were recorded at the zero-current intercept in normal
Tyrode's solution, and the steady-state current-voltage relationship showed that
1.5 nA of inward current was necessary to deflect the membrane voltage from the
resting potential to the threshold for action potentials (-65 mY). After exposure
to modified Tyrode's solution, spontaneous oscillatory currents with a magnitude
as large as 2.0 nA developed at the zero-current intercept, and the shape of the
current-voltage relationship was altered so that only 0.5 nA of inward current was
needed to bring the resting potential to threshold. After exposure to ouabain
(10-<>M), transient inward currents with peak magnitudes of 1-4 nA were re
corded upon repolarization from depolarizing voltage clamp steps. Exposure to
ouabain did not have a significant effect on the shape of the steady-state current
voltage relationship. Thus the magnitude of oscillatory currents in isolated myo
cytes is such that changes in the current-voltage relationship may be crucial in
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determining whether or not such currents will generate voltage deflections large
enough to provoke action potentials. A simple model was developed to deter
mine the magnitude of voltage deflections in a cell with oscillatory currents, and
in adjacent resting cells. The model predicts that increasing resistance of gap
junctions, increasing the membrane resistance, or decreasing the number of gap
junctons between cells increases the likelihood that current oscillationswill evoke
propagated action potentials. The model also predicts that under conditions
where the resistance of the gap junctions and surface membrane are increased,
one or a small number of cells may initiate triggered action potentials which could
propagate to adjacent heart muscle and cause ventricular tachycardia.

Introduction

In recent years, investigators in the field of myocardial electrophysiology have
characterized two different forms of oscillatory currents in cardiac tissue:
damped, transient current oscillations which follow depolarizing voltage steps,
especially after exposure to toxic doses of digitalis [1-6]; and spontaneous current
oscillations that develop without the need for depolarizing steps [1-3, 7-9]. Both
types of current may depend on elevations of myoplasmic Ca2+ [10, 11]. While
much attention has been focused on the underlying etiology of these current
oscillations, relatively little attention has been paid to the process by which the
currents are translated into voltage deflections, which ultimately serve as the
stimulus for the opening of the voltage-dependent channels that cause the action
potential. The magnitude of the voltage deflections is a function not only of the
magnitude of the oscillatory currents, but also of the other conductances of the
membrane which are time-independent. During diastole, those time-indepen
dent conductances determine the shape of the steady-state current-voltage rela
tionship. Changes in the current-voltage relationship could therefore have a
major effect on whether or not oscillatory currents associated with conditions of
Ca2+ overload will induce recurrent action potentials.
To analyze such changes quantitatively, we have used voltage clamp techniques
to study the electrical properties of isolated guinea pig ventricular myocytes
under conditions that cause both spontaneous and depolarization-related current
oscillations. By using individual cells, we can quantitate the absolute magnitude
of the current oscillations. Furthermore, we can precisely measure the steady
state current-voltage relationship of the myocytes. Thus, we can determine values
for the two variables which ultimately interact to generate voltage deflections.
With this quantitative data, we can then begin to reconstruct the effects of
current oscillations generated by individual myocytes when those myocytes are
connected to each other in the myocardial syncytium. Thus, our research has
focused on two goals: first, to determine experimentally the precise behavior of
oscillatory currents and current-voltage relationships in isolated myocytes from
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guinea pig ventricles; and second, to use simple mathematical models to obtain
some insight, based on experimental quantitation, into the behavior of oscillatory
currents in the myocardial syncytium.

Methods

Cells were isolated from guinea pig ventricles by a modification of techniques
described elsewhere [12-14]. Guinea pigs (400-600 grams) were anesthetized with
ether and then killed by cervical dislocation. The hearts were quickly mounted on
a Langendorff apparatus and perfused with a Ca2+-free Tyrode's solution of the
following composition (mM): Na+ 143; K+ 6.0; Mg2+ 1.2; Cl- 122.8; HC03- 25;
POl- 1.2; SOl- 1.2; glucose 11.0.
Subsequently crude collagenase (Worthington, Type I) was added (125 J-Lg/ml) ,
and the solution was recirculated for 20 minutes. Following this, the hearts were
minced with scissors and placed in a stirring apparatus to promote physical
dispersion. During this period (30 minutes), [Ca2+] was increased to 100J-LM, the
collagenase concentration was increased to 255 J-Lg/ml and hyaluronidase, 130 J-Lg/
ml, was added. The cells were harvested by gravity sedimentation. After decant
ing the collagenase containing solution, the cells were then placed in a HEPES
buffered Tyrode's solution of the following composition (mM): Na+ 143; K+ 6.0;
Ca2+ 1.0; Mg2+ 1.2; Cl- 124.8; POl- 1.2; SOl- 1.2; HEPES 25; glucose 11.0.
For experiments, isolated myocytes were placed in a perfusion chamber
mounted on the stage of a Nikon inverted stage microscope. Solutions were
perfused continuously at 37°C via a Hamilton valve system. The entire perfusion
system and microscope were mounted in a Faraday cage.
Recordings were obtained with conventional microelectrodes filled with 3M
KCl. Tip resistances ranged from 50-100MD. We studied only cells that were
electrically quiescent with resting potentials negative to -80 mV following im
palement with one or two microelectrodes. In all experiments, cells were initially
perfused with control Tyrode's solution of the following composition (mM): Na+
151.3; K+ 4.0; Ca2+2.4; Mg2+ 0.5; Cl- 147.3; HC03- 12.0; PO/- 1.8; glucose 5.5.
The composition of the modified Tyrode's solution was as follows (mM): Na+
82.6; Tetraethylammonium (TEA+) 69.0; Cs+ 4.0; Ca2+ 2.4; Mg2+ 0.5; Cl- 78.8;
SOl- 34.4; POl- 1.8; glucose 5.5; sucrose 34.4. All solutions containing HCO)
were gassed with 95% O2 and 5% CO2,
Action potential data was analyzed from Polaroid photographs of oscilloscopic
records. Voltage and current records were obtained on a strip chart recorder
(Gould).
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Results

Oscillatory currents in isolated guinea pig myocytes

We have used two experimental approaches to study oscillatory currents in
isolated myocytes. First, to study spontaneous membrane current oscillations, we
developed a modified Tyrode's solution which would, on theoretical grounds,
both induce Ca2+overload (low Na+ [15), zero K+ [16]) and reduce steady-state
membrane conductance (zero K+ [16,17), Cs+ [18), TEA+[19]). We have shown
that the solution causes reversible, nondriven action potentials in guinea pig
ventricular papillary muscles [20]. Second, to study depolarization-dependent
transient oscillatory currents we exposed the myocytes to control Tyrode's solu
tion containing ouabain (10-6M).
Figure 1 shows the effects of modified Tyrode's solution on the electrical
activity of an unclamped isolated ventricular myocyte. In control Tyrode's solu
tion (Figure 1A) the cell generated normal action potentials following brief
depolarizing current pulses delivered through the recording electrode. The mem
brane potential was stable between action potentials. Following 40 seconds of
exposure to modified Tyrode's solution (Figure lB), the cell depolarized slightly
and developed irregular undulations in membrane potential; these were followed
by a burst of nondriven action potentials. The self-sustained action potentials
persisted for a short time after the cell was re-exposed to control Tyrode's
solution between Figure lB and Ie. Thereafter the diastolic potential gradually
hyperpolarized and the self-sustained action potentials terminated with a large
afterdepolarization (Figure Ie). Subsequently, the membrane potential of the
cell again remained quiescent between stimulated action potentials in control
solution (Figure 1D), confirming complete reversibility of the spontaneous
activity.
To investigate the changes in membrane currents underlying self-sustained
activity induced by the modified Tyrode's solution, we used two microelectrodes
to voltage clamp [21] the isolated cells. This technique avoids the obligatory
internal dialysis associated with large bore, low resistance suction electrodes [22),
and thus permits us to study the effects of native changes in intracellular constitu
ents on current and voltage behavior in the myocytes. Only cells which were
electrically and mechanically quiescent in normal Tyrode's solution and which
had normal resting membrane potentials following insertion of both electrodes
were used for experiments. The cells were initially voltage clamped to the resting
potential (i.e. the zero-current intercept). The membrane potential was then
shifted in 10mV increments from -100mV to more positive potenials by man
ually changing the clamp potential every 1-2 seconds. Following this, the com
mand potential was returned to the zero current intercept and the cell was
exposed to the modified Tyrode's solution. After the first appearance of spon
taneous current oscillations, a second current-voltage relationship was obtained
by the same protocol.
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Figure 1. Effect of modified Tyrode's solution on transmembrane voltage of an isolated guinea pig
ventricular myocyte. Panels were taken from continuous records obtained in control Tyrode's
solution (A), 40sec after exposure to modified Tyrode's solution (B), 60sec after reexposure to
control Tyrode's solution (C), and 3min after reexposure to control Tyrode's solution (D). Action
potentials in panels A and D were stimulated by 1msec depolarizing current pulses; stimulation was
turned off during exposure to the modified Tyrode's solution.

Figure 2 shows the voltage clamp records obtained in control and modified
Tryrode's solution in an isolated guinea pig myocyte. In control solution (Figure
2A), large changes in current were recorded when the membrane potential was
clamped to values negative to -70mV. Very slow irregular oscillations de
veloped at -60mV. Faster and more regular current oscillations were recorded
only when the membrane potential was clamped to - 20 mV and more positive. In
contrast, in modified Tyrode's solution (Figure 2B), current oscillations de
veloped at all membrane potentials positive to -110 mV; the largest oscillations
had a peak-to-peak magnitude of about l.0 nA. Furthermore, current deflections
between incremental clamp potentials were markedly reduced at potentials
negative to - 70mV.
Figure 3 shows the steady-state current-voltage relationship obtained from the
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Figure 2. Transmembrane current and voltage records obtained during two microelectrode voltage
clamp of the isolated guinea pig myocyte in control Tyrode's solution (A) and 70 sec after exposure to
modified Tyrode's solution (B). In each panel, the upper trace is the clamp potential and the lower
trace is the transmembrane current. See text for discussion of results.

voltage clamp records of Figure 2. The shape of the current-voltage relationship
in control Tyrode's solution is similar to that reported by other investigators for
cardiac muscle [23-25]. In contrast, a marked decrease in membrane conductance
induced by the modified Tyrode's solution is reflected in the current-voltage
relationship by the very shallow slope near and negative to the zero-current
intercept.

It is important to note that a precise value can be determined from each
current-voltage relationship for the quantity of inward current needed to bring
the cell from the resting potential (that is, the zero-current intercept) to the
threshold (-65 mV) for activation of the Na+ channels that generate the upstroke
of the normal cardiac action potential. For this cell, the value is 1.5 nA in control
Tyrode's solution. Any inward current of less magnitude will fail to elicit an
action potential. In modified Tyrode's solution, however, only about 0.5 nA
would be needed to bring the membrane potential from the zero current intercept
of -90mV to -65 mV; this is less than half the current required with the current
voltage relationship obtained in the control solution. Thus, this change in the
current-voltage relationship will amplify the voltage deflection associated with
any oscillatory current and thereby increase the likelihood that current oscilla
tions of any given magnitude will cause action potentials.
As an example of this interaction, we can consider the effect of the current
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Figure 3. State-current-voltage relationship obtained in normal (dashed line) and modified Tyrode's
solution (solid line); the data for the curves were from the records in Figure 2. At membrane potentials
where current oscillations developed, the value for the steady-state the current was obtained by visual
estimation of the mean value of the current. See text for discussion.

oscillations generated by the cell whose records are shown in Figure 2 and whose
current-voltage relationship is plotted in Figure 3. In our analysis of the current
voltage relationship, we plotted the steady-state current value as the mean
between the inward and outward peaks of the spontaneous current oscillations.
The largest oscillation of this cell at -90 mV in modified Tyrode's solution had a
peak-to-peak amplitude of about 1.0 nA. Ifwe assume that inward current flows
only during the inward phase of the oscillatory cycle, then the maximum inward
current will be about 0.5 nA. Thus, in this cell, spontaneous current oscillations
will elicit action potentials only if the current-voltage relationship is altered such
that the outward current value at the threshold potential (-65 mY) is 0.5 nA or
less. Since this condition is met in modified Tyrode's solution, the current
oscillations at -90 mV should be sufficient to elicit action potentials. In contrast,
the current-voltage relationship in normal Tyrode's solution is such that an
inward current of 0.5 nA will cause a voltage deflection from - 85 mV to - 80 mV
or only 5 mY. Thus, the normal current-voltage relationship stabilizes the cell.
In other experiments, the peak-to-peak magnitude of spontaneous current

oscillations in modified Tyrode's solution was as large as 2.0 nA. According to
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our analysis, these oscillations would generate about 1.0 nA of inward current.
We will therefore use 1.0 nA in the model which follows (next section) to
represent the magnitude of the inward component of spontaneous current oscilla
tions.
The current-voltage relationship is a nonlinear function of conductances which
are voltage dependent. Nevertheless, regardless of the shape of this relationship,
the amount of inward current needed to provoke an action potential will be
equivalent to the amount of current needed to shift the membrane potential from
the value corresponding to the zero-current intercept to the membrane potential
that corresponds to the peak level of outward current recorded positive to the
zero-current intercept. As in Figure 3, this peak value is generally found at the
threshold voltage itself.
This observation allows one to view the changes in the current-voltage relation
ship induced by the modified Tyrode's solution from the point of view of mem
brane resistance (rm). In terms of simple linear modeling of the behavior of
oscillatory currents, rm can be considered as the reciprocal of chord conductance,
and can be determined for a given voltage step by evaluating the reciprocal of the
slope of the line connecting two points on the current-voltage relationship. In the
case of the current-voltage relationship in control solution (Fig. 3), the value of rm
between the membrane potential corresponding to the zero-current intercept
(-85 mV) and the membrane potential corresponding to the threshold for the
action potential (-65 mV) is 20 mV/1.5 nA or about 13MO. In other cells, the
value was betweeen 10 and 20MO, with 15 MO being a typical value. In contrast,
after exposure to modified Tyrode's solution rm between the zero-current inter
cept (-90mV) and the threshold (-65 mY) is 25 mV/0.5nA, or 50MO. These
values will be used to represent rm in the model which follows below.
In addition to studying spontaneous action potentials and their underlying

sustained oscillatory currents, we also have investigated delayed after-depolar
izations and the transient, depolarization-induced oscillatory currents which are
believed to cause them [1-6]. For this purpose, we exposed the isolated myocytes
to ouabain (10-6M) until delayed after-depolarizations appeared. Figure 4 shows
an example of the effects of ouabain (10-6M) on the voltage activity of an
unclamped isolated myocyte. In control solution, no fluctuations in diastolic
potential were observed after 10 or 20 driven action potentials (Figure 4A). After
exposure to ouabain for 4 minutes, a large but sub-threshold delayed after
depolarization was recorded after 20 but not after 10 driven action potentials
(Figure 4B). After exposure to ouabain for 7 minutes (Figure 4C), bursts of
triggered action potentials developed after 10 and 24 driven action potentials. The
bursts of self-sustained action potentials terminated with large after-depolariza
tions. Following return to control solution, no after-depolarizations were re
corded after 10 or 20 driven action potentials (Figure 4D).
We investigated the magnitude of the current that generated the delayed after
depolarizations and triggered action potentials by voltage clamping isolated
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Figure 4. Effects of exposure to ouabain (10-6M) on the transmembrane voltage of an isolated guinea
pig myocyte. Each panel was taken from continuous chart recordings in control Tyrode's solution (A),
following 4min of exposure to ouabain (B), following 7min of exposure to ouabain (Cr, and 5min
after return to control Tyrode's solution (0). Arrowheads in C indicate the onset of triggered action
potentials arising from delayed after depolarizations. All other action potentials were elicited by
intracellular depolarizing current pulses lasting 1msec and applied at intervals of 1,000msec and
200msec.

myocytes exposed to ouabain. For these experiments, we used depolarizing
voltage clamp steps. Figure 5 shows an example of one such experiment. In this
cell, the holding potential was set at the zero-current intercept, -90mY. The cell
was then clamped toOmYfor200msec. In control solution, this protocol failed to
elicit any oscillatory currents (Figure SA). In contrast, after exposure to ouabain
for 2 minutes, a single, phasic inward current of about 1nA developed following
the clamp step (Figure 5B). After exposure to ouabain for 8min, the voltage step
was followed by a series of very large current oscillations which decreased in
magnitude over several cycles (Figure 5C). Even at this level of intoxication, the
zero current intercept remained at -90mY.
The peak value of inward current observed in this experiment was 4 nA. Thus,
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Figure 5. Effects of exposure to ouabain (10-6M) on transmembrane currents during two micro
electrode voltage clamp of an isolated guinea pig myocyte. In each panel, the holding potential was
-90mV and the voltage clamp step was toOmV for 200msec; the voltage trace is not shown. See text
for discussion of results.

the magnitude of the phasic inward current induced by depolarizing step pulses is
larger than the peak-to-peak magnitude of spontaneous current oscillations.
Interestingly, in preliminary experiments, ouabain itself seems to cause little or
no change in the current-voltage relationship. Neither the zero current intercept
nor the total current required to bring the membrane to threshold for action
potentials was affected by exposure to ouabain. The normal steady-state current
voltage relationship requires about 1.5 nA of inward current to deflect the mem
brane potential from the resting potential to the threshold potential (Figure 3);
therefore, currents of 1nA, as in Figure 5B, will only generate subthreshold
delayed after depolarizations in undamped cells. However, the larger currents
recorded after longer exposure to ouabain (Figure 5C) are dearly sufficient to
bring the membrane potential to threshold, and thus evoke triggered action
potentials.
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Preliminary mathematical model of the effects of oscillatory currents
in a myocardial syncytium

On the basis of this quantitative information we can now begin to address an
important and related question: under what conditions can oscillatory currents of
the magnitude we have observed in isolated cardiac myocytes generate recurrent
non-driven action potentials in the myocardial syncytium? In a syncytium, cur
rent generated in anyone cell flows not only across the membrane of that cell, but
also into the myoplasm of other cells via gap junctions. Such flow of current
between cells may be relatively insignificant in conditions associated with global
alterations in electrophysiological function and when oscillatory fluctations in
current are synchronized, which might be expected in the case of the phasic
inward current induced by digitalis glycosides. Yet, even in such conditions, some
heterogeneity is probably present in the amount and timing of such current.
Clearly, in conditions associated with local damage or focal metabolic perturba
tions, alterations in current flow between cells may be a crucial determinant of
whether or not deflections in membrane voltage can become large enough to
induce action potentials.

In considering this problem, it is important to note that other investigators [26,
27] have reported that the resistance to current flow in gap junctions can vary, and
in fact may increase under conditions of Ca2+overload. For example, Kameyama
[26] showed that the average value of gap junctional resistance (rj ) beween pairs
of guinea pig myocytes was 2.1 ± 1.0MO in normal external solution with K+ =
5.4 mM. However he also reported that rj can reversibly reach values exceeding
15 MO in low Na+ solution. Thus, conditions associated with increased myo
plasmic Ca2+appear not only to induce oscillatory currents, but also to change the
resistance to current flow between cells in which the oscillatory currents develop.
An increase of rj may be extremely important in the processes that underlie the
generation of nondriven action potentials. The low value of rj under normal
conditions acts to shunt oscillatory current in any cell away from the surface
membrane and to diffuse it between larger groups of cells. Gap junctions of low
resistance can thereby reduce transmembrane voltage deflections associated with
focal oscillatory currents. Increasing rj will tend to drive more current across the
surface membrane and thereby increase the transmembrane voltage deflection.
On the other hand, extremely high values of rj may prevent action potentials that
develop in one cell from propagating to adjacent cells. If values of rj become very
high, each cell in the syncytium will approach the electrical state of the isolated
ventricular myocyte, which of course has no gap junctions.
Thus in considering the influence of syncytial relationships on oscillatory
voltage activity, one can rephrase the question and ask: is there a reasonable
range of values for rj in myocardial syncytia (such as the peak reversible value of
15 MO observed by Kameyama [26]) that will enable oscillatory currents within
individual myocytes to depolarize the membrane potential enough to provoke



162

action potentials which can then excite adjacent resting cells? To approach this
problem we have developed a simple model which describes the relationship
between oscillatory currents (ios)' rj , rm, and the number of junctions between
cells(n) [28].
The model assumes that two separate processes occur. First, ios generates an
action potential (Vap) in a generator cellwhen the voltage deflection caused by ios
in this cell (dVgen) exceeds the threshold for activation of the Na+ current that
generates the upstroke ofthe action potential. In a typical cell, this value is about
20 mV. Once generated, Vap then is applied across rj to an adjacent resting cell. Vap
will elicit an action potential in the adjacent resting cell if the voltage deflection
across its membrane (dV adj ) also exceeds the threshold voltage. Thus, ios will
cause an action potential in the adjacent resting cell only when both d Vgen and
d V adj exceed the threshold voltage.
To determine the voltage deflection caused by ios in the generator cell, and by

Yap in the adjacent resting cell, one must first evaluate the effective resistance,
which we call rin , for each cell. To do this, we calculate rin as a function of three
resistance elements: rm, a given number (n) of riO and r(n' an element which is in
series with each rj • A schematic diagram of this configuration is shown in Figure 6.
Conceptually, r(n represents a resistance that corresponds to the ensemble effect
of all cell-to-cell electrical connections in the syncytium; rm and r(n connect to the
extracellular fluid which we assume to be at ground or zero potential. Therefore
rm and each junctional branch containing rj + r[n are parallel elements in the
circuit. From this model, the value of fin is

1
fin = -----;,-----------=1--

_l_+t
rm x=1

If all values of rj and r[n are equal, then

1
r in = -----;l;------n-
-- +----..,-
rm rj + r[n

(1)

(2)

From these equations, it can be seen that precise values of rin depend upon the
complex electrical interactions of the total syncytial structure, which will deter
mine the value of the series element r[n' However, for any given values of rm, riO
and n, the minimum value for rin is obtained by assuming that rj forms a short
circuit to the extracellular space (ie, r[n = 0). The maximum value is obtained by
assuming that any contiguous cell has no junctional connections other than to the
cell for which rin is being calculated; for this condition, r[n = rm of the contiguous
cell. Thus, the maximum and minimum values of rin , and therefore for the
resulting d Vgen and AVadj can be defined regardless of the syncytial architecture.
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Figure 6. Schematic diagram of the electrical network used to calculate effective cellular resistance
(rin) in an individual myocyte connected to four other cells. Resistance is calculated between the
myoplasm, represented by the node, and the extracellular space, represented by ground.

To calculate ~Vgen' we apply Ohm's law directly:

(3)

If ~Vgcn is greater than 20 mV, ios will cause an action potential in the generator
cell. To determine whether the action potential so generated will propagate, we
next calculate ~Vadj when ~Yap is applied to a circuit comprised of two series
resistances: rj connecting the generator and adjacent resting cell, and rin of the
adjacent resting cell. For this circuit,

~V = ron x Yap
ad) r. + r.

) on

(4)

The adjacent resting cell will generate an action potential when ~Vadj exceeds
20mV.
These equations establish several relationships, each of which will be illus
trated in the examples which follow (Figures 7-10):
1. The value of ~Vgen always increases with increasing r j , since a greater propor
tion of the current from ios flows across the surface membrane which comprises
rIO' This relationship holds for any choice of values for the other variables.

2. The value of ~Vadj always decreases as r j increases, since the voltage drop
across the gap junction connecting the generator cell and the adjacent resting
cell increases relative to rin as a proportion of Yap'

3. The upper limit for Vgen is always determined by the product rIO x ios' ~Vgcn
approaches this value asymptotically as rj increases.
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4. The upper limit for dVadi is equal to Yap' and is approached as rj approaches
zero.

5. The value of dVgen is directly proportional to the magnitude of ins.
6. Decreasing the number of gap junctions will always increase rin' and will
therefore increase the values for both dVgcn and dVadj •

7. The values for d Vgen and d Vadi will both increase if rm increases.
Thus the model shows that regions of the myocardium are most likely to produce
propagated action potentials from oscillatory currents when the number of gap
junctions between cells is decreased, when the membrane resistance of cells is
increased, and when the resistance of gap junctions between cells is increased as
high as possible without exceeding the value necessary to allow propagation of
the action potential between cells. Such conditions are probably most likely to
occur in diseased regions where electrical connections between cells are disrupted
either anatomically by structural alterations or functionally by increased myo
plasmic Ca2+ which can cause cell-to-cell uncoupling to occur [26J.
We can use this simple model to analyze the behavior of myocardial syncytia

comprised of cells that have membrane current-voltage relationships and oscilla
tory currents with the values we have measured in isolated cardiac myocytes. We
shall illustrate this behavior with four cases. In each case, we will use the values
we determined experimentally in isolated cardiac cells for rm and ios. We will then
examine the way the resulting voltage deflection varies as a function of ri . Yap is
assumed to be 120mV, a typical value for the amplitude of the action potential in
isolated guinea pig myocytes [29].
The four cases we will consider are shown in Figures 7-10. In each case the data
are plotted so that dV, representing either d Vgcn or dVadi , is considered as a
function of rj • The graphs show curves for the maximum and minimum values for
dVgcn and dVadj at each value of rj . The hatched areas therefore represent the
possible range of each.
The first two cases, shown in Figures 7 and 8, address the question of whether
spontaneous current oscillations of the type we have observed in modified
Tyrode's solution might generate propagated non-driven action potentials. We
therefore choose the value of ins to be 1nA, the maximum magnitude of the
inward component of current generated by the spontaneous current oscillations
in myocytes exposed to this experimental solution. Since normal cell-to-cell
connections may be disrupted in damaged areas of the syncytium, we assume that
n = 2 to simulate a reduction in the number of cell-to-cell connections; that is, the
generator and adjacent resting cells are each connected only to one other cell.
Finally, we choose values for rmderived from the normal current-voltage relation
ship (15 MO) and from the altered current-voltage relationship induced by modi
fied Tyrode's solution (50MO). Figure 7 shows the results of the calculations with
normal membrane resistance. With these conditions, dVgcn will not exceed 10mV
at any value of rj less than 40MO. Thus, the generator cell will fail to elicit an
action potential if the resting membrane potential is not significantly depolarized.
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Figure 7. Plots ofthe voltage deflections (t.V) as a function ofgap junctional resistance (rj)' calculated
from equations of the model. The values selected for rm and i", were measured experimentally. The
hatched area between curves indicates the range between minimum and maximum values for t.Vgen
and t.V'dj' which are represented as t.V on the ordinate. For t.V'dj the magnitude of the action
potential was assumed to be 120mV and n was selected as 2 to simulate a certain degree of anatomic
disruption between cells.

Figure 8 illustrates curves calculated with the same values for ins and n used in
Figure 7 but with an abnormally high rm of 50 MO. In this set of conditions, the
range for d Vgen exceeds 20mV at rj =20MO. Thus, dVgen can achieve relatively
high values in the range of rj observed in the experiments by Kameyama with low
Na+ solution [26]. The results of Figure 8 also demonstrate that at normal values
of rj (e.g., about 2MO), the deflections in the generator cell would be less than
20mV, even with increased rm • In both Figure 7 and Figure 8, the range of values
for dVadj exceeds 20 mV for all values of rj less than 40MO. If an action potential
is elicited in the generator cell under these conditions, then it will propagate.
Thus, the model predicts that even in regions where the myocardial syncytium
is highly disrupted, spontaneous current oscillations of the magnitude we have
measured will not cause propagated action potentials unless both rm and rj are
significantly increased.
On the other hand, phasic inward currents like those seen in Figure 5 are
considerably larger than spontaneous oscillatory currents, and therefore have a
better chance of eliciting action potentials. Figures 9 and 10 analyze the behavior
of syncytia in which one or a small group of cells are generating such phasic
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Figure 8. Same as Figure 7 except that rmwas increased to 50MO to simulate rm measured in modified
Tyrode's solution.

inward oscillatory currents. Therefore, ios is assigned a value of 4 nA, the max
imum magnitude of depolarization-induced inward current we observed in iso
lated myocytes following ouabain intoxication. In this case, we assume that n = 4,
a value suggested by indirect experimental data for the average number of
junctions between cells under normal conditions [30J.
Figure 9 analyzes the behavior of ~Vgcn and ~Vadj when rm is 15 MO, the normal

value. Because ios is larger, the range of values of ~Vgcn begins to exceed 20 mV at
rj of about 15 MO. Thus, even when the membrane resistance is normal, the
voltage deflections caused by large depolarization-induced oscillatory currents
might reach threshold, and therefore cause action potentials in the generator cell,
if the junctional resistance is moderately elevated. However, in this case, the
value of ~Vadj falls below 20mV as rj exceeds 20MO. This value is lower than in
Figures 7 or 8 because increasing n reduces the value of rin in the adjacent resting
cell. Thus, if coupling resistances are extremely high, the action potential elicited
by ios in the generator cell will fail to propagate.
Finally, the curves in Figure 10 were calculated with the same parameters as
Figure 9 except that rm increased to 50MO, an abnormally high value. In this case,
even with low rj' the range of ~Vgcn far exceeds values required to bring the
membrane potential to threshold. Furthermore, the range of values of ~Vadi
remains above 20mV for all rj below 40MO. Thus, increasing membrane resis
tance in the range of potentials between the resting potential and the threshold
potential will increase significantly the likelihood that a small group of cells, or
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even one cell, will be able to transform depolarization-induced inward currents
into triggered action potentials.
Our preliminary modeling, therefore, suggests that if one or a small number of

cells develop large, depolarization-induced transient oscillations in current of the
magnitude shown in Figure 5C, such cells may, under certain conditions, gener
ate non-driven triggered action potentials which propagate to the myocardial
syncytium. Furthermore, the model demonstrates that reducing the membrane
conductance may be crucial in allowing such cells to generate ventricular ta
chycardia.

Discussion

The experiments we have described clearly demonstrate that isolated myocytes
can be used to study the current and voltage alterations associated with the
development of recurrent, non-driven action potentials in cardiac ventricular
muscle. Thus, the isolated myocytes develop self-sustained and, in some cases,
apparently self-initiated action potentials after exposure to modified Tyrode's
solution. The isolated cells also develop delayed after-depolarizations and trig
gered activity which are similar to these electrical events after digitalis intoxica
tion in intact preparations of cardiac tissue [31-34J.
In control solution, the myocytes did not develop delayed after-depolarizations

following trains of rapid stimulation, and had a normal current-voltage relation
ship without oscillatory current at the zero-current intercept. These characteris
tics show that the myocytes were not damaged by isolation or impalement.
Furthermore, the development of spontaneous action potentials in modified
Tyrode's solution, or triggered action potentials in the presence of ouabain, could
be reversed by reexposure to control solution. Thus, the development of oscilla
tory phenomena in the myocytes can be ascribed to the effects of the solution
changes alone.
Data obtained in isolated myocytes on relationships between steady-state
membrane conductance and oscillatory currents can be used in two ways. First, in
conditions associated with global alterations in myocardial function, such as
exposure to digitalis glycosides, the changes obtained in an isolated myocyte
should accurately reflect the changes in the myocardium as a whole. More
precisely, the current per unit membrane will be the same in both preparations. In
this situation, it can be shown that changes in junctional restance will have no
effect on the resulting voltage deflections if the inward current oscillations are
coordinated temporally, as would be expected with phasic inward currents of the
type that underlie delayed after-depolarizations.
Secondly, the information can be used to reconstruct the behavior of inhomo

geneous myocardial syncytia in which the electrophysiological characteristics of
one or a small group ofcells may be different from the normal population. For this
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problem, the myocardium can be considered as an electrical network, with each
cell representing a branch node between other cells and ground. Modeling
techniques should yield valuable information on the behavior of myocardium
with such heterogeneities. In this context, the quantitative information obtained
from isolated myocytes under conditions associated with the development of non
driven action potentials is crucial to any realistic approach to modeling. The
simple model we have developed confirms that ventricular tachycardia can be
initiated under certain conditions if one or a small number of cells develop large,
depolarization-induced current oscillations. Furthermore, the model demon
strates that the steady-state current-voltage relationship and the value of junc
tional resistance playa critical role in determining whether or not nondriven
action potentials will develop and propagate from such regions.
Data from isolated cardiac myocytes should therefore serve as a major source

for quantitative information that can be used in more sophisticated assessments of
electrical behavior in regions of myocardium known to be associated with the
development of ventricular tachycardia.
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9. General discussion

A. WIT, Moderator

Wit: I will give a short overview of the first session which dealt with impulse
propagation and try to provoke some comments from those who participated in
that session. The presentations were mostly concerned with the factors that
govern propagation of electrical activity through the heart as exemplified by Dan
Adam's beautiful model of excitation of the heart. We can divide these factors
that govern propagation into two different subdivisions: one deals with the active
processes in the cell membrane; that is, the membrane currents that govern
depolarization and repolarization. Dr Clark presented some very nice simulation
data on the currents that control the action potentials in the sinus node, and
others have simulated the membrane currents responsible for propagation in
ventricular tissues. The second very important factor that governs propagation of
the cardiac impulse concerns the passive electrical properties, which affect cur
rent flow between myocardial cells, and we had a number of presentations
concerning the factors that influence current flow. Dr Rudy, Dr Plonsey, Dr
Sperelakis and Dr Spach talked about passive properties of myocardial cells. The
reason that we are interested in both the active and passive properties is that
abnormalities in both of them can cause cardiac arrhythmias. When we think
about propagation, we are mainly interested in a type of arrhythmia mechanism
called reentrant excitation. Prior concepts have put a great deal of emphasis on
changes in the active membrane currents as a cause of reentrant excitation. But,
as can be seen from the subjects presented here, more emphasis should be placed
on changes in the passive properties of cardiac cells as a major factor responsible
for cardiac arrhythmias. My feeling is that too much emphasis has been placed on
changes in inward currents as a cause of slow conduction and not enough
emphasis has been placed on the changes in passive properties as a cause of slow
conduction, particularly in the case of cardiac ischemia and myocardial infarc
tion.
Dr Spach has shown very nice data which indicate how structure can affect

conduction in the cardiac muscle. In particular, he has shown that, with the aging
process, the growth of connective tissue and the separation of cardiac cells can
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lead to slow conduction, which is probably a result of diminished coupling
between cells. I've been interested in that work because our laboratory is study
ing the factors that govern propagation in myocardial infarcts. The healing infarct
has a structure that is simular to Dr Spach's aging atrial tissue; that is, there is an
ingrowth of connective tissue that separates cardiac cells during the healing
process. And even though cells may have normal transmembrane action poten
tials, the separation of the surviving myocardial cells caused by the connective
tissue can lead to the slow conduction that results in cardiac arrhythmias.
Dr Rudy's presentation shows how an increase in disk resistance can lead to the
slow conduction that might cause reentrant excitation. This «oncept is more than
just of academic interest, because it has great implications concerning the anti
arrhythmic therapy of reentrant excitation in healing myocardial infarcts. The
tendency now in the development of anti-arrhythmic drugs is for an emphasis on
pharmacological agents that affect inward currents that govern propagation, with
the goal being to markedly diminish the depolarizing currents and cause con
duction block which would abolish reentrant excitation. The fact that many of
these types of agents do not work suggests that the role of diminished inward
currents might be less important than previously thought and the role of altered
passive properties in governing conduction may be more important in the setting
of healed infarction. Maybe the emphasis on pharmacological therapy of certain
types of reentry arrhythmias should be on drugs that affect passive properties and
coupling between cardiac cells rather than drugs that affect inward current and
conduction caused by the active properties of cardiac cells.
The other presentations were also very important in leading to concepts
concerning the importance of cell coupling on conduction and the importance of
abnormal cell coupling in the genesis of arrhythmias. Finally, I would like to ask
Dr Rudy a question. I was very intrigued by his model showing how changes in
coupling between cells could cause the slow conduction that is likely to result in
reentrant excitation. The validity of models can only be proven if we can gather
real experimental data that demonstrate that the models are correct. I was
wondering whether he has any thoughts about how one could experimentally
evaluate leakage resistance versus disk resistance to try to obtain data that might
be used in his model.
Rudy: Trying to measure and separate the leakage is a very difficult experimental
adventure. To try and separate the leakage resistance from the increase in disc
resistance, and even to try and measure changes that are confined to the disc
resistance alone, would be difficult. As you know, most of the preparations that
look at the increase in disc resistance use drugs that also affect the membrane, so
there is really no clear clean way of affecting or separating the disc from the
membrane effects. The purpose of the model was to separate the disc from the
membrane in a model that permits that. However, one way to do it is to compare
the effects on the resistivity in the longitudinal and transverse direction. For
example, an intervention with ouabain, a metabolic blocker that blocks the
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sodium pump, results in calcium accumulation in the cell and calcium accumula
tion causes decoupling. Consider the directional increase in intracellular resis
tance, assuming that the membrane action potential is the same in all directions
and is affected by the oubain the same in all directions. Then, in the comparative
study in the longitudial and transverse directions, assuming that the anisotropy
results from the number of discs to be traversed by an activation front, you're only
looking at changes. You isolate changes due to the disc if the membrane effects in
all directions are the same. We do not think of the anisotropy as resulting from
membrane properties. It only reflects the structure and distribution of discs. This
is one way to separate discs from a membrane in an experimental set up. Other
ways may not involve the use of drugs but may somehow increase the calcium
concentration within the cell in a direct way. I do not know how you do it. One
way to modulate the leakage resistance is to try and separate the discs, or the two
opposing sides of the gap junction, by a hypertonic solution that has the effect of
greatly decreasing leakage resistance values and increasing the leakage current.
The increase in leakage current is an important factor. The results of the model
show that the most important effect of the disc resistance is to cause discontinuous
seltatory propagation, decremental conduction, and reduction in conduction
velocity. On the other hand, the major effect of the leakage current is reduction in
duration of the action potential and therefore creation of conditions of nonunifor
mity in refractory periods, which increase the vulnerability to arrhythmias. One
of these factors can lead to decremental conduction and conduction block and
therefore to reentrant tachycardia; the other can do the same thing, but by
changing the refractory periods in a nonuniform way. These are two different
mechanisms that you could look at. The model differentiates them clearly.
Experimentally, it's a challenge!
Wit: Dr Sperelakis probably disagrees with at least some of the statements I have
made. The audience should be aware that there are some controversies con
cerning the role of the disc in propagation, and I presented a viewpoint where the
disc is a connection between cardiac cells, that has a low resistance in the normal
state and disc resistance increases during pathological events such as ischemia or
infarction. According to what Dr Sperelakis presented, the disc may normally
have a relatively high resistance and therefore, perhaps, my hypotheses does not
sit well with him.
Sperelakis: Dr Wit gave a very nice summary, and I have no problems with it. I
was very happy with what was covered by Dr Rudy and Dr Wit. I wanted just to
take one step further, introducing the possibility of a high-resistance interaction
between cells. That is, our model does not require low-resistance connections.
That would apply in the normal myocardium, and also might apply in various
pathophysiological circumstances, like in infarction or in number of other condi
tions in which the cells might become uncoupled. As Dr Rudy said earlier, there
are a number of things that will uncouple, such as acidosis or high internal
calcium. Can that heart still propagate in the cases where it is supposedly



174

uncoupled? I tried to make my hypothesis a little more general so that it can apply
either in normal physiological circumstances or in the pathophysiological circum
stances.
I alluded in my talk that I was very happy with Dr Rudy's calculations and also
with the findings of Dr Spach on saltatory conduction. The saltatory conduction
exactly fits the hypothesis I've been working with for a number of years, namely
that the heart consists of a series of truncated cables with high-resistance junc
tions between cells. Cardiac muscle is not one long cable like a skeletal muscle
fiber or a nerve fiber. In fact, saltatory conduction leads me to believe that
something very special is going on at those intercalated discs, and it is a very labile
junction. Of course, in cardiac arrhythmias, the changes in the so-called coupling
resistance between the cells could be very important.
I tried to get across the message that I do not know whether our electric field
model applies biologically, but given the circumstances of the morphology of the
cells, where cells are very close together with a very narrow gap at the junction,
like say a hundred A, I do not see how it could not apply. The key requirement of
our model is that the intercalated disc junctional membranes be excitable mem
branes. That is a reasonable assumption, because even the T-tubules of skeletal
muscles, which are very narrow tubules about 300A in diameter, are excitable.
They do fire sodium-dependent, TTX-sensitive action potentials. The burden of
proof should be on those who want to say that the junctional membranes of
cardiac muscle are not excitable. If they are excitable, then an electric field is
developed in the narrow cleft between the cells, which I'll call the cleft potential.
The cleft potential will depolarize the post-junctional membrane by an equal
value. It is the equivalent of a patch-clamp experiment, where you change the
outside reference potential with respect to the inside potential. Thus, the inside
potential of the post-junctional membrane stays at, say, -80mV. The outside
potential, which at rest is OmV with respect to ground, becomes about -40mV
during the cleft potential. This depolarizes the post-junctional membrane by
about 40 mV. That would take it beyond its threshold, and it would fire an action
potential. This, in turn, would fire the surface membrane. Because the cell is a
truncated cable, the entire cell will explode almost simultaneously. That would
account for the discontinuous or saltatory propagation.
Thus, most of propagation time in the heart is consumed in the very narrow
intercalated disc, which is, say, about 100A in width. In contrast, much less
propagation time is consumed down the body of the cell which is about 150/Lm
long. I tried to show in my talk that there is a junctional potential. In cardiac
muscle, compared to a true cable like skeletal muscle, there is an extra compo
nent, the so-called step on the rising phase of the action potential. Somehow or
other we have to explain that step. In cases of impeded propagation, in which
propagation velocity is slowed down by a number of mechanisms, the step
becomes much more prominent and sometimes there is failure of propagation. In
such cases, one can observe the step in isolation, which then decays without
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triggering an action potential. I think that step really reflects the post-junctional
membrane firing of an action potential. What you see with your microelectrode in
the center of that cell is that action potential generated at the post-junctional
membrane.
To summarize, what I tried to do is to propose an alternative hypothesis that
can allow for bi-directional propagation, electrical in nature, which does not
require low-resistance junctions. K+ ion accumulation in the junctional clefts
could be an accessory factor that could be involved which would facilitate this
junctional transmission process.
Clark: One important piece of evidence that has been used in the past to support
low resistance junctions has been the length constant, A., measured by external
application of current or some tracer. What I tried to show in the theoretical
analysis is that you just can not deduct from that type of experiment what is the
resistivity of the intercalated disc. In other words, it may turn out to be low
resistance, but you cannot prove it, or even conclude from it, based on that type of
measurement. The purpose of the last part of my talk was to show that, because of
the anisotropic nature of the bundles of cardiac muscle, you just cannot do it that
way in the cable analysis.
Bassingthwaighte: One of the models that I would suggest to support Dr Spere
lakis' hypothesis is the olfactory nerve of the pike, where there is coordinated
conduction along the nerve fiber bundle. At the front of the wave of depolariza
tion following a multineuronal stimulus, the larger high velocity axons partially
depolarize their smaller neighbors, which are trailing behind the front, and bring
their axonal velocities up to those of the fast neurons, so that they all propagate
uniformly within the bundle.This is purely capacitance coupling without any
other effect. I still do not believe that what Dr Sperelakis is saying applies to the
normal myocyte membrane. I think his hypothesis should be extended to include
current transport across the intercalated disc, which is highly permeable. Accord
ing to the studies of Weidman (J Physiol (London) 187: 323-342, 1960) potassium
transport across the disc is quite rapid. Similar evidence is seen in the studies of
procion yellow (Mol. Weight less than a 1,000) which moves from cell to cell
across the disc. Now, taking that back to Dr Wit's question to Dr Rudy: why not
look at the passive properties in the sense of looking at the length constant, which
encompasses several cells? The passive electrical properties of the myocardial
syncytium are such that the length constant for a minor depolarization would be
expected to be longer in the parallel direction of the fibers than perpendicular to
them. In both cases, the length constant should be a few cells long. This demon
strates the communication between the cells. Without such a communication, the
length constant can not exceed one cell length. I suggest that this communication
can be included in Dr Sperelakis' model.
Sperelakis: If you inject current (10) intracellularly in a slab of tissue through one
microelectrode and record membrane potential with that same microelectrode
(6VI) and with a second intracellular microelectrode (6V2), then you don't get
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any evidence of interaction between the two microelectrodes (6Vi6 VI ap
proaches zero), unless the two electrodes are in the same cell. Several Japanese
groups, like Matsuda, Tomita, and others, confirm our results. However, they
find a long length constant A of about 0.8-1.6mm when they inject current
extracellularly. The point that I want to make is the fact that the bundle of parallel
fibers acts as a cable. This fact would account for their obtaining a Avalue of
several cell lengths. Therefore, one of the main messages of my talk is that one
cannot use Adeterminations from extracellular application of current to deter
mine the resistive properties of the cell junctions.
Another point relates to Dr Norton's results. His data in the isolated single
adult cardiac myocyte shows that the input resistance varies between 10 and 20
MO, with a typical value of 15 MO. That fact actually supports strongly the
argument that cells are not electrically coupled by low-resistance connections.
We have measured and published for many years the fact that input resistance
measurements in intact cardiac muscle vary between about 3MO up to about
15 MO. For a long time, this finding was debated. Some investigators, e.g.,
Johnson &Tille and Woodbury & Crill, thought that the input resistance was only
30-50KO. Now, I think, everybody accepts the fact that the input resistance is
about 3, 4 or 5MO. An isolated single cell has an input resistance of only 15 MO.
If you had a three-dimensional low-resistance syncytium, then the input resis
tance of one cell would have to be about 1000 to 2000 MO in order to allow free
electrical connections between all of those neighboring cells. The fact that
isolated single cell has an input resistance of only 15 MO, which approaches the
value you get in an intact slab of tissue, like a papillary muscle, strongly supports
the view that it can't be electrically coupled by low-resistance tunnels.
Sperelakis: The point showed was that in some double impalements, where the
two electrodes were in one cell, there was good electrical coupling. In one such
double impalement of one cell, a fortuitous thing happened. At the beginning,
there was good electrical coupling. The resting potentials were low because of the
fact that when two electrodes are in the same cell, some injury is produced. Then,
with the subsequent contraction resulting from stimulation of an action potential,
the one electrode spontaneously left that cell and went into a neighboring cell.
Since the interelectrode distance was 11 JLm, the neighboring cell could not be
more than 11JLm away. You saw that when this happened, electrotonic interac
tion was not evident. That is, there was a change from good electrical coupling to
no electrical coupling.
Bassingthwaighte: If you take two electrodes and depolarize one with a current
impulse, you see that signal on the electrode half a millimeter away, and that's
several cell lengths.
Wit: This argument points out that there are not just disagreements among those
studying heart failure but there are also some controversies in the field of
electrophysiology.
Lab: I feel as if! am out on a limb now. We went to a play last night and one of the
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things that came across was that reality was a collective hunch. In other words,
somewhere there is always a truth between two controversies. What I'd like to do
is ask the audience where the particular observation that I have fits in ...
I'm interesting in the reverse of excitation-contraction coupling, that is, some
kind of mechanical to electrical coupling. One of my figures (Fig. 3b & c)
demonstrated one possible manifestation of this coupling: an alternation in action
potential height and duration associated with a mechanical alternation. We have
consistently observed an electrical alternans at some stage during ischemia, quite
often leading to arrhythmia. A striking observation is that the mechano-electric
alternans can increase to reach a crescendo just before ventricular fibrillation.
This observation is important. Perhaps not all present here realize that this type of
arrhythmia is the number one cause of sudden death in the Western world. My
first question is: can those who study passive electrophysiological properties
provide other mechanisms for mechano-electric feedback and this alternans to
the calcium one I propose? There is another striking feature that I'd like to
comment on. An ectopic beat can switch the alternans both 'off and 'on'. It looks
as if there are two stable states in the myocardium. The question to the 'modelers'
is: can there be a dynamic state built into a particular control modeling system
which can be switched between two stable states; or lose its feedback control
mechanism totally and result in complete instability - in ventricular fibrillation?
Sperelakis: I can not answer the question of Dr Lab, but I have three comments.
One is that we showed a long time ago that the propagation in two directions in
cardiac muscle, like papillary muscle, is not identical. The action potential
duration, of a single cell impaled near the middle of the length of the muscle,
often will be different with the direction of propagation. Thus, this might be an
important factor. A second factor just mentioned is potassium accumulation that
can have important effects on action potential duration. The third thing I want to
mention is that we showed that the T-tubules of cardiac muscle have big effects on
the waveshape that is recorded. If these tubules get pinched off with contraction,
and it sometimes happens in the case of skeletal muscle, then this will have an
effect on the recorded action potential duration.
Palsson: I would like to address the question of Dr Lab concerning the switch
between the two stable states. When you analyze the nonlinear properties of
coupled kinetic models, like the ones Dr Lab has shown here, it is quite common
that you do find multiplicity of stable steady states under the same boundary
conditions. You can even have a stable steady and stable oscillatory behavior. By
shocking the system you can force it from one pattern to the other. We have
observed this type of dynamic behavior in simple feedback loops, like those you
see in metabolism in the biosynthetic pathways, and even in some cases you can
see two stable oscillatory solutions. By pushing the system by an external disturb
ance or a shock, you can switch it from one periodic pattern to another. The
answer to your last question, or your challenge to the modelers, is yes: you can
achieve these models with nonlinear feedback coupling.
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Sperelakis: One link that was not discussed here at all was the regulation of the
myocardial calcium slow channels, which, in turn, control the force of contraction
of the heart. We didn't hear anything in this conference dealing with the regu
lation of the calcium influx into the cell via these pathways. It turns out that they
are metabolically dependent and are regulated by cyclic nucleotides. We and
others have provided evidence that the Ca2+ slow channel protein, or an associ
ated regulatory-type protein, must be phosphorylated by a cAMP-dependent
protein kinase in order for the channel to be available for voltage activation (upon
depolarization). Another way to view this is that phosphorylation increases the
probability of opening of the slow channel at any voltage. We also have demon
strated that cGMP exerts an effect opposite to that of cAMP, namely inhibition of
the Ca2+ slow channels. Finally, I wish to point out that acidosis selectively blocks
the Ca2+ slow channels, and that this might be important in ischemic and hypoxic
conditions.
Sideman: I would like to add the need for a macro-scale model which tries to
follow the metabolic, mechanic and pathologic interactions with electrical inter
actions and define the physical boundaries which define the mathematical bound
ary conditions which will eventually lead us to describe, or maybe anticipate,
arrhythmia. Eventually, that is what we would like to have.
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10. Influence of pacing site on ventricular
mechanics

D. BURKHOFF and W.L. MAUGHAN

Abstract

We investigated the influence of pacing site on several aspects of left ventricular
(LV) performance to test the hypothesis that the 'effective ventricular muscle
mass' is reduced with direct ventricular pacing. All studies were performed
on isolated supported canine hearts which were constrained to contract iso
volumically. We observed significant influence of pacing site on the magnitude,
but not the time course of isovolumic ventricular pressure waves. Pacing from
different sites of the ventricle resulted in different chamber contractile strengths.
There was a linear inverse relation between changes in QRS duration and
changes in contractile strength. The decreased chamber contractility manifests
itself as a decrease in the slope (Ecs) and a small increase in the volume-axis
intercept (Vo) of the end-systolic pressure-volume relation. The relation between
ventricular oxygen consumption and pressure-volume area was independent of
pacing site. These results are consistent with the hypothesis that the effective
mass of muscle which participates in the generation of active contractile strength
is reduced when the pacing site is moved from the atrium to the ventricle.

Introduction

Lewis and Rothchild, in 1915, were the first to investigate the influence of pacing
site on the spread of electrical activation over the ventricle (1]. They showed that
with normal supra-ventricular pacing, the activation front travels through the
heart's rapid conduction system providing for relatively synchronous muscle
contraction throughout the chamber. With direct ventricular pacing, however,
the activation front travels slowly through the muscle around the pacing site until
it reaches a branch of the conduction system, after which time, activation is
dispersed through the conduction system (in an aberrent way), rapidly exciting
the remaining muscle. Thus, with direct ventricular pacing the activation wave-



182

front initially spreads via 'muscle conduction', and then via the specialized rapid
conduction system. Guided by these electrophysiologic data, Carl Wiggers (1925)
reasoned that with direct ventricular pacing, dyssynchrony of muscle activation
would lead to dyssynchrony of muscle contraction, which will ultimately result in
a less effective (weaker) contraction of the ventricle [2]. He further hypothesized
an inverse relation between the amount of muscle activated by 'muscle con
duction' and the strength of ventricular contraction. The data that he presented in
his 1925 paper were consistent with, but did not prove, these hypotheses.
The influence of pacing site on ventricular mechanics has since been investig
ated in several studies. The conclusions of the majority of these studies are in
accordance with those of Wiggers [3-9]. Lister et al. [8] experimentally varified
an inverse relationship between the amount of muscle activated by 'muscle
conduction' and ventricular contractile strength. Further evidence has been
provided by Badke et al. [10] who demonstrated alterations in muscle shortening
patterns with direct ventricular pacing indicative of dyssynchronous muscle con
traction. However, the results of a few studies suggest no influence of pacing site
on the strength of ventricular contraction [11-15].
Using the theories presented above as our basis, we generated a model which

makes more detailed predictions than previously on the influence of pacing site
on ventricular mechanics. We tested these predictions in an isolated canine heart
preparation in which ventricular volume can be measured and controlled and
baroreflexes are nonexistent. The experimental results of the present study have
been presented in detail previously [16]. In this article we will review these results,
but focus on the generation of the model and on an understanding of its predic
tions.

Model development

A schematic diagram of the left ventricle in cross-section is presented in the left
panel of Fig. 1. The conduction system lines the circumference of the intra
ventricular chamber and sends off branches which penetrate through the ven
tricular wall at several places. As discussed above, with supraventricular pacing
the activation front travels through the conduction system exciting the muscle
nearly simultaneously; in the canine heart it is estimated in reality that there is an
approximately 30 to 40 ms difference between the earliest and latest activated
muscle fibers [17]. When pacing is from the epicardium, however, the activation
wavefront propagates slowly through the muscle (as depicted in the figure) until
reaching the conduction system (marked by an ,*, in the figure). After reaching
the conduction system, propagation is rapid. To illustrate the possible influence
of this dyssynchrony of excitation on muscle contraction, assume that the ven
tricular wall is divided into two layers as shown in the top panel on the right side of
Fig. 1. For the following discussion, let us consider only isovolumic contractions,
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II] ACTIVATED MUSCLE

Figure I. Left panel: schematic representation of the left ventricle in cross section which includes the
specialized rapid conduction system. The heart is paced from an epicardial site and conduction spreads
by 'muscle conduction' until it reaches the conduction system. marked by the .••. Top right panel: the
heart in its relaxed, diastolic state. The ventricular wall is divided into inner and outer layers. Middle
right panel: with epicardial pacing. the muscles in the outer layer near the pacing site are activated.
These muscles shorten at the expense of lengthening of the distant muscles in the same layer. Bottom
right panel: the activation front reaches the conduction system and rapidly activates the remaining
muscle. The inner core contracts normally. The muscles in the outer core near the pacing site are
stretched by the distant muscles in the same layer.

so that the total circumference of each layer is assumed to be a constant through
out the cardiac cycle. The outer layer consists of the muscle activated by 'muscle
conduction' and the muscle fibers with which they are confluent around the
circumference of the heart. All the muscle of the inner layer is activated by the
rapid conduction system. As shown in the middle right panel of Fig. 1, when an
electrical impulse is applied to the epicardium, the muscle near the pacing site is
activated and begins its contraction cycle (we will refer to these muscles as 'A'
muscles); at this point the remainder of the muscles in the outer layer (which we
will refer to as 'B' muscles) are in their diastolic, relaxed state. Thus, the activated
'A' muscles shorten at the expense of lengthening of the nonactivated 'B' mus
cles; remember that the total circumference of the circle is constrained to remain
constant. As illustrated in the bottom panel on the right side of Fig. 1, once the
activation front reaches the conduction system, the remainder ofthe muscle in the
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outer layer (i.e. the 'B' muscles) and all the muscle of the inner layer contract
nearly simultaneously. In the outer layer, the 'A' muscles are far along their cycle,
and may be stretched by the now activated 'B' muscles; this lengthening of the 'A'
muscles is at the expense of shortening of the 'B' muscles. The muscles of the
inner layer contract simultaneously with no shortening or lengthening of the
muscle fibers.
According to this sequence of events, the force generated by the muscle in the
inner layer will be the same with ventricular and supraventricular pacing (note
that synchronicity of excitation provides for isometric contractions under the
imposed constraint of isovolumic contraction). In contrast, it is easily appreciated
that due to the alternate shortening and lengthening of the 'A' and 'B' muscles
that the tension developed in the outer layer of muscle will be greatly reduced
below that which would have existed had all the muscles contracted simul
taneously (and isometrically). Thus, these outer-layer muscles undergo unloaded
contractions (i.e., they shorten but generate little force).
With this simple 'layer model' of the ventricle, intraventricular pressure would
be related to the tension in each layer of the wall and the relative thickness of each
layer (e.g., by Laplace's law). Therefore, because the outer layer muscles gener
ate little force, these fibers may not contribute significantly to the generation of
pressure in the ventricle. In essence, this hypothesis predicts that pacing from a
ventricular site reduces the effective mass of muscle which contributes to the
generation of active contractile strength in the ventricular chamber.

Limitations

The model as presented above is, at best, an oversimplification of the real
situation. The model assumes that the ventricular wall can be separated into
layers which act independently. Due to extensive mechanical cell-to-cell coupling
such a discrete separation of muscle is unrealistic. Also, in the extreme case, we
assume that the wall tension generated in the outer, dyssynchronously con
tracting muscle layer is negligible compared to that of the inner layer. This
assertion would be difficult to substantiate experimentally. Nevertheless, this
model provides a simple way of predicting the influence of pacing site on ventricu
lar contraction. Therefore, we will outline the model predictions below and
experimentally test whether the real heart behaves in accordance with those
predictions.

Model predictions

In order to test the model directly, it would be required that we be able to
measure muscle tension at different depths within the ventricular wall. Existing
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technologies do not allow for this. However, there are at least five model
predictions of how ventricular chamber properties would be influenced by pacing
site which can be tested readily in an isolated heart preparation.

1. Contractile strength. First, ventricular chamber contractile strength should be
different when pacing is from different ventricular sites. This is because the
amount of muscle activated by 'muscle conduction' will depend on the distance
from the pacing site to the conduction system. Thus, the percent of the total wall
thickness which makes up the outer 'ineffective' layer in Fig. 1 will depend on
pacing site.

2. Time course ofcontraction. The contribution of the outer layer to intraventricu
lar pressure is hypothesized to be negligible. Therefore the shape of the iso
volumic pressure wave will be determined by the time course of contractions of
the inner layer which, as stated above, is determined by the rapid conduction
system and thus independent of pacing site. Thus, despite changes in absolute
contractile strength with myocardial pacing, the time course of ventricular pres
sure generation should be independent of pacing site.

3. Relation between contractility and QRS duration. There should be a negative
correlation between chamber contractile strength and the dispersion of ventricu
lar electrical activity which can be measured by the duration of the QRS complex.
This follows from 1 above. The longer the activation front takes to get to the
conduction system, the more muscle activated by 'muscle conduction'; the more
muscle activated this way, the weaker the contraction and the longer will it take
for excitation to spread to all the muscles of the heart.

4. End-systolic pressure-volume relationship (ESPVR). There are many determi
nants of Ecs ' the slope of the ESPVR: for example, the underlying contractility of
muscle, amount of muscle, chamber geometry and fiber arrangement in the
ventricular wall. With ventricular pacing we hypothesize a reduction in the
effective mass of muscle; with a constant muscle contractility, chamber geometry
and fiber arrangement, reduced muscle mass would result in a decrease in Ecs ' V0'
the volume axis intercept of the ESPVR, is predominantly determined by ven
tricular structure; since pacing site does not alter the physical structure of the
heart, this parameter should not be significantly influenced.

5. MV02-PVA relationship. According to the model, the muscles in the outer
layer undergo unloaded contractions with ventricular pacing as compared to
isometric contractions with supraventricular pacing. When a muscle contracts
against no load, the amount of oxygen it comsumes is less than when it contracts
isometrically. Thus, because a certain fraction of the muscle will be consuming
less oxygen with dircet myocardial pacing than normal, there should be an overall
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reduction in total ventricular oxygen consumption with ventricular pacing which
is in proportion to the reduction in mechanical strength.

Methods

We employed a standard isolated heart preparation. These methods have been
described in detail previously by Suga and Sagawa [18]. Briefly, a pair of mongrel
dogs (approximate weight, 20 kg each) was anesthetized with pentobarbital
sodium (30mg/kg iv). A heart isolated from the 'donor' dog was metabolically
supported by arterial blood from the second 'support' dog. A water filled balloon
positioned inside the left ventricular chamber of the isolated heart, connected to a
volume servo-system, was used to control and measure ventricular volume.
Details of the design and performance of this volume servo-system have been
reported by Suga and Sagawa [19] and Sunagawa et at. [20].
In all experiments the coronary perfusion pressure was maintained between 80
and 100 mm Hg by a servo controlled finger pump (Harvard Apparatus, model
1215). The temperature of the perfusate was maintained between 37 and 39° C.

Measurement of oxygen consumption

The coronary blood flow was estimated by canulation of the coronary sinus and
measurement of venous outflow with an electromagnetic flow meter (Narco Bio
systems, model RT-4(0). The difference between arterial and venous oxygen
content (A-V02 difference) was continuously measured by an A-VOX meter
(A-VOX Systems [21]). Oxygen consumption was determined by multiplying
mean coronary sinus out-flow by A-V02 difference.

Electrical stimulation

Pacing leads were placed at 5 different sites on the heart: the atrium, right
ventricular endocardial septum, right ventricular epicardial free wall, left ven
tricular apex and left ventricular epicardial free wall. The hearts were paced with
square pulses of duration between 1 and 2ms long and of amplitude approx
imately twice threshold. The site of pacing was changed using a manually control
led multiplexing switch box.
An A.C. coupled bipolar epicardial electrogram was measured between one
electrode placed on the left ventricular free wall and another on the right
ventricular free wall. The duration of the QRS complex of this electrogram was
used as a rough measure of the degree of electrical dyssynchrony over the heart
while pacing from different sites. The QRS duration was defined as the time
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interval between the Q and S wave inflection points.

Data collection

All signals were recorded on an 8-channel pen recorder (Gould 2800), and
digitized on-line at a rate of 200Hz and analyzed off-line.

Protocols and data analysis

The aforementioned 5 predictions were tested using two basic protocols, de
scribed below.
In the first series of measurements, the hearts were paced at a constant rate of

130 beats/min. The pacing site was switched from one site to the next in a random
order while maintaining ventricular volume at a constant value of approximately
25 ml. Representative pressure waves and ECG signals for each pacing site were
digitized. From these, we determined the peak developed pressures, the duration
of the pressure wave at a level of 10% peak developed pressure, and the duration
of the QRS complex as defined above, obtained with each pacing site in each of9
ventricles.
In order to determine the influence of pacing site on the time course ofchamber

stiffening and relaxation, we compared the shapes of the isovolumic pressure
waves. For each heart, a steady-state pressure wave (P(t)) was measured while
pacing from each of the 5 pacing sites. Each of these 5 pressure waves was
normalized in amplitude according to the following equation:

P*(t) = P(t) - Pmin X 100 (%),
Pmax

(1)

where t is time, P(t) is the directly measured isovolumic pressure wave, Pmin is the
minimum pressure and Pmax is the maximum developed pressure attained during
the beat. Then, each of the 5 curves obtained from a given heart were aligned in
time at the point when P*(t) was equal to 50%. The shapes of the resulting
normalized, time-shifted curves were quantitatively compared by determining
the root-mean square difference, D,m,' between each curve obtained with ven
tricular pacing and that obtained with atrial pacing (i.e., atrial pacing was
considered the 'control' curve to which all the others were compared).
In the second series of experiments, the ESPVRs measured with atrial and
right ventricular free wall pacing were compared. At a given volume, the peak
isovolumic pressure was determined while pacing from each of the two sites. The
volume was then changed in a random manner and the pacing site variation
repeated. In each heart studied, the volume was varied between approximately 5
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and 35 ml at 5ml increments. Linear regression analysis was used to determine
the slope, Ees ' and volume-axis intercept, Yo, of the relations between the end
systolic pressures and volumes measured with each pacing site. Ees and Vo
obtained with atrial and right ventricular free wall pacing were compared.
Ventricular oxygen consumption was measured at each of the volumes for both
pacing sites. For each series, myocardial oxygen consumption (VOz) was plotted
as a function of the total 'pressure-volume area' (PVA) which is defined by Suga
et al. [22J. This relation between VOzand PVA has been described in detail [22J
and has been found to be linear and independent of ventricular loading condi
tions. The PVA-VOz relation obtained from a given heart with both pacing sites
were compared by analysis of covariance.

Results

Influence ofpacing site on peak systolic pressure and duration of contraction

The pacing site dependence of peak developed pressure was studied in 8 hearts
and the average results are presented in Fig. 2A. The peak pressures obtained
with each site were compared using one-way repeated measures analysis of
variance; multiple comparisons of group means was accomplished by the Dun
ckan multiple ranges test. The symbols, explained in the figure legend, summar
ize the results of this analysis which indicated that pacing from different myocar
dial sites generally resulted in significantly different developed peak pressures.
Next we determined the influence of pacing site on the duration of the pressure
waves at a level of 10% maximum developed pressure. The results of this analysis
are presented in Fig. 2B. Associated with an approximately 25% decrease in peak
isovolumic pressure when pacing site was moved from the atrium to the ventricu
lar free wall (Fig. 2A) was an average of only 12.5 ms increase in the duration of
contraction. Statistical analysis indicated that in general this difference was not
statistically significant.

Influence ofpacing site on the time course ofpressure development

Representative computer-reconstructed pressure curves obtained from a single
heart with each of the five pacing sites are presented in Fig. 3A. The peak
pressure decreased with ventricular pacing as described above, and there was no
influence on minimum pressure. For this plot, the starting time (Le., t =0) was
arbitrarily chosen for each beat. To compare the shapes of these pressure waves,
they were rescaled in amplitude and aligned in time (see Methods) as shown in
Fig. 3B. When this was done, all five curves were virtually superimposable during
the rising phase of the pressure tracings up to tmax ' and there were only small
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Figure 2. Average results obtained from 9 ventricles. Influence of pacing site (A) on peak isovolumic
pressure and (8) on the duration of contraction at a level of 10% developed pressure. Statistical
significance of inter-group differences were determined by repeated measures analysis of variance in
combination with the Dunken test. The different symbols indicate statistically significant differences
(p<O.05) between the means of two groups: • = different than with ATR pacing. 0 = different than
with LVA pacing. f::, = different than with RVE pacing.• = different than with LVF pacing•• =
different than with RVF pacing. From Burkhoff et al. (16). with permission of the authors.

differences between them for the remainder of the cardiac cycle. The similarity of
these curves was quantified by determing the root-mean squared difference from
the atrial curve (D,ms) as outlined in Methods. All of the normalized pressure
waves obtained with ventricular pacing were equally similar to that obtained with
atrial pacing and therefore the average results of this analysis from each heart are
reported. When this analysis was carried out for the example of Fig. 3 it was found
on average that D,ms was only 1.5% up to the time of tmax and 4.1% after tmax ' This
pacing site independence of the shape of the pressure wave was observed in all 8
hearts studied in this series, and the results are summarized in Table 1.
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Figure 3. Influence of pacing site on the time course of pressure generation. A: computer recon
structed pressure waves from an isovolumically contracting left ventricle while paced from each site as
indicated. B: the curves of Panel A were offset, rescaled in amplitude and shifted in time to reveal that
the time course of pressure generation was independent of pacing site up to the time of peak pressure.
The average root-mean difference between the normalized curves obtained with ventricular pacing as
compared to the curve obtained with atrial pacing was 1.46% up to tm", and 4.08% from tm", to the end
of contraction. These curves also illustrate the small changes in the duration of contraction. From
Burkhoff et al. (16), with permission of the authors.

Correlation ofpeak pressure and epicardial QRS duration

When the heart was paced from the atrium the pressure development was
maximal and the QRS complex was short in duration. With ventricular pacing the
pressure development was less and the QRS duration was longer. The relation
ship between pressure development and QRS duration measured in each of the 8
hearts studied is presented in Fig. 4. As indicated in the figure, there was a
negative correlation between these two parameters which was roughly linear in



191

0
't...

"Cl
::I:
0
2;N
2;'"
v

UJ
0::0
:::JO
(I) ...
(I)
UJ
0::
0.0

CDa
UJ
0.
0
JO
UJIO
>
UJa
0
~

0 40 80 120 160
QRS DURATION (MS)

Figure 4. Summary of results from 8 ventricles on the relation between developed pressure and the
duration of the QRS complex of an epicardial electrogram (different symbols used for clarity). In each
heart this relation was linear with average (± SD) regression coefficients (slope) -0.51 ± 0.19 and
correlation coefficient r = 0.971 ± 0.029. From Burkhoff et al. (16), with permission of the authors.

all hearts studied. The mean (± SO) slope was -0.51 (± 0.19) mm Hg/ms and the
average correlation coefficient (r) was 0.971 (± 0.029).

Dependence of E" and Vo on pacing site

Results of a typical experiment are illustrated in Fig. SA. The linearity of the end
systolic pressure-volume relationship (ESPVR) was not altered by pacing from

Table 1. Root-mean square difference (D,ms) between normalized pressure waves obtained with
ventricular pacing and atrial pacing.

Exp.

1
2
3
4
5
6
7
8

oto tmax

1.43±0.12
1.50±0.25
0.87 ±0.12
1.70±0.19
1.57 ±0.61
1.46 ± 0.33
1.41 ± 0.80
1.90±0.59

Time interval

tmax to 460 ms

3.60± 1.34
2.18±1.09
1.80± 1.06
5.38 ± 1.68
5.03±2.1O
4.08± 1.55
1.92 ± 1.38
1.73±0.50
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the RVF. The pacing site dependence of Ecs (the slope of the ESPVR) was similar
to the pacing site dependence of Pmax at a constant volume. In this case, Ecs

decreased from 4.9 to 4.3 mm Hg/ml (a decrease of 12.2%) and V0 increased from
0.3 to 1ml. The results of experiments performed in 6 hearts are presented in
Table 2 (data in Fig. 5A are Exp. 4). The data were compared by Student's paired
t-test which indicated that the changes in both Ees and Vo were statistically
significant at the 1% level.

Oxygen consumption

When pacing site was switched from atrium to RVF, there was a decrease in
arterial-venous oxygen content (A-V02) difference despite a relatively constant
coronary sinus out-flow. This indicates that associated with the decrease in
contractile performance associated with pacing site was a decrease in the amount
of oxygen consumed by the ventricle. The magnitude of changes in these signals
between pacing sites were small and oxygen consumption was determined accu
rately by digitizing all signals and averaging several seconds of data by computer.
In order to evaluate the influence of pacing site on the balance between
ventricular energy consumption and total mechanical work performed by the
ventricle, we determined the relation between the total pressure-volume area
(PVA) and oxygen consumption per beat (V02) (see Methods). A typical result is
presented in Fig. 5B for which the changes in the pressure-volume relation is
presented in Panel A (discussed above). As illustrated, despite the fact that both

Table 2. Comparison of E.. and Vo obtained with atrial pacing (Atr) and right ventricular free wall
pacing (RVF).

Exp

1
2
3
4

5
6

Mean
SD

Pacing site

ATR RVF

Ee• Vo Ee• Vo

4.2 0.0 3.6 2.4

4.0 8.5 3.6 10.6
6.2 11.5 5.1 12.1

4.9 0.3 4.3 1.0

6.0 15.0 4.6 15.0
4.2 8.5 3.9 9.6

4.9 7.3 4.2- 8.5a

0.97 5.5 0.60 5.1

_Statistically significant difference between results obtained with atrial and RVF pacing at p<O.01 by

Student's paired T-test.
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Figure 5. A: end-systolic pressure-volume relation obtained from a single heart first with atrial pacing
and then with right ventricular free wall pacing. B: ventricular oxygen consumption, VOl, and the
corresponding total pressure-volume area, PVA, were measured for each loading condition and
pacing site of Panel A. Pacing site influenced both PVA and VOl but did not alter the PVA·VOl
relation. From Burkhoff et·al. [16J, with permission of the authors.

PVA and V02 changed when the pacing site was changed, the relation between
these two was the same with both pacing sites. The PVA-V02 relation was
quantified by its slope and y-axis intercept determined by linear regression
analysis applied seperately to the data obtained from the two pacing sites. The
two regression lines were compared by analysis of covariance. The results from 5
hearts studied in this series, summarized in Table 3, indicated that in 4 of the 5
hearts there was no statistically significant difference in the PVA-V02 relation. In
one heart there was a statistical difference at the 1% significance level; however,
the magnitude of this difference was small.
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Discussion

We tested the hypothesis that with myocardial pacing the effective mass ofmuscle
which contributes to active ventricular pressure generation is reduced below that
which exists when pacing is from the atrium. This hypothesis was derived from a
model generated from information available in the literature [1, 2, 8, 10]. Five
predictions of the hypothesis were validated in isovolumically contracting canine
left ventricles. The theoretical basis for each of these predictions has been
discussed in detail (see Introduction).
First, consistent with previous studies, peak isovolumic pressures were smaller
with ventricular pacing than with atrial pacing. Furthermore, pacing from dif
ferent myocardial sites produced different levels of contractile strength; atrially
paced beats were strongest, followed by (in the order of weakening contractile
strengths) left ventricular apical pacing, right ventricular endocardial pacing, and
finally right and left ventricular free wall pacing which produced the weakest
contractions.
Second, despite the marked influences on ventricular contractile strength and
electrical dispersion, there was relatively little influence on the duration of
contraction or on the time-course of chamber stiffening and relaxation as judged
by the similarity of the shapes of the isovolumic pressure waves.
Third, with a change of pacing site in a given heart, there was a highly
significant, linear, negative correlation between peak isovolumic pressure and
the duration of the QRS complex of an epicardial surface electrogram.
Fourth, the end-systolic pressure-volume relation (ESPYR) measured with
RYF pacing had a lower slope, Ee" and a small increase in volume-axis intercept,
Yo, as compared to that measured with atrial pacing.

Table 3. Influence of pacing site on the slope, A (ml O/mm Hg' mil beat), and y-intercept, B (ml 0 21
beat), of the regression of V02on total pressure-volume area.

Exp.

1
2
3
4
Sa

Pacing site

Atrium RV free wall

A B A B
ml02/beat ml02 mlO/beat ml02

mmHg'ml beat mmHg'ml beat

2.10 x 10-5 0.035 1.90 x 10-5 0.038

2.36 x 10-5 0.035 2.30 x 10-5 0.032

3.18 x 10-5 0.020 3.11 x 10-5 0.021

3.64 x 10-5 0.01l 3.60 x 10-5 0.012

2.96 x 10-5 0.025 2.79 x 10-5 0.031

a Statistically significant difference in regression lines by analysis of covariance, p<O.01.



195

Finally, reduced ventricular strength created by ventricular pacing was associ
ated with decreased oxygen consumption such that the relation between the total
pressure-volume area and oxygen consumption (PVA-V02) with atrial and RVF
pacing was not effected.
While the results of some studies have suggested relatively little or no influence
of pacing site on systolic ventricular performance [11-15] most studies have clearly
demonstrated, as in the present study, a reduction in ventricular chamber 'con
tractility' with myocardial pacing [2-9]. These studies have been discussed in the
Introduction and in greater detail in our original manuscript [16].
Most recently, Park et at. [9] very carefully studied the influence of pacing site

on the ESPVR of closed chest chronically instrumented dogs. Their data differ
from ours in that they found a significant increase in Vo with no significant
influence on Ecs when pacing is switch from atrium to myocardium. There are
many methodologic differences between our study and theirs, making direct
comparison difficult. Because the isolated heart preparation allows for direct
measurement of volume and strict control of loading conditions and coronary
perfusion pressure, we believe that the changes in the ESPVR we observed
reflect direct effects of pacing site on ventricular mechanical properties. In
contrast, the changes detected in a closed chest dog preparation may reflect the
responses of the more complex in situ cardiovascular system in which influences
of autonomic reflexes and changes in coronary perfusion pressure may be pres
ent. Additionally, the ESPVR is measured by transient vena caval occlusion in the
closed chest dog, and in the isolated heart by step-wise decreases in ventricular
volume allowing establishment of a steady mechanical state at each volume
setting; there are definite differences in the ESPVRs measured by these two
methods. However, it is possible, though it seems unlikely, that the difference
may result from some altered properties of the electrical activation system
created when the heart is studied in isolation.
One result we wish to discuss in greater detail here is the observed shape
invarience of the isovolumic pressure wave which has an interesting physiologic
implication pertinent to the 'time-varying elastance' theory of ventricular con
traction [18]. According to this theory, under isovolumic conditions, instan
taneous pressure (P(t» and volume (V(t» are related by the equation:

P(t) = E(t) [V(t) - Yo]' (2)

where E(t) is the time-varying volume elastance of the ventricle, and Vo is the
volume at which the peak systolic pressure is 0 mm Hg. E(t) can be expressed as
follows:

E(t) = Ecs x e(t) + Emin , (3)

where Em;n is the minimum elastance, Ec' is the maximum developed elastance
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attained at end systole, and e(t) describes the time course of change of elastance
(i.e., the time course of stiffening and relaxation) and has a value of 0 at end
diastole and a value oil at end-systole. Under isovolumic conditions, (i.e., V(t) =
constant in (2», the shape of the pressure wave (P*(t) in (1» is determined by the
shape of the elastance curve, which as defined in (3) is described by e(t); that is,
e(t) = P*(t). Thus, the relative shape invarience of the isovolumic pressure wave
suggests that the asynchronously contracting 'ineffective' mass of muscle created
by direct myocardial stimulation does not contribute significantly to the total
elastance of the ventricle during the period of synchronous activation of the
'effective' muscle mass. Any such influence, if it does exist, was beyond the
sensitivity of our measurements. The only consistent alteration in the pressure
waves with pacing site was that observed during relaxation, i.e., the significant
prolongation of contraction. This observation suggests that the contribution of
the 'ineffective' muscle mass to overall chamber elastance may not be negligible
during the relaxation phase of the cardiac cycle.
This concept of how pacing site alters the time-varying elastance representation
of left ventricular contraction is summarized by the electric analog in Fig. 6, which
consists of two capacitors and is derived from the model presented in Fig. 1. Each
capacitor represents one layer in the model of Fig. 1.
Enorm represents the normal time course of ventricular volume-elastance had

the ventricle been paced from the atrium. Eincffcctivc represents the time varying
elastance that would occur if the entire thickness of the ventricular wall was
contracting 'ineffectively'. The quantity 'r' is a weighting factor which represents
the fraction of the total ventricular wall which is considered to be contained in the
outer 'ineffectively' contracting layer (r has a value between 0 and 1.0); (1- r) is
therefore the fraction of the wall represented by the inner layer. The value of r is
different for different pacing sites, having a value of 0 for atrial pacing and, from
the data of the present study, approximately 0.25 with right ventricular free wall
pacing.
In summary, we observed significant influence of pacing site on the magnitude,

but not the time course of isovolumic ventricular pressure waves. Pacing from
different sites of the ventricle resulted in different chamber contractile strenghts.
There was a linear inverse relation between changes in QRS duration and
changes in contractile strength. The decreased chamber contractility manifests
itself as a decrease in Ecs and a small increase in Vo' The relation between
ventricular oxygen consumption and pressure-volume area was independent of
pacing site. These results are consistent with the hypothesis that the effective
mass of muscle which participates in the generation of active contractile strength
is reduced when the pacing site is moved from the atrium to the ventricle.
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Figure 6. Electric analog of the model presented in Fig. I. E.."m is the normal time-varying ventricular
volume-elastance function. E;neffect;ve is the time-varying ventricular volume-elastance if the entire wall
thickness had been activated by muscle conduction. r represents the percentage of the wall which
contracts asynchronously. The resulting global left ventricular (LV) time·varying elastance ELV(t) is
the weighted sum of these two elastances: ELV(t) = rE;ndf"'j,·< + (1- r)Ennrm .
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Discussion

Marcus: With the model you have been employing, utilizing implanted clips and
biplane angiograms, you should be able to show directly the precise location and
magnitude of abnormalities in regional ventricular function. Have you actually
done that?
Maughan: We had hoped to have one or two experiments of that type done before
this symposium but it has not been done yet. It would provide another piece of
confirmating data.
Downey: A comment concerning the segment length data we saw earlier. It
behaves almost like an infarct when you have this segment activated late in the
cycle with the rest of the heart contracting dysynchronously. This causes the end
systolic pressure volume relationship to become very nonlinear in regional ische
mia. Do you see anything like that in your model?
Maughan: Dr Little's paper will show phenomena similar to regional ischemia.
We calculate a slope change rather than an intercept change and we do not detect
a nonlinearity but the changes here are relatively small. Within the limitations
that we make, we can't really make a judgement as to whether there is a parallel,
or slope, change. We would like to do that because there are fundamental
differences in the way they shift.
Marcus: The myocardial oxygen consumption measurement that you are making
reflects an imprecise index of total left ventricular oxygen consumption. This
could be very misleading in predicting myocardial oxygen consumption in specific
regions that are functioning in a heterogeneous fashion. Is that correct?
Maughan: The ideal would be to measure blood from that portion of the myocar
dium that is involved in direct myocardial activation. We would then expect the
degree of unloading in the portion of the myocardium to be proportional to the
decrease in the developed pressure. We were not able to do this so we cannot be
certain that the decrease in MV02 takes place in the earliest activated segments.
Weisfeldt: I may amplity what Dr Maughan said about conditions of an intact
circulation being different than the isolated model. Some years ago, in Bill
Daggett's laboratory, we studied a similar issue in a working intact circulation and
we were able to show rather distinctly that abnormalities in the site of pacing
would induce mitral regurgitation rather easily. This was particularly true in a
volume loaded heart or in a heart that was abnormal for some other reason. One
could even take a normal heart and bring it up high on its Frank Starling curve,
and then induce abnormal pacing and measure mitral regurgitation occuring. If
you are looking at overall pump function, you are impressed at the extent at
which pump function is diminished when in fact what you are doing is inducing
mitral regurgation by virtue of the lack of proper timing of the papilary muscle
contraction. Was there a comparison of ventricular volume change with forward
stroke volume?
Lab: When you look at your timing in your superimposed pressure curves, you
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found a 10% difference when you look at 50% developed tension, or developed
force. But if you look at the same level during relaxation your differences in force
rather than time are quite high. This is deceptive. If you draw a line straight up, it
looks to me as if it is about 3~O%.
Maughan: Actually we did that and the differences are pretty small. I think that in
that particular illustration, the difference might have appeared exagerated but in
fact the difference was less than 20%.



11. Effect of alterations of the left ventricular
activation sequence on left ventricular
performance
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Abstract

It is difficult to determine the effect of ventricular pacing on left ventricular (LV)
performance using isovolumic or ejection phase indices, because ventricular
pacing also produces changes in loading conditions. Accordingly, we investigated
the effect of pacing from the atrium and various ventricular sites on the LV end
systolic pressure-volume relation, a relatively load-independent measure of LV
performance. Studies were performed following autonomic blockade in dogs
chronically instrumented to measure left ventricular pressure and determine left
ventricular volume from three ultrasonic endocardial dimensions. During ven
tricular pacing, left ventricular end-diastolic volume, stroke volume, and end
systolic pressure were decreased, while the end-systolic volume was relatively
unchanged. LV end-systolic pressure-volume relations were generated by vena
caval occlusions during pacing at a constant rate from atrial and ventricular sites.
Compared to atrial pacing, the LV end-systolic pressure-volume relations were
shifted to the right during pacing from ventricular sites. The volume intercept of
the LV end-systolic pressure-volume relation increased during ventricular pac
ing, while the slope of the LV end-systolic pressure-volume relation changed only
slightly. We concluded that alterations of the normal activation sequence pro
duced by ventricular pacing depress LV pumping function, independent of load
ing conditions, as indicated by a rightward shift of the LV end-systolic pressure
volume relation. The decreased stroke volume during ventricular pacing is due
both to a decreased end-diastolic volume (decreased preload) and the rightward
shift of the end-systolic pressure-volume relation (decreased pump function).

Introduction

During atrial pacing the ventricles are rapidly and nearly synchronously (within
60 msec) activated through the rapidly conducting His-Purkinje system. In con-
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trast, the rate and pattern of activation during ventricular pacing are markedly
different as depolarization spreads through the more slowly conducting ventricu
lar myocardium. During ventricular pacing, the delay between the early and late
activated areas of the left ventricle may be greater than 120msec [IJ. Since
mechanical activity follows electrical activation, ventricular pacing produces
dyssynchronous ventricular contraction which might be expected to impair left
ventricular systolic performance [2].
Previous studies have evaluated the effects of ventricular pacing on the rate of
LV pressure development, stroke volume, stroke work, cardiac output, and
arterial blood pressure. While most studies have shown a depression of these
parameters when ventricular pacing is compared with sinus rhythm or atrial
pacing [3-8], some studies have noted little or no change in one or more of these
parameters [9J. The interpretation of these observations is complicated by the
fact that each of these parameters may also be influenced by the presence or
absence of atrial contraction, as well as by loading conditions, heart rate, and
autonomic reflexes,"all of which may be altered by ventricular pacing. Further
more, whether the site of ventricular pacing influences LV systolic performance
has remained controversial [5, 10, 11].
The LV end-systolic pressure-volume relation is a sensitive index of LV systolic
performance that is relatively independent of loading conditions. The relation is
linear in normally contracting isolated canine hearts [12-14]' conscious dogs [15],
and man [16J. The slope of the relation is sensitive to changes in ventricular
performance resulting from global interventions, increasing in response to posi
tive inotropic interventions and decreasing with negative inotropic interventions,
whereas the volume axis intercept is relatively unchanged (Figure 1). Acute
regional ischemia produced by coronary occlusion in isolated, isovolumic canine
hearts [17J, and in chronically instrumented dogs [18J results in a rightward shift of
the end-systolic pressure-volume relation (an increase in the volume axis inter
cept with little change in the slope) (Figure 2). This rightward shift of the LV end
systolic pressure-volume relation indicates that at a constant end-diastolic volume
(preload) and end-systolic pressure (afterload) the stroke volume will be re
duced. Since the LV end-systolic pressure-volume relation reflects both global
and regional changes in LV performance and is relatively unaffected by loading
conditions, it seemed to be ideally suited to the evaluation of the influence of
ventricular pacing on LV pump performance. Consequently, we recently studied
the effect of alterations of the activation sequence of LV performance using the
end-systolic pressure-volume relation [19J.

Methods

The studies were performed on adult mongrel dogs instrumented with a micro
manometer pressure transducer and three pairs of ultrasonic crystals (5 MHz)
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Figure 1. LV end-systolic pressure-volume relations generated by caval occlusions in a closed chest
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correlation coefficient. Reproduced from Little [20J with permission of the American Heart Associ
ation.

implanted in the endocardium of the LV to measure the anterior-posterior,
septal-lateral, and base-apex (long axis) dimensions of the left ventricle. LV
volume was calculated from the three LV dimensions as we have previously
described [19-21]. Pairs of bipolar pacing electrodes were sutured to the epicar
dium of the left atrial appendage, the right ventricular free wall, the right
ventricular apex, and the LV free wall.
After full recovery from the thoracotomy, the dogs were sedated with fentanyl
in combination with droperidol sufficient to allow intubation. In four dogs,
endocardial bipolar pacing catheters were inserted percutaneously via the jugular
vein and positioned in the right ventricular apex and right ventricular outflow
tract. To prevent reflex autonomic changes, the dogs were treated with atropine
sulfate (0.2 mglkg, iv) and propranolol (2mg/kg, iv). The dogs were ventilated
with room air. To minimize the effect of fluctuations in intrathoracic pressure, all
data were recorded during 12-second periods while the dogs were apneic, with the
glottis held open by the endotracheal tube [21].
The hearts were paced using 0.5-msec pulses at threshold levels at the mini
mum rate (128 ± 8/min epicardial and 131 ± 16/min endocardial) which ensured
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complete capture from each of the pacing sites. This rate was held constant
throughout the study. The heart of each animal was initially paced from the
atrium, followed by pacing from each of the ventricular epicardial and/or endo
cardial sites in random order. At the conclusion of the study, atrial pacing was
repeated to confirm that there had been no change in the preparation. During
ventricular pacing, the atria were paced simultaneously with the ventricle to
prevent atrial echo beats and intermittent capture of the ventricle by atrial
impulses. Pacing at each site was performed until all hemodynamic parameters
were stable. The end-systolic pressure-volume relation then was generated by
sudden transient occlusions of the inferior vena cava using a previously implanted
hydraulic occluder. This caused a progressive fall of left ventricular end-systolic
pressure and volume over the 12-second recording period allowing definition of
the LV end-systolic pressure-volume relation.
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Results and discussion

We found that during pacing from right or left ventricular endocardial sites that
the LV end-systolic pressure-volume relation remains linear, but compared to
atrial pacing the end-systolic pressure-volume relation is shifted rightward, with
an increase in the volume axis intercept but with no consistent change in the slope
(Figure 3-5). A similar shift of the end-systolic pressure-volume relation occurred
during pacing from the right ventricular endocardium (Figure 6). This rightward
shift of the LV end-systolic pressure-volume relation indicates a depression of LV
pumping performance during ventricular pacing that occurs independent of
changes in preload.

In agreement with previous studies [9, 23], both ventricular epicardial and
endocardial pacing resulted in a decrease in LV end-diastolic volume and stroke
volume (Figure 7), whereas end-systolic volume was relatively unchanged. Our
study indicates that the stroke volume falls during ventricular pacing for two
reasons. First, left ventricular preload as measured by the end-diastolic volume is
decreased. Second, ventricular pacing depresses LV pumping function indepen
dent of the fall in end-diastolic volume, as indicated by the rightward shift of the
LV end-systolic pressure-volume relation. This shift indicates that the stroke
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volume is reduced for any given end-diastolic volume and end-systolic pressure.
Our findings are consistent with some previous studies using different measures
which also suggested that LV performance is decreased during ventricular pacing
[4-8, 22, 23].
Grover and Glantz [9] observed a decrease in stroke volume during pacing

from the endocardium of the right ventricular apex in closed-chest dogs due to a
fall in end-diastolic volume, whereas end-systolic volume remained relatively
constant. Since LV end-systolic pressure was not significantly changed, they
speculated that the left ventricular end-systolic pressure-volume relation and
systolic pumping performance were not altered by ventricular pacing. However,
the end-systolic pressure-volume relation was not directly determined in their
study. We directly determined the LV end-systolic pressure-volume relation and
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found that pacing from the ventricular endocardium or epicardium shifted the
end-systolic pressure-volume relation to the right. The study of Grover and
Glantz [9] was performed in dogs with intact autonomic reflexes. It is possible
that, in their study, a reflex increase in contractility may have compensated for a
rightward shift of the end-systolic pressure-volume relation during ventricular
pacing.
Why does ventricular pacing produce a rightward shift of the LV end-systolic
pressure-volume relation? This shift is similar to the parallel rightward shift of the
LV end-systolic pressure-volume relation that occurs when contraction of a
portion of the LV is prevented by regional ischemia in the isolated, isovolumic
dog heart [17] and in the intact dog [18]. During ischemia the magnitude of the
shift is related to the size of the ischemic area. Regional end-systolic LV dysfunc
tion produced by ventricular pacing is similar, in some respects, to regional
ischemia. Badke et al. [8] found that ventricular pacing produced dyssynchronous
LV contraction with reciprocal interactions between the early and late activated
areas. At end systole, the initially activated portions of the LV were no longer
contracting, and thus, would not be expected to contribute to the generation of
end-systolic LV pressure. In agreement with this concept, several investigators
[23-25] have observed that, during dyssynchronous LV activation, early activated
areas of the LV bulge paradoxically in late systole, displaying a motion similar to
that observed when ischemic dysfunction prevents regional contraction.
Because of these similarities, a slight modification of the model of Sunagawa et
al. [17] of the regionally ischemic ventricle may also account for the rightward
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regional ES P-V relations) is shown on the right for ventricular pacing compared to a normally
activated LV. See text for discussion. Reproduced from Park et al. [19) with permission of the
American Heart Association.

shift of the end-systolic pressure-volume relation we observed during ventricular
pacing. The ventricle is considered to be composed of two compartments: an
early activated region and a late activated region (Figure 8). The LV end-systolic
pressure-volume relation is the sum of the relations of these two compartments.
By end-systole of the entire ventricle, the early activated area is relaxing, and
thus, may have a curvilinear pressure-volume relation similar to that seen in
diastole. The pressure-volume relation of the late activated portion of the ventri
cle is similar to normal. At end-systole, the later activated region has displaced
blood into the relaxing, early activated compartment. This increased volume in
the early activated area moves it up to a relatively steep portion of its regional
pressure-volume relation where the slope (or elastance) may be similar to the
normal systolic value. In agreement with our observations, this model predicts
that the resulting pressure-volume relation of the entire ventricle, in the range in
which we studied, will be shifted to the right during ventricular pacing without
much change in the slope. The magnitude of the shift will be equal to the volume
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of blood displaced into the early activated region, and, thus, proportional to the
degree of dyssynchronous activation. This model does not take into account other
factors that may also influence the LV end-systolic pressure-volume relation
during dyssynchronous contraction. These may include ventricular interdepen
dence [25], and the effect of the interaction of the dyssynchronously contracting
fibers on their individual length-tension relations [26].
In two animals, we measured the time required for LV endocardial activation

from bipolar electrograms recorded from the six endocardial crystals located in
the endocardium of the apex, base, interventricular septum, lateral wall, anterior
wall, and posterior wall of the LV [9]. The time from the onset of the first left
ventricular electrogram to the last electrogram (the LV activation time) was
measured. The shift of the volume intercept of the end-systolic pressure-volume
relation during ventricular pacing correlated roughly with the extent of dys
synchronous activation as estimated by the ventricular activation time (Figure 9).
In agreement with the model, this suggests that the magnitude of the shift of the
LV end-systolic pressure-volume relation depends on the amount of dyssyn
chronous activation. Consistent with this hypothesis is the observation of Grover
and Glantz [9] that pacing from sites near distal portions of the conduction system
produced greater depressions of hemodynamic parameters than pacing from
septal sites that result in a more normal pattern of ventricular activation.
Whether pacing from right or LV sites produces greater depression of LV
systolic performance is controversial. Some studies have shown right ventricular
[10] or left ventricular [1, 3, 11] sites to be superior hemodynamically, whereas
others have found that the site of ventricular stimulation does not influence LV
systolic performance [5, 6, 27-29]. We found that pacing from a right ventricular
site produced the largest shift of the LV end-systolic pressure-volume relation in
some animals, whereas LV pacing produced the greatest shift in others [19].
These variations in the relative effect of pacing from right or LV sites that we and
others have observed may be due to differences in the degree of dyssynchronous
activation depending on the location of the pacing site and its relation to the
normal conduction system.
In our study, we quantified the shift of the left ventricular end-systolic pres

sure-volume relation using the extrapolated volume axis intercept, Vo [19]. Since
this is an extrapolated value, it may be influenced by alterations in the slope and
the degree of extrapolation required. Although the volume axis intercept was not
measured directly, we [15, 18, 20, 30] and others [12-14, 31] have found that the
end-systolic pressure-volume relation is described well by a straight line in the
pressure range studied. Thus, the volume axis intercept should be a reliable index
of the relative position of the relation and should be adequate to quantify relative
shifts of the end-systolic pressure-volume relation during ventricular pacing. In
addition, the shift of the end-systolic pressure-volume relation we observed
during ventricular pacing was apparent not only as an increase in the volume axis
intercept, but also by a greater end-systolic volume at each matched end-systolic
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pressure during ventricular pacing (Figures 5-8).
Marked alterations in arterial input impedance may produce parallel shifts of

the LV end-systolic pressure-volume relation [15,20,31]. All observations in this
study were performed following autonomic blockade; thus, although the baseline
aortic pressure was different during atrial and ventricular pacing, the vascular
tone and arterial input impedance should not have been markedly altered. Any
reflex increase in arterial tone, in response to the decreased arterial pressure
during ventricular pacing, would tend to shift the LV pressure-volume relation to
the left, thus, a rightward shift in response to ventricular pacing could not be
attributed to changes in vascular tone.
This study has several clinical implications. First, any disturbance of ventricular

activation due to ventricular pacing or conduction system abnormalities (i.e., left
bundle branch block) should be considered when interpreting the left ventricular
end-systolic pressure-volume relation. Second, ventricular pacing appears to
depress left ventricular pumping performance in addition to the impairment of
ventricular diastolic filling that usually results from the loss of a properly timed
atrial systole and possibly other factors [9]. Thus, in patients with impaired
ventricular performance, attempts to maintain the normal ventricular activation
sequence, in addition to preserving a properly timed atrial systole, may be
important in order to optimize left ventricular pumping performance.
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Conclusions

1. alterations of the normal left ventricular activation sequence depress left
ventricular systolic pumping function, as manifest by a rightward shift of the
left ventricular end-systolic pressure-volume relation;

2. the extent of the rightward shift of the pressure-volume relation appears to be
related to the degree of dyssynchronous activation of the left ventricle; and

3. the decrease in stroke volume during ventricular pacing results from both a
decrease in left ventricular end-diastolic volume (decreased preload) and a
rightward shift of the left ventricular end-systolic pressure-volume relation
(decreased pump function).
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Discussion

Beyar: The striking difference between what you and Dr Maughan have pre
sented here is that you show a shift in the end-systolic pressure-volume relation
ship, whereas Dr Maughan has shown, predominantly, a decrease in the slope of
the relation with ventricular pacing. I suggest that the shift that you observed may
be due to your use of an ejecting ventricle whereas in Dr Maughan's preparation
the ventricle was contracting isovolumically. We know that if you calculate the
slope of the end-systolic pressure-volume relation using higher volumes, you may
get a lower slope, which does not fully support the statement that the slope, or
Emax ' is independent of loading conditions. This may explain the difference
between your two studies.
Little: It is correct that the slope of the end-systolic pressure-volume relation is
only relatively independent of loading conditions, as used in our study; ejecting
beats only approximate the isovolumic end-systolic pressure-volume relation.
Both Dr Maughan's study and ours show that during ventricular pacing the end
systolic pressure-volume relation is shifted to the right. The difference is that they
report a decrease in the slope and also an increase in the volume intercept, while
we find only an increase in the volume intercept. In both studies the relation was
shifted to the right and thus, the pumping performance of the left ventricle is
decreased. Their studies of the isolated heart use a much more carefully control
led preparation, whereas our studies of the intact ejecting heart are less carefully
controlled but more physiological. As you point out, our study was done using
ejecting beats while Dr Maughan's study used isovolumic beats. It is possible that
the interactions between different parts of the ventricle during pacing may be
different when the ventricle is allowed to eject, as opposed to when it is iso
volumic.
Kass: Did you find that the rightwards shift of the end-systolic pressure volume
relationship that you report during epicardial pacing is similar to the shifts seen
with endocardial pacing?
Little: The shift is qualitatively the same during both endocardial and epicardial
pacing. Quantitatively, the shift is somewhat smaller during endocardial pacing
than during epicardial pacing.
Kass: Aren't these results, with a smaller shift during endocardial pacing than
during epicardial pacing, consistent with the model that Dr Maughan proposes?
Little: Maughan's model of the dyssynchronously contracting ventricle considers
it to be a series capacitance. Our model is a parallel capacitance. A parallel
capacitance is needed to account for the increase in the volume intercept that we
both observed. A series capacitance, as they propose, is needed to account for the
decrease in the slope that they observed. I think the best description is a combina
tion of both a parallel and series capacitance. Such a model explains all the
observations of both studies.
Marcus: Did mitral regurgitation occur during ventricular pacing and did this
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possibly influence the results?
Little:We found no evidence of significant mitral regurgitation during ventricular
pacing.
Hoffman: How good was your calibration of the end-systolic volume?
Little: We calibrated our volume measurements using the left ventricular stroke
volume. Since ventricular pacing does not alter the ventricular end-diastolic
configuration, but does alter the end-systolic configuration, we thought that if we
have a consistent measure of the difference between the two, we also have a
consistent measure of end-systolic volume. In other studies, we have also cali
brated our volumes using radionuclide angiograms. We find that in anyone
animal, our calculated volumes give a consistent measure of the true left ventricu
lar volume despite changes in the activation sequence.
Weisfeld!: What was the state of the pericardium?
Little: In our study in the animals the pericardium was opened for instrumenta
tion and not reapproximated.
Weisfeld!: Was there a functional pericardium in the preparation?
Little: I am sure that there is a functional pericardium in our preparation because
the pericardium scars over at the point in which the chest is closed. We do not
close the pericardium for fear of producing functional restriction.
Weisfeld!: I wonder if the difference between Dr Maughan's studies and these
studies is the fact that there is a functioning pericardium when you do ventricular
pacing. There may be a change that occurs in right sided hemodynamics that may
in fact shift the pressure-volume relationship in the same way as Dr Maughan
shows for primary loading of the right ventricle. Dr Ritman and Dr Tyberg might
also feel that external restraint in the left ventricle was present with the pericar
dium present. Changing from atrial to ventricular pacing might alter left ventricu
lar geometry sufficiently to change end-systolic pressure relationships in this way.





12. Effect of the thyroid state on ventricular
action potential characteristics in the mammalian
heart
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Abstract

Certain ventricular action potential characteristics such as action potential dura
tion and amplitude vary considerably among mammalian species. As previous
studies showed that changes in the thyroid state are associated with alterations in
action potential duration, we tested the hypothesis that these variations might be
related to differences in the thyroid state of the species. Ventricular action
potential characteristics from several species were studied, encompassing a wide
range of metabolic rates. The species were dog, guinea pig, mole rat, rat, mouse,
and shrew. Resting membrane potential and action potential amplitude, and area
were found to be inversely correlated with heart rate, body mass, and metabolic
rate, expressed as oxygen consumption of the species. Modification of the thyroid
state in guinea pigs and rats by the administration of thyroxine (T4) or pro
pylthiouracil, yielded alterations in ventricular action potential characteristics.
Hyperthyroidism was found to be associated with a reduction in action potential
duration and a faster rate of repolarization, whereas hypothyroidism was associ
ated with a marked increase in action potential duration.
Preliminary experiments, using the patch electrode to record action potentials
from ventricular myocytes isolated from euthyroid, hypo- and hyperthyroid
guinea pig hearts, showed that changes in the thyroid state were associated with
alterations in the electrophysiological properties of ventricular myocytes, similar
to those seen in multicellular preparations. The time course of thyroid hormone
effects on ventricular action potential characteristics were also studied. Other
preliminary experiments showed that the action potential duration was markedly
reduced 4-6 hr after T4 administration, whereas recovery towards control values
occurred within 10-20 days.
Although the mechanisms are yet to be determined, the experiments suggest
that thyroid hormones have an important role as modulators of the cardiac
electrophysiological properties.
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Introduction

Electrophysiological properties of the mammalian heart have been known to vary
considerably among different mammalian species [1-4]; however, the variations
have not been analyzed quantitatively, and the mechanisms responsible for these
variations have not been determined.
The purpose of this paper is to present experimental evidence suggesting that
thyroid hormones may have an important role as modulators of electrophysio
logical properties of the mammalian heart.

Methods and procedure

Animals

Throughout the studies reported here, we used six different mammalian species:
1. adult mongrel dogs, weighing 15-20 kg;
2. guinea pigs, weighing 300-400 g;
3. Sprague-Dawley rats, weighing 300-400 g;
4. mole rats (Spalax ehrenbergi), weighing 180-220g;
5. laboratory mice, weighing 30-35 g; and
6. shrews (Crocidura russula), weighing 7-8g.

Measurement of transmembrane potentials from multicellular preparations

The animals were anesthetized (dogs i.v. and other species i.p.) with sodium
pentobarbital, 30-40mglkg. The hearts were rapidly removed and the right
ventricles excised and placed in cold Tyrode's solution gassed with 95% O2-5%
CO2• Ventricular preparations were mounted in a Lucite tissue bath and super
fused at a rate of 11 ml/min with Tyrode's solution gassed with 95% O2-5% CO2
and warmed to 36SC. The Tyrode's solution contained (mM): NaCl, 131;
NaHC03, 18; NaH2P04, 1.8; MgCI2, 0.5; CaCI2, 2.7; dextrose, 5.5; and KCI, 4.0.
The preparations were stimulated with rectangular pulses by means of bipolar
silver electrodes insulated to their tips with Teflon.
Transmembrane action potentials were recorded from right ventricular papill
ary muscles using 3M KCl-filled glass microelectrodes and standard micro
electrode techniques.
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Procedures for electrophysiological studies in isolated myocytes

Preparation of single myocytes
Single ventricular myocytes were prepared from guinea pigs [5-7]. The animals
were anesthetized with pentobarbital sodium (30 mg/kg). The heart was rapidly
removed and the aorta cannulated and perfused with Tyrode's solution in a
Langendorff apparatus. After the blood was washed out, the heart was perfused
with 50 ml of Ca2+-free Tyrode's solution. Subsequently, 50 ml of Caz+-free
Tyrode's solution containing 40mg collagenase (Type 1; Sigma, St. Louis, MO,
USA) were circulated for about 30min. Thereafter, the heart was perfused with
50ml of 'KB medium' containing high K+ and low Cl- concentrations. All
solutions were oxygenated and warmed to 36°C. Finally, the ventricle was
removed from the cannula, minced, filtered, and stored for 1-2 hr in KB medium
at room temperature.

Solutions
The Tyrode's solution contained (mM): NaCl, 140; KCI, 4; CaClz, 1.8; MgClz, 1;
glucose, 10; and HEPES, 5. Caz+-free Tyrode's was prepared by omitting CaClz
from the Tyrode's solution. pH was adjusted to 7.4 by 1N NaOH. The KB
medium contained (mM): KCI, 70; KHzP04, 30; MgS04 , 5; CaCI2 , 0.12; glucose,
20; taurine, 20; succinic acid, 5; pyruvic acid, 5; creatine, 5; Na2ATP, 5; and
EGTA, 0.5. pH was adjusted to 7.4 by 1N KOH. The electrode solution con
tained (mM): K-aspartate, 100; KCI, 20; MgCI2, 3.5; KHzP04, 20; NazATP, 3;
and EGTA, 1. pH was adjusted to 7.4 by IN KOH.

Electrophysiological procedures
A small volume (0.5 ml) of KB medium containing myocytes was transferred to a
recording chamber, which was mounted on the stage of an inverted microscope.
The chamber was superfused at a rate of 1ml/min with Tyrode's solution warmed
to 24.5°C. For recording action potentials from single myocytes, we used the
whole-cell recording technique [7], the principles of which are shown in Figure 1.
Once the myocytes settle on the bottom of the chamber, a 'patch electrode'
(1-2 mO) is advanced towards the cell until a contact is made. Subsequently,
moderate suction is applied, which usually results in a tight seal (10-100 x 1090)
between the electrode tip and the membrane. When a stronger suction pulse is
then applied, the membrane under the electrode tip is ruptured, and a low
resistance pathway is created for current and voltage-clamp recordings. Action
potentials were recorded using List Medical patch-clamp amplifier LlM-EPC 7.
Myocytes were stimulated through the patch electrode at a cycle length of
2000msec.
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Whole Cell Recording
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Figure 1. Schematic illustration of the principles of the whole-cell recording technique. A: micro
manipulator-driven patch electrode is advanced towards the cell surface until contact is made. At this
stage, the electrode resistance between the electrode and the membrane is in the order of 50 x 1()6!l
B: when moderate suction is applied, a tight seal (gigaseal) in the order of 10-100 x 109 is usually
formed. C: thereafter, when a stronger suction pulse is applied, the membrane underthe electrode tip
is ruptured, and a low-resistance pathway is thereby available for current and voltage-clamp record
ings.

Induction of hyper- and hypothyroidism

To induce hyperthyroidism in guinea pigs, two different protocols were used:
1. a single Lp. administration of L-thyroxine, 100 ILg/kg, and
2. i.p. administration of L-thyroxine, 100 ILg/kg, for 8-11 days. Hypothyroidism
was induced by maintaining guinea pigs and rats on regular Purina chow and
drinking water containing 0.05% propylthiouracil for 30-45 days. Both drugs
were obtained from Sigma.

Statistical analysis

Linear regression analysis was used to determine the relationships between
different action potential characteristics and heart rate, body mass, and oxygen
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consumption. To test the effects of hypo- and hyperthyroidism on action potential
duration at different cycle lengths ANOVA was used.

Results

That ventricular action potential characteristics vary markedly among mam
malian species, is illustrated in Figure 2. Although action potentials were re
corded at identical experimental conditions, they differed in their overall config
uration, in duration, and in rate of repolarization. To quantify some of these
variations we analyzed the relationships between various action potential charac
teristics and the heart rate, body mass, and metabolic rate (expressed as oxygen
consumption). In general, resting membrane potential and action potential am
plitude, area, and duration were inversely correlated with heart rate, body mass,
and oxygen consumption. For example, the correlation coefficients for the rela
tionships between action potential amplitude, resting membrane potential, ac
tion potential duration at 50% repolarization, and action potential area (at cycle
length = l000msec) and oxygen consumption were -0.78, -0.92, -0.91 and
-0.92, respectively. V'max was poorly correlated with heart rate, body mass and
oxygen consumption.
As several action potential characteristics correlated well with indices of the
thyroid state, we reasoned that experimentally induced alterations in the thyroid
state should alter these characteristics predictably. We therefore increased the
thyroid state in guinea pigs by thyroxine (T4) administration and decreased that of
rats by propylthiouracil treatment, and studied the changes in the ventricular
electrophysiological properties. Hyperthyroidism in guinea pigs was associated
with a faster rate of repolarization and a reduction in action potential duration
(Figure 3), whereas hypothyroidism in rats was associated with a marked increase
in action potential duration (Figure 4).
Having found a close correlation between the thyroid state and the metabolic
rate, and certain electrophysiological properties, we became interested in the
mechanisms responsible for these relationships; as might be expected, thyroid
hormones were chosen as the major candidates. The rationale for this selection is
illustrated in Figure 5. As we have shown that resting membrane potential and
action potential amplitude, area, and duration are inversely correlated with the
metabolic rate and as, on the other hand, it is well known that thyroid hormone
affects the metabolic rate, it was reasonable to suggest that these action potential
characteristics are modulated either directly or indirectly by thyroid hormones.
In preliminary experiments, we studied the time course of thyroid hormone
effect on ventricular action potential characteristics. In order to deal with this
issue we injected guinea pigs with a single dose of T4, 100 /Lglkg, and studied
action potential characteristics in animals sacrificed at various time intervals after
T4 administration. To our surprise, changes in action potential duration were
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Figure 2. Typical action potentials from six mammalian species. The traces were reconstructed from
the original action potential traces.
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Figure 3. Effects of hyperthyroidism in guinea pigs on ventricular action potential. A: typical
(reconstructed) action potentials from euthyroid (filled symbol) and hyperthyroid (open symbol)
guinea pig ventricular muscle. Cycle length = lOOOmsec. B: relationship between cycle length and
action potential duration at 30% repolarization (APDJO) in euthyroid (filled symbols) and hyper
thyroid (open symbols) ventricular muscle. (Modified from Figures 6 and 7 in Binah0, Arieli R, Beck
R, Rosen MR and Patti Y. Modulation of ventricular electrophysiological properties by the metabolic
rate. Submitted for publication.)
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Figure 4. Effects of hypothyroidism in rats on ventricular action potential. A: typical (reconstructed)
action potentials from euthyroid (filled symbols) and hypothyroid (open symbols) rat ventricular
muscle. Cycle length = 1000msec. B: relationship between cycle length and action potential duration
at 30% repolarization (APD)(,) in euthyroid (filled symbols) and hypothyroid (open symbols) ven

tricular muscle.
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Figure 5. Rationale for investigating the role of thyroid hormones as modulators of the electrophysio
logical properties of the mammalian heart. We have shown that action potential area (APA). action
potential duration (APD). resting membrane potential (RMP). and action potential amplitude (AP
AMP) are inversely correlated with the metabolic rate ofmammalian species. As the metabolic rate is.
at least in part. determined by thyroid hormone action (not necessarily in a linear fashion). it is
possible that the correlation between action potential characteristics and the metabolic rate results
from the role of thyroid hormones as modulators (either directly or indirectly) of certain ventricular
electrophysiological properties.
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Figure 6. Typical action potentials recorded from enzymatically dissociated ventricular myocytes
obtained from euthyroid (e), hyperthyroid (6), and hypothyroid (0) guinea pigs. Cycle length =
l000msec. Temperature = 24.5°C.

observed as early as 2hr after T4 administration. The maximal reduction in action
potential duration occurred at 4-6 hr, and from then onwards action potential
duration recovered towards control values within 10-20 days.
In preliminary experiments we recorded action potentials from enzymatically

dissociated ventricular myocytes isolated from euthyroid, hypo- and hyper
thyroid guinea pigs. As can be seen in Figure 6, hyperthyroidism was associated
with a shorter action potential and a faster rate of repolarization during the
plateau, whereas hypothyroidism was associated with a marked increase in action
potential duration. The fact that changes in the thyroid state were associated with
similar electrophysiological effects in multicellular preparations and in ventricu
lar myocytes renders the myocytes a very useful tool to study the effects of thyroid
hormones on the electrical activity of the heart.

Discussion

The studies were designed to try to understand the physiological basis for the
marked variations in cardiac electophysiological properties among mammalian
species, and to determine the mechanisms that can be held responsible for these
variations.
Studies of ventricular electrophysiological properties in species encompassing
a wide range of metabolic rates (and thyroid states), showed close correlations
between resting membrane potential and action potential amplitude, area and
duration, heart rate, body mass, and oxygen consumption. Following these
findings, we induced hyperthyroidism in guinea pigs and hypothyroidism in rats,
and studied the changes in action potential characteristics [8J. The major findings
were that hyperthyroidism was associated with a reduction in action potential
duration and a faster rate of repolarization, whereas hypothyroidism was associ
ated with a marked increase in action potential duration. Other preliminary
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results demonstrated that changes in action potential duration occur in guinea
pigs as early as 2hr after administering a single dose of T.

Conclusion

Based on these results, it is suggested that cardiac electrophysiological variations
among mammalian species may result from differences in thyroid hormone action
among these species. Moreover, it is suggested that thyroid hormone action in
anyone species can significantly affect, either directly or indirectly, cardiac
electrophysiological properties and thereby may also modulate the mechanical
performance of the heart.
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Discussion

Weisfeldt: To what extent are the changes due to increased sensitivity to cate
cholamines in the hyperthyroid state?
Bina: When you apply 10-6M adrenaline to a ventricular muscle, you observe a
minor change in the plateau amplitude and in the rate of repolarization. I do not
think that increased responsiveness to catecholamines in the hyperthyroid state is
the major cause for the marked action potential shortening. Obviously, we are
going to repeat these experiments in the presence of beta blockers.
Winegrad: Do you see any difference in the properties of the individual channels?
Bina: We don't have this data as yet.
Marcus: I am not clear about the rationale. We know that the action potential
requires a tiny amount of energy utilization by the heart. Why then do you relate
the action potential per se to the oxygen consumption? It has to be the mechanical
activity rather than the electrical activity that is primarily responsible for the
utilization of oxygen by the myocardium. The electrical activity, as shown long
ago by Francis Klocke, accounts for only a very tiny fraction of total left ventricu
lar myocardial oxygen consumption.
Bina: There is a paper by Josephson and his colleagues where they studied the
basis for the differences between the guinea pig and the rat ventricular action
potential. They showed that there were no changes in the amplitude of the slow
inward current between the two species, but they found that the rate of inactiva
tion was faster in the rat than in guinea pig ventricular myocytes.
Lab: The energy requirement of the action potential is indeed minute. If you
take, as McLaud did, an anoxic preparation, both the action potential duration
and the contractile phenomenon goes down. If you add glucose, the contraction
does not come back but the action potential does.



13. Mechano-electric coupling in myocardium
and its possible role in ischaemic arrhythmia

M.J. LAB

Abstract

The little-investigated reverse link to excitation-contraction coupling, mechano
electric coupling, was studied using electromechanical measurements in three
types of preparation. First, in isolated superfused papillary muscle it was found
that:
1. A change in one beat from isometric contraction to lightly loaded isotonic
shortening curtailed mechanical activity, but prolonged the intracellular ac
tion potential.

2. Shortening late in systole produced an early afterdepolarization.
3. This was sometimes associated with apparant threshold excitation.
The second preparation, normal segments of the left ventricle in situ, regional
electromechanical measurements (mechanical transducer and monophasic action
potential) show comparable changes. Third, ischaemic segments of intact ventri
cle, regional electromechanical measurements also showed changes analogous to
those in papillary muscle. These mechano-electric changes may contribute to
arrhythmia, for it appears that ischaemic segments have monophasic action
potentials with early afterdepolarizations and ectopic beats which sometimes
precede ventricular fibrillation. Regional electromechanical alternans (alterna
tion in action potential amplitude/duration and segment shortening) was also
observed during ischaemia. The larger excursion was again associated with the
longer action potential and mechano-electric coupling may contribute to this
association. Intracellular calcium concentration, studied using aequorin which
was microinjected into isolated papillary muscles, transiently increases with
muscle shortening. Calcium can also demonstrate alternans when the muscle is
rapidly stimulated. The calcium ion probably underlies the contractile dependent
electrophysiological changes observed iIi' mechano-electric coupling.



228

Introduction

Excitation-contraction coupling in myocardium has been extensively investigated
(see for example other chapters in this book) but by comparison the reverse
phenomenon, that ofcontraction-excitation coupling [1J, has received little atten
tion. The latter, mechano-electric coupling, obtains when an imposed or con
current mechanical event influences transmembrane potentials, as opposed to the
previously thought only-unidirectional process where membrane events influ
ence contraction. Most of the studies that have been done in the reverse coupling
field were carried out on isolated preparations [2-5J but some work on the intact
heart is appearing [6-9J. There are several possible mechanisms to explain this
phenomenon [1), and a calcium related possibility is currently favoured [1OJ. An
important feature of mechano-electric coupling is its possible role in ischemic
arrhythmia [1, 8, 9J. This chapter describes some circumstances in which this type
of interaction occurs. The description includes comparisons of mechanoelectric
records in isolated superfused myocardium, intact heart, and regional ischaemia.
Some intracellular calcium concentration ([Ca2+J;) studies are also included.

Methods

Papillary muscles

Papillary muscles were dissected from the right ventricles of cats or ferrets which
had been killed while anaesthetised with chloroform. The muscles were placed
horizontally in a bath perfused with Tyrode's solution at 30° C and stimulated to
contract at 0.2 to 0.33 Hz. One end of the muscle was attached to a force
transducer and the other to a lever which was under feedback control. The lever
could be used to produce isometric contractions, lightly-loaded contractions in
which shortening occurred, or contractions with rapid length changes.
The action potentials were either recorded from individual cells using dangling
microelectrodes or by sampling many cells with sucrose gap measurements [2, 4,
5J. The results were the same with both techniques.
[Ca2+1was measured with the calcium-sensitive protein aequorin [11J under
comparable mechanical conditions. Aequorin was microinjected into 50-100 cells
on the surface of the preparation [12, 13J and the resulting light emission (a
function of [Ca2+J;) was monitored with a photomultiplier. The light collecting
system was designed so that movements of the muscles did not significantly affect
light collection [12, 14]. Aequorin records are intrinsically noisy and the signal
to-noise ratio was improved by signal averaging.
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Intact hearts

Pigs of about 25 kg were anaesthetized with 1% halothane and a mixture of
nitrous oxide and oxygen (1:1). The animals were ventilated using positive
pressure. The chest was opened and a pericardial cradle fashioned to support the
heart. A catheter was inserted through the apex of the ventricle and intra
ventricular pressure measured. Arterial pressure was measured via a catheter
inserted into the proximal aorta. A pneumatically operated clamp was placed
around the ascending aorta so that it could be occluded to produce isovolumic
contraction of the left ventricle. The clamp could be suddenly applied, or released
to allow ejection. A small branch of the left anterior descending branch of the left
coronary artery was selected so that when a snare was tightened around the vessel
a cyanotic area of about 1.5 cm x 2.5 cm was produced.
A tripodal device [16J was attached by vacuum through the legs to the area of
epicardium to be made ischaemic. The device provided three outputs due to
strains on gauges attached to the legs. The distance between each leg and the
central point of the triangle they formed was about 7 mm. The movement of the
legs along the axes from the centre to the corners of the triangular base plane was
recorded and taken to represent length changes in the underlying segments of
epicardium. This assumption depends on the compliance of the instrument which
was less than 0.1 mm/g along the axis of movement of each leg. Little movement
was possible in any other direction. Even though the device was somewhat stiffer
than mercury-in-silastic gauges our results are similar to those obtained with
these gauges and also to the results obtained from ultrasonic crystals [17, 18J.
The three outputs from the legs of the tripod, representing mechanical changes
in three directions over a small area produced a 'summed segment length' which
was used to represent the mechanical behaviour of the underlying area of epicar
dium.
A monophasic action potential was obtained with a suction electrode which
was capable of following slow changes in waveform [19J, and changes in duration
due to ischaemia [16J. The monophasic action potential was obtained either using
one the suction legs of the tripod, or using a separate electrode from an area as
close to the tripodal device as possible. All the signals was passed to a multichan
nel pen recorder and stored on magnetic tape for later analysis.

Results

Isolated papillary muscle

Figure 1 shows action potentials and contraction in the isolated superfused
preparation under different loading conditions. In each panel the muscle con
tracted isometrically for several beats after which the load was changed. An
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Figure 1. Superimposed records of action potentials (top trace) force (middle trace) and length
(bottom trace) from cat papillary muscle [2, 4, 5). Downward movement of length trace is shortening.
A: a change in one beat from sometric contraction (isom) to lightly loaded shortening (11) abbreviates
mechanical activity, contraction under isometric contraction continues for longer than that during
isotonic contraction but the action potential is prolonged. Reproduced from (10) with permission.
B: the muscle is allowed to shorten 310 ms after stimulation. just before peak isometric contraction.
Force rapidly falls and the action potential shows an early afterdepolarization (EAD). C: slightly later
shortening (340ms) results in an non-driven action potential. presumably triggered by the EAD.

alteration from isometric contraction to lightly loaded isotonic shortening (Fig.
1A) reduced the duration ofmuscle activity [20], i.e. relaxation is complete before
that seen in isometric contraction, but prolonged the action potential duration.
When the shortening was delayed to 310ms (Fig. lB) the action potential also
prolonged but the prolongation appeared as an early afterdepolarization (EAD)
[21]. If the shortening was further delayed (Fig. IC) the EAD seemed to reach
threshold and trigger an action potential.

Intact normal hearts

Analogous studies to those above were carried out in the intact pig heart in situ
(Fig. 2). The electrophysiological recording was the monophasic action potential,
and the mechanical recording was regional segment motion. An ejecting left
ventricle was equivalent to lightly loaded isotonic contraction, whereas occlusion
of the outflow tract resulted in the heavy afterload: the aortic snare was applied to
produce an isovolumic contraction (Fig. 2). This does not cause isometric con
traction throughout the ventricular wall, for there is an intramural rearrangement
of fibre goemetry and fibre interaction. In this case the segment still shows some
shortening, but of reduced amplitude. The clamp was subsequently quickly
released to produce an ejecting beat. In consequence, segment shortening (eject
- Fig. 2A) was increased in amplitude compared with the isovolumic contraction.
The ejecting beat show segment relaxation starting at the time the isovolumic
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Figure 2. Superimposed monophasic action potentials (top traces) and segment motion (length·
bottom traces) from the left ventricule of intact pig heart in situ during isovolumic contraction (isov)
and ejection (eject). Downward movement of the length trace is shortening. A: compared with
isovolumic contraction, the ejecting ventricle is associated with a greater segment shortening, a
shorter and faster contraction, and a prolonged action potential. B: isovolumic contraction shows the
same type of initial slow time course of contraction as in A, but there is a late rapid shortening just
before repolarization of the action potential is complete. At this stage an early afterdepolarization
(EAD) appears, and in the next beat it is associated with a ventricular ectopic (E).

beat still shows segment contraction: an analogous findng to that in isolated
papillary muscle (Fig. IAII). The ejecting beat was also associated with a pro
longation of the monophasic action potential. In some preparations, when the
aortic clamp was applied to produce isovolumic contraction, segment motion was
markedly out of phase compared with that in an ejecting ventricle. Figure 2B is an
example of isovolumic contraction in which, after a period of restricted segment
shortening in a given beat, there was an accelerated late shortening. The vertical
dotted line indicates when the segment during the ejecting beat started relaxa
tion, but shows that at the equivalent time during the isovolumic beat the segment
is still shortening. With the latter, the action potential inflected near completion
of repolarization. That is, the mechanical manoeuvre was associated with an early
afterdepolarization. In the following beat, an extrasystole accompanied the
afterdepolarization. These are also analogous findings to those seen in the
isolated papillary muscle (Fig. lB, C).

Regional ischaemia

Occlusion of a branch of the coronary artery produced the well described changes
in action potential [22, 23] but the present description will only include changes in
repolarization phase of individual action potentials. The monophasic action
potential duration was unchanged for the first two minutes or so but occasionally
it briefly increased. Thereafter it steadily declined over the next 15 minutes,
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Figure3. Action potentials and segment motion recorded just inside an ischaemic area of intact pig left
ventricle in situ. A: superimposed control records with records after 5 minutes ischaemia (Isch). Top
traces, action potentials; lower traces, segment motion. Control segment motion is normal- i.e. it
shortens during systole. This corresponds with the normal configuration of the control action poten
tial. During ischaemia the segment shows systolic lengthening followed by late systolic or diastolic
shortening, and the action potential shows an early afterdepolarization. B: electromechanical alter
nans after 20 minutes ischaemia (25). (Different preparation to that in A. Top trace - action potentials;
middle trace - segment motion; bottom trace - intraventricular pressure. Both action potential and
segment motion are alternating in amplitude despite the fact that the interbeat interval is constant.
The mechanical alternans is not reflected in alternation of the intraventricular pressure. Ventricular
tachycardia, followed shortly by fibrillation, began at the verticle arrow. C: superimposed elec
tromechanical traces (1 and 2) from B. Top trace - action potentials; bottom trace - segment motion
(downward is shortening). Compared with the electromechanical traces indicated by no 1, the no 2
trace show enhanced segment shortening with a prolonged action potential.

sometimes showing a temporary increase. During some of these stages the three
features common to the preceding action potential changes could again be
observed (Fig. 3). First, the early afterdepolarization could be seen in the early
stages which could occasionally be accompanied by the second feature: ventricu
lar ectopics (Fig. 3A). Wall motion went through the characteristic changes
described in earlier studies [18]. The example in Figure 3A shows out of phase
motion, with lengthening during early systole followed by late shortening. This is
again analogous to some of the findings in Figures 18, C and 2B. The stretch
followed by shortening roughly coincided with the early afterdepolarization. It
may be of significance that the early afterdepolarization and ectopics sometimes
preceded ventricular fibrillation. The third feature, enhanced shortening with a
prolongation of action potential duration was also observed. This occured during
electrophysiological alternans (unchanged interstimulus interval but a beat to
beat alternating action potential). Figure 3B, C is an example of this electro
physiological phenomenon which may be far more common than originally
thought during ischaemia [22]. In addition, mechanical alternans was simul
taneously seen. The electromechanical alternans in this case preceded ventricular
fibrillation. Superimposition of a pair of alternating signals (Fig. 3C) shows once
more that the long action potential is associated with the enhanced mechanical
shortening. It is of interest that a second area, about 8mm away showed brief
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Figure 4. Intracellular [eaH)i studies (10) in isolated papillary muscle. A: superimposed records of
light, indicating [Ca2+)i (upper traces), force (middle traces). and length (bottom trace - downward
movement is shortening). Mechanical manoeuvres are the same as in Figure IA. Compared with
isometric contraction (isom), lightly loaded isotonic contraction (11) produces the same mechanical
changes as in Figure IA. These are associated with a prolongation of the time course of [Ca2+)i (Ferret
papillary muscle). Reproduced from (10) with permission. B: superimposed traces of light. [Ca2+)i
(top three traces) and force (bottom trace). The muscle first contracted isometrically (dotted line). In
the next series of averaged beats the muscle was allowed three different delayed shortenings or
releases [1, 2, and 3). Force immediately fell with each mechanical perturbation and each was
associated with a transient rise in [Ca2+Ii' Note that the [Ca2+)ichange in number 3 is in fact larger than
it appears because of the non-linear conversion of light to [Ca2+)i (Cat papillary muscle). Reproduced
from (10) with permission. C: light transients [Ca2+]; (top trace) and force (bottom trace) from ferret
papillary muscle stimulated fast enough (3H2 in this case) to produce alternating large and small
forces. The preparation shows alternation of [Ca2+)i with the large light signal associated with the large
force. (This record was obtained in collaboration with Dr D.G. Allen.)

periods of alternans where the behaviour of the action potential was out of phase
with that of the first ar.ea.

Intracellular calcium studies ([Ca2+J)

Calcium is involved in membrane and mechanical events, so intracellular calcium
was studied in isolated papillary muscles under some of the preceding mechanical
conditions [10]. [Ca2+]; may in fact be almost instantaneously affected by the
mechanical manoeuvres. In Figure 4A an identical manoeuvre to that in Figure
lA shows that by comparison with isometric contracting a lightly loaded muscle
which shortens isotonically increases the duration of the calcium transient. Simi
larly, Figure 4B demonstrates that delayed shortening, as in Figure lB, produces
a 'bump' in the calcium transient. Finally, electromechanical alternans may be
produced by stimulating isolated superfused muscle at high rates [2&-29]. When
[Ca2+]; conditions calcium alternans is monitored under these conditions a cal
cium alternans (alternating amplitudes of [Ca2+]; is also observed (Figure 4C).
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Discussion

Concordance of the results and pitfalls in interpretation

In the current experiments isolated papillary muscle, intact heart in situ, and
regionally ischaemic myocardium show common electromechanical relationships
when viewed from a contraction-excitation feedback aspect.
1. By comparison with heavily loaded myocardium with reduced shortening,
lightly loaded isotonic contraction (more shortening) produces earlier relaxa
tion and a prolongation of action potential duration [2] (Figs 1A and 2A).
Exaggerated shortening of ischaemic myocardium is also found with a pro
longed action potential (Fig. 3C).

2. Within a given beat, initial heavily loaded contraction at a relatively long
length followed by delayed shortening is associated with an early afterdepo
larization (Figs lB, 2B and 3A).

3. The afterdepolarization may be accompanied by threshold depolarisation and
a non driven action potential (Figs Ie, 2B and 3A).

However the results with the monophasic action potential in the intact heart must
be interpreted with caution. Although slow changes in membrane potential are
faithfully reflected in the monophasic action potential [19] and any action poten
tial duration changes observed in the latter are real, the early afterdepolarizations
seen could conceivably be mechanically induced artefacts. However, the early
afterdepolarizations in the intracellular action potential from the isolated prep
aration (Fig.lB), the monophasic action potential from the intact heart (Fig. 2B),
and regional ischaemia (Fig. 3A), are all comparable. Moreover, all three types
of early afterdepolarizations can be accompanied by threshold depolarisations. If
the early afterdepolarizations indeed reflect a real electrophysiological phe
nomenon, the question arises as to whether they have the same rate dependence
as the early afterdepolarizations seen in isolated superfused preparations [30].
Preliminary results show that they do. Rises in heart rate reduce both the
coupling interval and the amplitude of the early afterdepolarizations. Thus as
with the action potential duration changes, the possibility that the afterdepolari
sations in the monophasic action potential may also be the result of underlying
membrane phenomena should be entertained.

Relationship to arrhythmia

Reentry, automaticity, triggered activity and afterdepolarizations have all been
implicated in the cellular basis of ischaemic arrhythmia [31]. The results presented
here suggest that one has to consider a mechanical component in the cellular
mechanisms as well: in particular a mechano-electric interaction. The contribu
tion could be via several pathways. One is through mechanically induced early
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afterdepolarizations which are capable of reaching threshold for ectopic impulse
formation. However, apart from some isolated reports [32], early afterdepolari
zations in ischaemic myocardium have escaped systematic observation using
miroelectrodes. This may be due to the fact that these electrodes only sample one
cell. Suction electrodes sample many. Moreover the suction electrode may con
veniently be used to explore the myocardium and so find areas that show
afterdepolarizations. It is of interest that phase I arrhythmias occur in the first
hour of ischaemia and it is during this period that the myocardium is most
compliant [33]. The compliance could enable the mechanical circumstances
necessary for mechanically induced arrhythmia.
A second way in which a mechanoelectric interaction could promote arrhyth
mias is if this interaction contributes to local alternans, and thus dispersion of
repolarization when compared with a nearby area. Enhanced dispersion has been
observed when adjacent areas have each shown alternation in which the action
potential duration changes have been going in opposite directions. This could
result in the current flow which has been suggested to play a role in ectopic
generation [23]. A third possibility is that the electrophysiological variability
could also produce variations in refractory periods [8, 9], conduction velocities
and reentry paths.

Possible mechanisms

The mechanical induced electrical changes in the isolated superfused preparation
appear to be related to changes in [CaH t. The action potential initiates calcium
release from the sarcoplasmic reticulum (SR) and Ca quickly rises through
calcium induced calcium release [34] to bind with troponin C and activate actin
and myosin interaction. Muscle shortening reduces the affinity of troponin C for
calcium and the unbuffered calcium increases to change the time course of the
calcium transient [10]. This would affect the action potential either by an elec
trogenic Na/Ca exchange [36-38], or by a calcium activated inward current [39],
to prolong the action potential duration or produce an afterdepolarization. A
computer model of cardiac electrophysiology is able to simulate transient inward
currents due to Na/Ca exchange consequent on transient rises of [CaH t [40]. This
mechanism could also underly the observations in the intact heart. However, the
precise force/length changes in a given area in intact ventricle are difficult to
ascertain because of fibre interaction, and the difficulties are compounded in
regional ischaemia where dyskinetic contraction is found. Moreover, passive
stress/strain changes or changes in compartmentalised ionic concentrations could
operate in intact heart in situ to affect membrane electrophysiology.
The electromechanical alternans in ischaemia may also have changes in [Ca2+];
as its basis. Rapid stimulation of superfused myocardium may raise resting [Ca2+t
and probably produces a reduction in oxygen supply/demand ratio. This could
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metabolically affect the rapid calcium cycling at the high heart rates. Beat-to-beat
changes in cycling could produce the calcium alternans to affect alternate action
potentials, perhaps also involving Ca-activated currents, but now outward [41].
High resting [CaH ]; is also conducive to [Ca2+]; oscillations [42]. It is tempting to
speculate that [Ca2+]; oscillations, the membrane consequences of ischaemia [43],
the metabolic consequences of ischaemia, and contraction-excitation coupling,
all contribute to changes in [Ca2+]; which could affect membrane electrophysiol
ogy to produce arrhythmia.
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Discussion

Yue: You showed a recording of potential and length in which the length was
allowed to shorten very late in the potential, producing some kind of EAD (early
after depot). Did you in the parallel experiments with aequorin see a blip in
calcium augmentation for this late release?
Lab: Yes. Consistently so. It is small but exists. Since the aequorin/Ca is a non
linear relationship, the blip represents a significant but reproducible calcium
bump with a late release.
Winegrad: How late do you go and still see a calcium bump?
Lab: This is as late as we have looked at.
Winegrad: You find a prolongation of action potential with isotonic contraction.
Could this be the cause of the increase in intracellular Ca?
Lab: The answer is that it is not due to the prolongation of the action potential. If
it were, then one would expect a higher force, which you do not see. An increase
in calcium is actually associated with a drop in force. The second, and the more
favoured hypothesis that the binding constant of calcium for troponin-C is
reduced and it leaches off the actomyosin.
Beyar: You have shown that shortening prolongs the action potential; but data
about relaxation shows that shortening enhances relaxation, makes it faster and
earlier. Usually, longer action potentials are associated with longer mechanical
contraction times. There is evidently a disparity between these statements. Could
you explain it?
Lab: Yes. First, if the calcium is coming off actomyosin, then you get a reduction
of the mechanical activity. So if fits (shortening does enhance relaxation). The
other situation is where you get larger intracellular calcium associated with
changes in construction with long time courses. These can give a long action
potential and a high calcium transient.



14. Tetanization of intact hearts: a new strategy
for studying the response of the contractile
proteins to calcium

E. MARBAN, H. KUSUOKA and M.L. WEISFELDT

Abstract

Intact hearts of 8 to 14 week old ferrets were tetanized by perfusion with
ryanodine, and used to study maximum force development and steady state
behavior of the ventricle without the effect of relaxation. The maximal Ca2+

activated pressure in the whole heart was studied in relationship to metabolic
factors using phosphorus NMR to determine inorganic phosphate, creatine phos
phate and ATP, and a comparison beween tetanus and normal twitch con
tractions is presented. Utilizing the simultaneously measured maximal Ca2+
activated pressure, intracellular pH and phosphorus in the intact heart, the study
indicates a major role of inorganic phosphate in the control ofcontractile function
during the initial period of hypoxia.

Introduction

The heart normally contracts and relaxes during repetitive electrical stimulation,
in contrast to skeletal muscle in which tension generation is maintained as a
tetanus. After exposure to agents such as ryanodine and caffeine that interfere
with the normal function of the sarcoplasmic reticulum, heart muscle can also be
tetanized [1]. There are several reasons for interest in tetanus in heart muscle.
Maximum force development, which can be measured using tetanization of heart
muscle, provides a unique endpoint for the assessment of ventricular function and
has even been equated with contractility [2]. Secondly, steady state behavior can
be observed: one of the problems with measuring force during a single twitch is
that it is influenced by relaxation as well as contractile parameters, whereas this
ambiguity can be avoided by inducing tetanus.
There is considerable interest in measuring maximal Ca2+-activated force,
although until recently such measurements have been limited to skinned muscle
preparations. As shown in such preparations, maximal Ca2+-activated force is the
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peak point on the calcium concentration-response curve and represents the
characteristics of the myofilaments when maximally stimulated. It remains con
troversial whether any positive inotropic agent can augment maximal Ca2+
activated force as its mechanism of action [2J. Ifone could measure maximal force
in intact muscle and intact heart, some of the ambiguities might be resolved.
Finally, there is a great advantage to inducing tetanus and measuring maximal
isovolumic pressure, or maximal Ca2+-activated pressure in the intact heart,
because such a preparation can be placed within a nuclear magnetic resonance
system and the metabolic state of the heart measured on a moment-to-moment
basis. Metabolic parameters can be correlated with this fundamental parameter
of pump function in the intact perfused heart.

Experimental procedure

The approach that we have used to induce tetanus in intact hearts is as follows.
Hearts from ferrets 8 to 14 weeks of age were Langendorff-perfused at 30°C with
HEPES-buffered modified Tyrode solution containing sodium acetate [3J. The
use of HEPES buffer allows an increase in the perfusate calcium concentration
([CaJo) without risk of precipitation of calcium salts. The hearts were perfused at
a pressure of 65 mm Hg, and a latex balloon was inserted into the left ventricle.
Isovolumic left ventricular pressure was measured at a balloon volume resulting
in an end diastolic pressure of -10mm Hg, and the heart rate was either spon
taneous (-1 Hz) or was controlled by pacing. To induce tetanus, the hearts were
perfused for 20 minutes with 1-5 JLM ryanodine, an inhibitor of calcium release by
the sarcoplasmic reticulum [4J. Afterwards ryanodine can be removed from the
perfusate, since the binding is essentially irreversible on this time scale. The
hearts were then paced at a rapid rate (8 to 12Hz). As shown in Figure 1,
individual spontaneous beats, such as the one at the beginning of the record,
generate approximately 90 mm Hg with an end diastolic pressure here of about
20mm Hg. When rapid pacing is instituted (as indicated by the hash marks below
the pressure record), we can induce a tetanus with the development of maximal
pressure in this particular heart of 300mm Hg. In 14 hearts, an average pressure of
290mm Hg was developed during tetani elicited in 1~20 mM [CaJo' When the
stimulus is terminated, developed pressure quickly decreases to baseline.

Results

The background for this work is based upon previous work of Yue, Marban and
Wier [5J in isolated papillary muscles fromferretsunder very similar conditions to
those outlined for the perfused hearts. In the papillary muscles, they were able to
use aequorin as an indicator of intracellular free calcium concentration ([Ca2+D
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Figure 1. Left ventricular developed pressure during twitches and tetanus in a Langendorff-perfused
ferret heart ([Calo =15 mM). Tetanus was induced by rapid pacing at the times indicated by the marks
below the pressure record.

and thereby to demonstrate directly that maximal Ca2+-activated force was
indeed achieved. Saturation of tension as a function of increasing concentrations
of calcium could easily be achieved at [Ca]o above 8 to 10mM. Although there was
no further increase in force, aequorin light progressively increased as [Ca]o was
raised. Another indication that maximal force can be attained comes from results
with the dihydropyridine Ca channel agonist Bay K8644. In the papillary muscle
and the whole heart, there is no further increase in tetanic tension when Bay
K 8644 is added at high [Cal" although in the papillary muscle the aequorin light
signal does increase. Thus, maximal Ca2+-activated force ofcardiac muscle can be
achieved with this method.

Ifwe take the 300mm Hg that we measured in the whole heart during tetanus
and use a simple Laplace model for calculation of the maximum tension of the
wall, we approximate very closely the level of papillary muscle tension that Yue,
Marban and Wier found in the papillary muscle [3]. Thus, it is probable that in the
isolated heart generating 300mmHg of sustained isovolumic pressure we are
achieving maximum tension performance of this particular heart. Figure 2 shows
the calcium concentration-response curves for the whole ferret ventricle. The
developed pressures during twitches (tJ.) and tetani (0) are shown as [Ca]o is
increased from 0.5 mM to 20 mM. Developed pressure during twitches increases
progressively as [Ca]o is increased, but during tetani peak pressure is maximal by
10mM [Ca]o' The rightmost points show the effect of adding Bay K8644 to
further augment [Ca2+]; during both twitches and tetani. Even at 20mM [Ca]o'
twitch pressure has not reached saturation, since there is a small further increase
in tension with the addition of Bay K 8644. In contrast, tetanic pressure increases
no further upon the addition of Bay K 8644, despite the increase in [Ca2+]; that is
predicted from the papillary muscle experiments. On the basis of these data we
believe that in these hearts maximal Ca2+-activated pressure is achieved during
tetani in elevated [Ca]o'
We can induce tetanus and can measure maximal Ca2+-activated pressure in the
whole heart in relationship to metabolic factors using phosphorus NMR [6]. We
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Figure 2. Calcium concentration-response curve in whole perfused hearts. In the upper panel,
pressure recordings from a typical experiment at 2mM, 10mM and 15 mM [Ca2+I. are shown. In the
lower panel, the saturation of developed pressure during tetani (0) with respect to [Cal. is obvious,
whereas developed pressure during twitches (f:,) continues to increase as [Cal. increases. Data were
plotted as mean ± SEM of developed pressure as percent of the maximal pressure achieved in 15 mM
[Cal. in each experiment. Rightmost points illustrate data obtained in perfusate containing 20mM
[Cal. and 300nM BayK8644.

have taken these hearts and inserted them into the coil of an NMR spectrometer
and obtained the spectra for phosphorus-containing metabolites. These spectra
allow the determination of inorganic phosphate, creatine phosphate and ATP. A
magnesium trimetaphosphate standard is placed in the balloon within the ventri
cle and is used in calibration. Intracellular pH is measured from the position of the
inorganic phosphate resonance relative to that of creatine phosphate [7J. These
measurements can be made during tetanus and during normal twitch con
tractions.
The initial interest was in whether tetanus itself made any major alteration in
the metabolism of the heart, particularly as a result of the increased energy
utilization that must occur during sustained active force generation. Figure 3
shows a spectrum taken one second after the onset of the tetanus (i.e., at or near
peak pressure), and then a second spectrum taken 4.7 seconds later in the course
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Figure3. The phosphorus NMR spectra obtained during the early phase (Sl) and the late phase (S2) of
a tetanus. The upper panel shows the pressure record during a tetanus. The labels SI and S2 indicate
the timing of the pulses: the Sl spectrum was obtained 1second after the start of tetanus. and S2 was
obtained 4.7 seconds afterwards. The middle panel shows the spectrum at Sl, and the lower panel
shows the spectrum at S2. These spectra were obtained over 32 tetani repeated every 1-1.5 minutes.
Pi: inorganic phosphate. per: phosphocreatine.
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of the tetanus. Interestingly, the spectrum at 1 second (S1) is not significantly
different from a control spectrum taken during spontaneous twitching (not
shown). With sustained contraction, however, force begins to fatigue; the second
spectrum (S2), obtained during fatigue, reveals an increase in inorganic phos
phate, and a corresponding fall in creatine phosphate. These changes occurred
consistently in eight hearts. The small increases in pH and in ATP seen in this
particular experiment did not occur consistently. This is the kind of pattern that
one would anticipate seeing in early ischemia, that is, a fall in creatine phosphate
and a rise in inorganic phosphate. Such behavior is not unexpected during the
course of a tetanus, since there is a pressure of 300mm Hg in the ventricle with a
coronary perfusion pressure of 65 mm Hg. Certainly there is decreased coronary
perfusion during this period of time. The results suggest that the metabolic
demands of the tetanus are not sufficient to induce ischemia or to modify function
during the first second or so (S1 spectrum) but that as the tetanus goes on, the
combination of ischemia and increased energy demand may modify function to a
significant degree.
Recently we have concentrated on understanding the mechanism of the de

crease in ventricular function that occurs during early ischemia and/or hypoxia
[6J. It is well-established that hypoxia results in a fall in contractile function,
despite the lack of any observable decrease in [Ca2+]; [8]. There are some clues as
to possible mechanisms for a decrease in contractile function in the work of
others. The first is the fall in pH that occurs during an imbalance between supply
and demand. In skinned cardiac cell preparations Fabiato and Fabiato [9J showed
very clearly that there is a decrease in maximal Ca2+-induced tension as the pH
decreases. There is also a rightward shift in the curve, i.e. there is a decrease in
sensitivity to calcium as a result of a fall in pH. One of the possibilities for the
decrease in contractile function with hypoxia is that acidosis occurs and that this is
the predominant factor responsible for the decrease in contractile function.
A second mechanism that has been suggested from experiments using skinned
preparations by Herzig and his associates [1OJ and by Kentish [11J is that function
declines as a result of an increase in inorganic phosphate. Kentish has shown very
clearly in a chemically skinned preparation that, as the concentration of inorganic
phosphate increases from 0 to 10mM in the fluid surrounding the myofilaments,
there is a marked fall in maximal Ca2+-activated force. Kentish also found a
decrease in the sensitivity to calcium induced by inorganic phosphate. Thus, there
are two alternative hypotheses expressed by these experiments. One is that the
drop in pH during hypoxia or ischemia decreases force by its effect on the
calcium-tension relationship. The second is that inorganic phosphate (Pi) ac
cumulates during hypoxia or ischemia and decreases the force by its effect on the
calcium-tension relationship.
Because we are now able to measure maximal Ca2+-activated pressure, pH and
Pi simultaneously in the intact heart, we can obtain data during hypoxia that can
be compared directly with the results from skinned preparations. In particular,
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Figure 4. Change in maximal Ca2+-activated pressure during hypoxia. The gas bubbling the perfusate
was changed from 100% O2 to 79% N2/21% O2 and finally to 100% N2 as indicated in the bar above the
pressure record. Tetani were elicited once a minute. The developed pressure was normalized by the
pressure of the tetanus in the control period, i.e., the second tetanus in this figure.

we have used this preparation to distinguish the contributions of the two afore
mentioned mechanisms (pH and Pi). Figure 4 shows a continuous record of
ventricular pressure. The first two tetani were obtained during perfusion with
solution bubbled with 100% 02' Subsequent tetani were recorded during hypoxia
induced by equilibrating the perfusate with increasing amounts of nitrogen, as
indicated above the pressure record. The maximal tetanic pressure decreases
markedly during hypoxia.
We have simultaneously measured Pi and pH, and correlated these variables
with the maximal pressure measured at different durations of hypoxia. The data
presented in Figure 5 are from one heart during three interventions: hypoxia, the
early and late (Sl and S2) tetani, and during rapid pacing to introduce a supply
demand imbalance. There is a very close correlation between the inorganic
phosphate increase and the decline in pressure during all three of these interven
tions (A). In contrast, the correlation between intracellular pH and the decline in
developed pressure (B) is quite poor.

Discussion

Table 1 summarizes the data from all of the hearts that were studied for the
correlations between developed pressure and intracellular pH or inorganic phos
phate. Developed pressure and inorganic phosphate had a mean correlation
coefficient of 0.87 in a total of 12 hearts, contrasted with a mean correlation with
pH of only 0.49. The correlation with pH reached statistical significance only for a
few of the individual hearts. ATP similarly had no correlation. It is not surprising
that the decline in creatine phosphate did correlate about as well as the increase in
inorganic phosphate with the change in function. It is, of course, the decrease in
creatine phosphate which leads to the increase in inorganic phosphate. In the
studies of Kentish, a decrease in creatine phosphate in the bathing fluid for
skinned fibers produced a slight increase, not decrease, in contractile function.
Thus, the possibility that it is the decrease in creatine phosphate which controls
developed pressure is unlikely. It is much more likely that the meaningful
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Figure 5. The relation between maximal Ca2+-activated pressure and intramyocardial Pi (A) or
intracellular pH (B). In both panels, the maximal Ca2+-activated pressure was normalized by the
developed pressure in the control period. A: maximal Ca2+-activated pressure and Pi during hypoxia
(0) and during pacing at various rates between tetani (0) show a strong correlation (r = -0.945,
P<O.OOI, n = 14). The data obtained by comparing the early and late phases of tetani (6) are located
within the 95% confidence range of the line regressed from the data obtained during hypoxia and
pacing. B: maximal Ca2+-activated pressure and pHi during hypoxia (0) and during pacing (0) show
no significant correlation (r = 0.390, P>0.10, n = 14). The change in pH; during tetani (6) is noted to
be in the opposite direction to the changes during hypoxia, despite the similarity of the changes in [Pi).

correlation here is between the increase in inorganic phosphate and the decline in
function.
To ascertain that the small changes in intracellular pH that were measured
were not causally related to the decline in pressure, we selectively changed
intracellular pH by inducing either metabolic or respiratory acidosis, then mea
sured the pH and function. Figure 6 shows the results of such an experiment. For
levels of acidosis that result in pH changes between 6.7 and?.l there is essentially
no change in maximal Ca2+-activated pressure. It is only when the pH declines to
less than 6.7 that there is a steep relationship between pH and developed
pressure. In the studies of hypoxia, early contractile failure occurred at intracellu-
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Table 1. Correlation coefficients between maximal Ca2+·activated pressure and intramyocardial
metabolites during hypoxia and pacing.

n DP-Pi DP·PCr Dp·ATP DP-pH;

1 6 -0.939b 0.978< 0.808 0.683

2 9 -0.894b 0.877b 0.528 0.377

3 10 -0.956< 0.941< 0.413 0.629
4 8 -0.771' 0.883b 0.334 0.575
5 7 - 0.989b 0.823" 0.272 0.366
6 12 - 0.885< 0.892< 0.742b 0.080
7 17 -0.770< 0.66Ob 0.219 0.605'
8 14 - 0.945< 0.876< 0.323 0.390
9 16 - 0.872< 0.793< -0.011 0.879<
10 16 -0.850< 0.795< 0.702b 0.317
11 17 - 0.781< 0.946< 0.334 0.615b

12 16 -0.723b 0.787< 0.335 -0.143

Mean - 0.870 0.860 0.410 0.491

n: the number of the data in each experiment, DP: maximal Ca2+-activated pressure, Pi: inorganic
phosphate, PCr: phosphocreatine, • P<0.05, bP<O.OI, <P<O.OO1.
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Figure 6. The relation between maximal Ca2+·activated pressure and pH; during acidosis. Maximal
Ca2+·activated pressure was normalized by the value during perfusion with control (15 mM [Calo)
solution. Results are included from two separate trials: 1. metabolic acidosis following exposure to
20mM NH4CI (L), and 2. respiratory acidosis during perfusion with solution bubbled with 95% 0/
5% CO2 (0).
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lar pH values greater than 6.8. Thus, the pH changes that occurred during the
supply-demand imbalances were entirely within the range in which pH, when it
changes alone, has no significant effect on maximal Ca2+-activated pressure. This
supports the idea that pH is not the causal factor, and supports the conclusion that
it is the rise in inorganic phosphate that is important, causing the initial decline in
maximal force that results from hypoxia and ischemia.
Thus, the induction of tetanus after exposure to ryanodine enables the deter
mination of maximal Ca2+-activated pressure. Simultaneous measurements of
metabolite concentrations along with tetanic pressure hold major promise in
answering many questions about myocardial physiology and pathophysiology.
Already it has allowed us to provide evidence for a major role of inorganic
phosphate in the control of contractile function during the initial seconds to
minutes of ischemia and hypoxia.
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Discussion

Lab: The increased phosphate sounds like an attractive hypothesis. Could there
be a third hypothesis that you have an intracellular calcium overload, with
random oscillatory calcium releases across the fiber, resulting in some kind of
inhomogeneity of contraction? A particular segment might then be a series of
elastic components.
Weisfeldt: If you take the hypoxic or ischemic heart and do the whole calcium
concentration-response curve you find that there is a shift in the entire curve in
the same direction as for the peak calcium. Thus, it is not likely that calcium
overload, or the high calcium levels in the extracellular space are responsible for
the changes that we have seen.
Yue: Also the experiments are performed after exposure to ryanodine, and it has
been shown by numerous investigators that ryanodine interrupts spontaneous
oscillations of intracellular calcium.
Sonnenblick: Some years ago we found that you could use tetanus to study
mechanics [1].3 One of the things that is different, and also shows up in the
isolated muscle, is that the control twitches produce a pressure that is exceedingly
low. If those are so low to start with, what is the metabolic setting that makes the
heart so depressed that, when you tetanize it, it becomes non-depressed when
your phosphate is normal to start with. I would think you would have to couple
the twitch phenomena in the heart with the tetanus phenomena.
Weisfeldt: You are correct in your observation. What happens is that after you
administer ryanodine and pace at a slow rate, or a modest rate, you see a fall in the
systolic pressure and you see a decrease in the developed pressure. I would
hypothesize that it is due to a decrease in activator calcium as a reflection of the
blockade of calcium release mechanisms by ryanodine, and not a reflection of a
more profound metabolic effect. I would support that notion by pointing out that
during the tetanus, the generation of pressure is far in excess of what it was in the
same heart before the ryanodine was given. Isolated perfused hearts at 2.0 mM
calcium, generate about 110mmHg for an end-diastolic pressure of 10mm Hg.
Then you give the ryanodine and the peak pressure goes down to about 50
mm Hg. But when you start the rapid pacing, peak pressure goes up to 300
mm Hg. Furthermore, a decrease in activator calcium during twitches as a result
ofexposure to ryanodine has been confirmed in the aequorin experiments of Yue,
Marban and Wier [5].
Hoffman: Why didn't you use more complex statistics in approaching the phos
phate versus the pH question?
Weisfeldt: We have done more complex statistics (multiple regression analysis)
and we have found that the pH has a minor additive effect to that of inorganic
phosphate. That was, in part, the reason why we did the independent pH
experiments to show that, within the pH range of interest, there was little or no
change in maximal Ca2+-activated pressure.

a Number relates to reference in the preceeding paper.
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Abstract

The development of the active force in the cardiac muscle is related to ~-adre

nergic stimulation which controls the number of Ca responsible VI and V3 force
generators. The latter influences the amount of tension that can be produced and
by altering the ratio of the VI and V3 force generators, it regulates the kinetics of
the contraction.

Introduction

Development of active force by striated muscle is initiated by the binding of
calcium to troponin in the thin contractile filament following an increase in the
concentration of calcium ions. This binding produces a movement of the protein,
tropomyosin, in the thin filament from a position that blocks the interaction
between actin and myosin, and allows the force generating reaction to occur.
Relaxation follows a decrease in the concentration of calcium ions, release of
calcium from troponin, and restoration of tropomyosin to its blocking position.
Because of this change between a relaxed state with the calcium-control site on
troponin unsaturated and a contracted state with the calcium control site satur
ated, the cardiac contractile system has been considered to have only two phys
iological states: relaxed and contracted.

Calcium sensitivity

Variation of the calcium requirements for activating contraction (defined as
calcium sensitivity) can occur under physiological conditions. After Cole and
Perry [1] and Grand et al. [2] had found that a cAMP-sensitive protein kinase
could produce phosphorylation of the inhibitory component of both isolated
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cardiac and skeletal troponin (TNI) , England [3-5J showed that this reaction was
a physiologically meaningful one as much as it was produced by perfusing isolated
hearts with ~-adrenergic agonists. Following the appearance of a positive in
otropic effect, the hearts were quickly frozen, and the amount of phosphorylation
of the isolated contractile proteins was determined. The degree of phosphoryla
tion of TNI and the concentration of the ~-adrenergic agonist in the perfusion
medium were related. Although, initially, both the time course and the extent of
the increase in contractile force correlated well with the degree of phosphoryla
tion of TNI, the two could be dissociated [4]. Contractility, as judged by the
maximum force developed, was not altered by the phosphorylation of TNI, nor
was the maximum actin-activated myosin ATPase activity. What changed, how
ever, was the concentration of calcium ions that was necessary to produce a given
percentage ofmaximum ATPase activity. Phosphorylation ofTNI approximately
doubled the concentration of calcium necessary for a given level of activation.
This correlation has been observed in several different laboratories and is now
generally accepted [6, 7]. During exposure to ~-adrenergicagonists a decrease in
calcium sensitivity has been detected with intracellular calcium-sensitive micro
electrodes [8J.

It has been possible to show direct correlation between the degree of phos
phorylation of TNI and the calcium sensitivity of force generation in the same
mammalian cardiac cells by first making the sarcolemma permeable to small
molecules and ions with EGTA [6J. These hyperpermeable cells have properties
that make them well suited for studies of the contractile proteins. The membrane
has been shown to be permeable to calcium, EGTA, ATP, ADP, creatine
phosphate, and inorganic phosphate, but at the same time the membrane retains
a functional ~-receptor, a-receptor, cholinergic receptor, adenylate cyclase, and
phosphodiesterase [6, 9J. The ability to generate force is high, and it remains
stable over hours. In these hyperpermeable cells, the concentrations of calcium
necessary for production of half maximum tension is closely correlated with the
percentage of TNI that has been phosphorylated [6J. The degree of TNI phos
phorylation can be modified by cAMP, cGMP, and by activation of the ~-adre

nergic system. In this preparation, the range over which calcium sensitivity varies
is 5-fold, which is over twice that observed with isolated proteins. Regulation of
calcium sensitivity over a 2- to 3-fold range by cyclic nucleotides has been seen in
Lubrol-treated pig heart cells [10, llJ.
Dephosphorylation of TNI and increase in calcium sensitivity does not occur
simply by the withdrawal of cAMP stimulation of the protein kinase, either in the
intact or the hyperpermeable cell [4, 12]. In the hyperpermeable cells, de
phosphorylation is due to a cGMP-regulated reaction, presumably catalyzed by a
phosphatase [6J. cGMP with a phosphodiesterase inhibitor decreases TNI phos
phorylation, but in the absence of TNI phosphorylation, cGMP has no effect on
calcium sensitivity. Dephosphorylation through cGMP may be controlled by the
cholinergic system [13J. Although withdrawal of the ~-agonist reverses the in-
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creased inotropic state of intact cells, it does not reverse TNI phosphorylation [5].
A cholinergic agent does, however, produce dephosphorylation. In hyperper
meable cardiac cells in which the level of calcium sensitivity is low, methacholine
increases calcium sensitivity to its maximum, but it has no effect where calcium
sensitivity is already maximal. Atropine blocks this effect of the cholinergic
agonist. Since cholinergic agents increase the production of cGMP, it seems
reasonable that cholinergic agents produce TNI dephosphorylation by stimulat
ing the synthesis of cGMP [14, 15], and activating a phosphatase. Although the
cholinergic agonist may also produce TNI dephosphorylation by inhibiting mem
brane adenylate cyclase [16], this probably is not the major mechanism for its
effect, since withdrawal of the ~-agonist activating adenylate cyclase does not, by
itself, reverse TNI phosphorylation.

Control of maximum Ca-activated force

Recent experimental work indicates that the contractile system of hearts from
small mammals can exist in three different physiological states:
1. relaxed and Ca unresponsive;
2. relaxed and Ca responsive; and
3. contracted due to calcium activation.
The existence of a second relaxed state in which force is not produced with Ca
ions, has been demonstrated by studies that permit assessment of the properties
of the contractile proteins without interference from other steps in the contractile
process having the capability of modulating the contractile properties of the
proteins. One set of experiments uses hyperpermeable cardiac cells for mechan
ical studies. In another type of study, thin section of hearts, which have been
frozen quickly to preserve the in vivo state of the cells, have been used to study
the enzymatic properties of myosin; both Ca and actin activated ATPase ac
tivities have been measured as indications of the state of myosin and its ability to
interact with actin in the force producing reaction. As the sections are about 1/3
the thickness of a single cell, serial sections include parts of the same cells and
provide the opportunity of comparing the responses of the same cell to two
different treatments.
Since the membrane of the hyperpermeable cells is permeable to calcium ions
and EGTA, intracellular calcium concentrations can be buffered at any desired
value, permitting the detection of calcium-independent changes in the amount of
force generated by the myofibrils. Activation of the ~-adrenergic system at any
step between the binding of the agonist to the receptor and the elevation of the
concentration of cAMP increases the maximum Ca-activated force in hyperper
meable ventricle cells from hearts of young rats by an average of about 150%. In
order to see this effect, a phosphodiesterase inhibitor must be present to prevent
the breakdown of cAMP and a low concentration of a non-ionic detergent must
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be included to facilitate the release of the factor responsible for the increase in
force from its bound position within an intracellular membrane.
Hearts from young rats contain three isozymes of myosin that are the homo

dimers and the heterodimer of two different heavy chains [17]. The a-heavy chain
produces a myosin with 3 times the ATPase activity but the same force generating
capability as myosin formed with the ~-heavy chain. The two homodimers which
predominate in rat hearts are called VI and V, according to whether the heavy
chains are respectively a or~. The degree to which activation of the ~·adrenergic
system increases maximum Ca activated force depends on the relative amount of
the VI isoform of myosin [18]. The ~-adrenergically dependent system that
increases force in a Ca independent manner appears to distinguish between the
different isozymes of myosin and acts selectively on the fast isozyme VI'
The calcium and actin activated ATPase activities of myosin are also increased
by ~-adrenergic stimulation. This has been shown in the intact animal, in the
isolated perfused heart, and in sections from quickly frozen hearts [19]. Tyramine
injection into rats increases myosin ATPase activity as does addition of a beta
agonist to the medium perfusing an isolated heart. Similarly, the addition of
cAMP to the medium bathing sections of frozen hearts increases ATPase activity;
the extent of the increase is also related to the percentage of VI myosin present.
Because the ATPase activity of V, is irreversibly inhibited by exposure to an
alkaline pH that has little effect on VI' another property of the system can be
demonstrated [20]. This makes it possible to measure both total ATPase activity
due to the sum ofVI and V3 (and the small amount of V~) and the ATPase activity
of VI alone in the same cell. From the two measurements and discounting any
contribution of V 2, the ATPase activities of VI and V, can be estimated. Not only
does cAMP increase the ATPase activity of VI' but it also inhibits the ATPase
activity of V3. The consequence of stimulation with cAMP is an increase in the
contribution of the existing VI isozyme of myosin to the generation of force at the
expense of the V3 isozyme.
The response of a third parameter of the contractile system, maximum velocity
of shortening (Vmax)' to ~-adrenergicstimulation has been measured by the slack
length technique [21] in which the time for unloaded hyperpermeable cells to take
up a precisely produced amount of slack length is measured (Weindling and
Winegrad, unpublished results). In tissue containing only VI' ~-adrenergicactiva
tion did not significantly change Vmax even though it increased maximum Ca
activated force. In cells from other rats in which the isozyme content is almost
entirely or entirely V3, Vmax is about 30% of the value found in the cells that
contained only VI' The failure of ~-adrenergic stimulation to alter Vmax even
though it increased ATPase activity and maximum Ca activated force indicates
that it probably is changing the number of Ca-responsive force generators rather
than the properties of individual force generators.
These results indicate that in the presence of a mixture of myosin isozymes,

~-adrenergic stimulation can increase not only the total number of force genera-



257

tors that are Ca responsive to alter force, but also modify the ratio of VI to V J
force generators that are Ca responsive to regulate Vmax' Since both maximum
force and maximum velocity of shortening can be altered in cells, each cell is
capable of functioning along many different force-velocity curves, depending
upon the regulatory state of the myosin isozymes [22, 23]. This allows the heart to
change its function in a way that skeletal muscle bundles can. The latter does it by
selecting not which isozymes in each cell are Ca responsive but by selecting which
cells are stimulated by the nervous system (most skeletal muscles contain cells
with different kinds of myosin). In light of this type of regulation, it is interesting
to note that during most of the active, vigorous part of the life span of the rat, its
heart contains substantial amounts of both myosin isozymes, facilitating the
regulation of Vmax [24]. It is only during the first few weeks and the senescent
periods of the rat's life that the heart is composed primarily or exclusively of one
type of myosin isozyme.
The factor responsible for the change in the state of VI myosin from Ca
unresponsive to Ca responsive may be a 21K dalton protein that is bound to an
intracellular membrane [23]. Perfusion of the coronary circulation with cold
solution containing 10mM EGTA and no ATP extracts the activity from the
heart. The activity can be detected by exposing a skinned fiber to the crude
extract and then treating the skinned fiber briefly with a low concentration of a
non-ionic detergent. The need for using detergent on the skinned fibers is
eliminated by treating the crude extract with detergent and then removing the
detergent with adsorbing beads.

Conclusion

The ventricular cells of rat and rabbit hearts contain a system capable of controll
ing the number of Ca responsible VI and V3 force generators in response to
~-adrenergicstimulation. By modifying the total number of Ca responsive force
generators, it influences the amount of tension that can be produced and by alter
ing the ratio VI to V 3 force generators it regulates the kinetics of the contraction.
The regulatory factor may be a 21 K dalton protein that is bound through an
anchor peptide to an intracellular membrane. ~-adrenergicstimulation causes its
release, not due to phosphorylation of the active protein but possibly through
phosphorylation of the anchor peptide. Modification of theV, force generator
appears to occur as a result of the binding by myosin of the active factor.
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Discussion

Beyar: Does the different response of the slow and fast types of myosin to
adrenalin activity, in terms of the maximum velocity of shortening or ATPhasel
activity, also express itself by a similar change in the force of contraction?
Winegrad: No. It's only the dynamics that is affected. The ability to generate
forces is the same. Similar results are available from two other laboratories.
Beyar: Hypertrophy is known to be associated with high content of the slow
myosin. Does the hypertrophic heart behave differently in response to adrenegic
simulation as compared to a normal heart?
Winegrad: We have not looked at it. But when you look at it you must be aware
that when you take the heart out of the animal you assume it represents a normal
operating state. In fact, we do things which are abnormal and expose the heart to
different hemodynamic conditions and the heart responds to these changes.
Because of these phenomena, one cannot infer conclusions from the literature on
this question.
Marcus: Could you comment on the differences in myosins in animals and
humans?
Winegrad: The better the new techniques, the more fast myosins has been found
in large animals, including humans. The figure for humans is now between 5-10%
under the conditions in which the heart was removed, and this, almost certainly,
is not a normal heart. Let me point out what happens if you change the relative
amount of the fast myosin by a small amount. A 10% increase in this fast myosin
will give you 2-2.5 fold increase in the maximum velocity of shortening. Although
the amount in absolute terms has been considered small and insignificant, if you
look at its effect you see that the same small amounts affect large changes in the
kinetics of contraction.
Sideman:Would you say that there is a change in the distribution ofmyosin across
the myocardium?
Winegrad: Yes. We and others have studied it in the rat heart. We established that
the cross section of the myocardium is not absolutely uniform. In the subendocar
dial area, some 3-4 cells thick (50-100 jLm), you generally see a higher concentra
tion of the fast isomyosin. Then you see gentle difference which we have not
succeeded to quantify, but we have no doubt that the endocardial layer has a
higher concentration of the fast myosin.
Sideman: This is indeed interesting and consistent with our theoretical finding
which indicates a 'need' for faster myosin in the endocardial layers due to the
increased velocity of shortening of these layers.
Winegrad: You may indeed anticipate it.



16. Insight into excitation-contraction coupling of
heart derived from studies of the force-interval
relationship

D.T. YUE and K. SAGAWA

Abstract

Recent attempts to extend understanding of excitation-contraction coupling of
mammalian myocardium through studies of the force-interval relationship are
summarized. Initial experiments were performed with isolated, blood-perfused,
canine ventricles. In this relatively intact preparation, we determined that restitu
tion of the strength of contraction recovered with a monoexponential time course
whose time constant was invariant. Further experiments with isolated papillary
muscles confirmed this behavior in superfused muscle, so long as relatively
'physiological' conditions were maintained. The monoexponential nature of the
recovery of strength enabled us to unify conceptually the description of the entire
physiological force-interval relationship, and also led us to a simple and testable
model of excitation-contraction coupling. Three predictions of the model were
proved true by experiments involving isolated ventricles and ferret papillary
muscles that had been microinjected with calcium indicator aequorin to enable
monitoring of intracellular free [Ca2+];. Most recently, the model has proved
useful in providing insight into the clinical disease known as restrictive cardio
myopathy.

Introduction

Historical perspective

The beautifully ordered fashion in which the strength of contraction of mam
malian cardiac muscle responds to changes in stimulation pattern has long engen
dered the hope that clarification of these phenomena, known as the force-interval
relationship, would lead to understanding the fundamental mechanisms underly
ing cardiac contraction [1]. Until the mid 1960s, however, this hope remained
largely unfulfilled, as lamented by Braveny and Kruta [2]:
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Leur nature, en depit de nombreuses recherches et de grand efforts, reste cependant toujours
obscure.

At this point, the striking discovery was made that tension development was
regulated by the binding of calcium to troponin [3]. Shortly thereafter, Wood and
coworkers [4] were among the first to advance the hypothesis that alterations in
tension development with changes in stimulation pattern were related directly to
underlying changes in calcium supplied to the myofilaments. Direct observations
of parallel fluctuations of tension and calcium followed with the use of aequorin
as an intracellular indicator of free [CaH ] ([Ca2+D [5, 6]. During this same
period, a group of European investigators enhanced the early hypothesis by
Wood and coworkers, and evolved a beautiful framework for understanding the
force-interval relationship, based upon purported movements of intracellular
calcium· [7-9].
In the present paper, we summarize our own recent attempts to extend under

standing of excitation-contraction coupling of the mammalian heart through
studies of the force-interval relationship. Initial experiments were performed
with isolated, blood-perfused, canine ventricles. Then, based upon insight gar
nered from this relatively physiological preparation, we proceeded to studies in
superfused papillary muscles microinjected with the intracellular calcium indica
tor aequorin. Because our initial experiments were performed in a relatively
intact preparation, we were able to discern a particularly simple pattern to the
force-interval relationship that may be recognized more clearly under physiologi
cal conditions. The simplicity of the description led us to a simple and, to some
extent, testable model of e-c coupling [10]. Three predictions of the model were
borne out by experimental investigations. Most recently, we have found the
model useful in making sense of the clinical disease entity known as restrictive
cardiomyopathy [11].

Simple description of the force-interval relationship seen from the perspective of
monoexponential restitution

For the new student of cardiac muscle physiology, or the physiologist only
infrequently concerned with the cardiac force-interval relationship (FIR), the
FIR may appear to be a bewildering amalgam of unrelated phenomena and
obscure terminology. However, we stumbled across a crucial property of the FIR
that not only formed the basis of an extremely simple framework for clarifying
this amalgam, but also suggested to us a hypothesis as to its underlying mecha
nism. The property is that, over a broad physiological range, restitution of the
strength of contraction proceeds according to a monoexponential time course
with a time constant that is invariant [10, 12]. We explain this property below.
Restitution is defined as the recovery of the strength of a given contraction as
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the interval preceding that beat is lengthened. This phenomenon is illustrated by
the original records shown in Figure L taken from an isolated, blood-perfused,
canine ventricle that was contracting isovolumically. In each of the three frames.
the ventricle has been paced during the 'priming period' at regularly-timed
intervals of 460 ms until a steady state has been attained. As the interval (ESI)
before the beat in question (denoted by the *) is lengthened, dP/dt and P of that
beat increases. This recovery of the strength of contraction is restitution.
Based on previous studies of isolated muscle. we expected that the precise time

course of restitution would be quite complex. In superfused muscle, restitution
followed a monotonic time course (Fig. 9) at lower levels of inotropy, but
proceeded with an oscillatory time course [14] at augmented levels of contractilty.
often associated with spontaneous oscillations of [CaH 1-
Contrary to expectation, restitution in the blood-perfused ventricle always
followed a monoexponential time course whose time constant was essentially the
same despite vastly different histories ofstimulation pattern [10, 12), as illustrated
in Figure 2. Here the strength (maximum isovolumic dP/dt, dP/dtmax) of each test
beat is normalized by that of the preceding steady-state contraction, and plotted
as a function of the interval separating the two responses, ESL The open circles
are actual data points. the solid curve is a best-fitting monoexponential function.
These show that restitution begins only after a certain dead time (to' at arrow in
Fig. 2) has elapsed, coincident with repolarization of the membrane [10. 12].
Thereafter, restitution proceeds monoexponentially to a plateau. The remarka
ble finding is that the time constant of this recovery (-200 ms for the canine
ventricle at 37° C) remains essentially constant. independent of the particular
pacing pattern prior to determination of the curve in question. Thus. restitution
for any given beat over the broad physiological range investigated could be
described by the following single equation:

dP/dtmax = CRma. (1- exp [(ESI - to)/T)) , (1)

where CRma. is the fully-restituted strength of contraction, to is the interval after
which restitution can proceed appreciably, and T is the time constant of restitu
tion.
The beautiful feature of having studied restitution in the isolated, blood
perfused canine ventricle is that we could observe the nature of restitution under
a broad range of relatively physiological conditions, while concurrently maintain
ing strict control of hemodynamic parameters. Thus. we could observe the
simple. monoexponential nature of restitution (Eq. 1) most relevant to the
physiological state. and recognize the more complex characteristics of restitution
sometimes observed in isolated muscle as being relevant to the supraphysiological
conditions under which a superfused muscle can be made to operate.
To confirm that monoexponential restitution with an invariant time constant
was indeed a property of myocardium and could be observed in isolated muscles
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Figure 1. Original records of dP/dt and P from the left ventricle of an isovolumically beating, blood
perfused, canine heart. Each frame shows three steady state responses, an extrasystole and a post
extrasystole for the various stimulus intervals. Temperature was 37°C. Schematized stimulation
pulses at the top illustrate the pacing pattern used to elicit the responses.
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Figure 2. Mechanical restitution curve measured in an isovolumically beating, blood-perfused, canine
left ventricle at 37°C.

under more physiological conditions, we measured restitution in isometrically
contracting, isolated rabbit papillary muscles. Only when very long intervals
(>10 sec) were considered, or very high levels of contractility obtained - condi
tions apparently not observed under blood-perfused conditions - were there
deviations from the description in Eq. 1.
Thus, Eq. 1can be used to unify conceptually not only the FIR of the ventricle
per se, but also that of cardiac muscle in general, so long as physiological
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conditions are maintained. Aside from minor fluctuations in to' related to the
duration of the action potential preceding a given beat, all the features of Eq. 1
are known, except for the precise value of CRn"". Then, if we could express CRma,
as a function of prior pacing history, virtually the entire physiological FIR could
be described by Eq. 1.
While we do not know the exact relation between CRma, and prior history of
pacing, we do know enough to enable Eq. 1 to provide considerable intuitive
predictive power regarding the FIR. Figure 3 summarizes schematically our
understanding of the modulation of CRma, by prior history of pacing. If we
stimulate at fixed, regularly-timed intervals, the response of the muscle or
ventricle will soon become the same from one beat to the next. Under these
steady state conditions, the relation between CRma, and steady heart rate is
simple: as heart rate goes up, so does CRma, (open circles and solid line). If heart
rate is abruptly changed, deviations from the steady state line do occur. For
example, consider CRma, corresponding to a contraction '0' obtained at steady
state with heart rate -60min-I (see 0 in Fig. 3). If stimulation rate is abruptly
changed between beats 0 and 1 to 140 min-I, the CRma, to which beat 1 can
restitute will remain at the same level (see 1in Fig. 3) as for beat 0 because CRma,
depends on the past history of pacing. However, if the heart rate is maintained at
140min-Ion a subsequent beat (no 2), CRma, will increase. Further maintenance
of the increased heart rate on beats 3 and onward will result in a progressive
approach of CRmax toward the steady-state value at 0*. A reciprocal course of
events would occur if heart rate was to be abruptly reduced from 140 to 60 min-I
between beats 0* and 1* (0* - in Fig. 3). Maintenance of the slowed heart rate
would result in a gradual approach to the steady-state value for CRma, (1* - 2*
3*- ... - 0 in Fig. 3). To summarize then, CRma, is related to prior pacing
history by a unique, increasing steady state line, about which counterclockwise
hysteretic loops are traversed during transient changes in stimulation frequency.
The counterclockwise hysteretic loops reflect a 'memory' of myocardium for two
or more intervals before the beat in question.
Taken together, Figure 2 (monoexponential time course of restitution with
invariant time constant) and 3 (CRn"" as a function of prior pacing history) allow
us to predict, for the most part, the entire physiological FIR.
We illustrate this framework by describing the steady-state force-frequency
relation, and postextrasystolic potentiation.
The well known steady state force-frequency relation, where greater force is
produced in the steady state at shorter stimulus intervals, can be understood as
follows. Fig. 4 shows four restitution curves obtained at steady state following
priming period intervals, SSI, of 860,600,460, and 375 ms (greater plateau height
with shorter interval). The plateau height of these curves (CRmaJ correspond to
the steady-state line in Figure 3. The strength of contraction of steady state
responses at the different intervals are denoted by the filled circles labelled a-d.
The strength of steady-state contractions increases with shortening of intervals
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Figure 3. Relation between CRmax and stimulus frequency obtained from an isovolumically-con
tracting, isolated, blood-perfused canine left ventricle at 370 C. The open circles and solid curve depict
the steady-state relationship between CRma, and stimulus frequency. The dashed path O~ 1~ 2~

3~ ...~ 0 shows the transient path that would be traced during an abrupt switch in frequency from
60 to 140 min-I. The dashed path O·~ 1'~ 2'~ 3·~ ...~ odisplays the transient path that would
be traced during an abrupt switch in frequency from 140 back to 60 min-I.

(a<b<c~d) because the plateau height of restitution increases to a large enough
extent to offset the decreased time allowed for restitution at shorter intervals.
That the strength of c approximates that of d illustrates that at very short
intervals, the increase in plateau height of restitution does indeed become insuffi
cient to overcome the progressively incomplete degree of restitution.
Figure 5 illustrates how postextrasystolic potentiation can be understood. The
restitution curve comprised of open circles is obtained following steady pacing at
intervals of 460 ms (analogous to Fig. 2). The strength of a steady-state response
(0) is denoted by the solid circle labelled O. If an extrasystole is stimulated after an
altered interval (ESI not equal to 460 ms), a restitution curve measured for a
subsequent contraction, the postextrasystole, will have a different plateau height
(analogous to the hysteretic loop in Fig. 3,0.....,. 1.....,. 2). The other three restitution
curves in the figure were determined for postextrasystoles following different ESI
as labelled. The shorter is ESI, the higher is CRmax for the subsequent postex
trasystolic restitution curve. Consider the specific case illustrated by the pressure
tracings in Fig. 5. The extrasystole (1) follows the steady state beat (0) by an
interval ESI of 300msec. The strength of the 'premature' extrasystole is dimin-
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Figure 4. Mechanical restitution curves measured from variably-restituted extrasystoles in an iso
volumically beating, blood-perfused, canine left ventricle at 37°C. The four curves were obtained
following priming period intervals, 55I, of 375 through 860ms as labelled. The solid curves are best
fitting monoexponential functions with time constants ranging beween 217 and 232 ms. Filled circles
labelled a through d are steady-state responses, and illustrate how the positive staircase represents the
net effect of increasing eRma, counteracted by decreased degree of restitution with increased stimulus
frequency. Arrow indicates how onset of restitution shifts to the left as action potential duration of
steady state response decreased with diminished 55I.

ished, simply because there was less time for restitution to occur than on the
steady state beat (see 0 and Ion the curve in Fig. 5). Because ESI was less than
460 msec, the restitution curve pertaining to the ensuing postextrasysto!e (2) will
have an augmented CRma, (see the height of the curve labelled ESI 300 ms). The
postextrasystole is stimulated after a long period (PESI = 1200msec) that allows
for full expression of CRma> (see 2 on the curve in Fig. 5). Thus, the postextra
systole is augmented not only because PESI was sufficiently long to allow for full
restitution, but also because the CRma, of restitution was augmented over the
steady state since ESI was less than the steady state interval of 460ms.

Model of excitation-contraction coupling derived from studies of the physiological
FIR

The simplicity of the FIR seen from the perspective of monoexponential restitu
tion enticed us into advancing the following model of excitation-contraction
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Figure 5. Four mechanical restitution curves measured for postextrasystoles following different ESI in
an isovolumically beating. blood-perfused. canine ventricle at 37°C. Each curve corresponds to a
given ESI as labelled. The solid curves are best fitting monoexponentials with time constants ranging
betwen 243 and 278msec. The stimulus pulse diagram at top. and the filled circles corresponding to
beats ~2. as labelled. illustrate how the variations in the strength of beats 0.1 and 2 (note the pressure
tracings) can be understood in terms of the restitution curve concept.

coupling. A more rigorous presentation of this model has appeared [10, 13].
The first feature of the model is that restitution is a reflection of the kinetics of
the sarcoplasmic reticulum (SR). This postulate is based upon studies with
skinned single cardiac cells [15] and voltage clamped cardiac preparations [16, 17]
that suggest that most of the activator calcium for a given beat appears to come
from SR. Calcium entering the cell across the sarcolemma appears to be taken up
by the SR before it sees the myofilaments.
The second property of the model is that calcium sequestered by the SR on a
given beat is only slowly made available for release on a subsequent beat. This
property, then, accounts for restitution. Figure 6 represents this property in a
functional sense by splitting the SR into two compartments: an uptake compart
ment (U) into which calcium is first sequestered but from which calcium cannot
be released directly; and a release compartment (R), all of whose calcium
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Figure 6. Cartoon of stimulation pulses (left). model cardiac myocyte (middle). and mechanical
restitution curve (right). These illustrate the model concept of mechanical restitution.

contents are released upon stimulation. In the interim between beats, all the
calcium in the U compartment can move slowly into the R compartment. Thus, as
the interval is lengthened (a- <1- b, leftmost third of Fig. 6) more and more
calcium transfers to the R compartment (middle third of Fig. 6), so that the
amount of calcium released and therefore the strength of contraction increases
monotonically to a plateau level as shown in the schematic restitution curve at the
right. Then, different plateau values, eRmax ' imply different degrees of filling of
the U store at the start of restitution. This depiction need not be taken in a literal,
anatomical sense; a number of specific schemes boil down to the same functional
representation.
To account for the monoexponential time course of restitution with invariant
time constant, we propose that the transfer of calcium from U to R compartments
(fat arrow in Fig. 6, middle third) proceeds according to first order kinetics with
an invariant rate constant, k = lIT. Thus,

dR/dt = k * U, (2)

where U and R are the amounts of calcium in the Rand U stores, respectively.
Since restitution proceeds appreciably only after repolarization of the membrane,
let k be 0 while the membrane is depolarized and let k take on an invariant,
positive value upon membrane repolarization. Thus, any calcium still in the U
store at the time of stimulation is trapped in there to contribute to the following
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contraction. Finally, in order that the solution to Eq. 2 be a single exponential
function, we require that calcium sequestration by SR be substantially complete
by the time of membrane repolarization, so that the only input/output of calcium
to/from the U store be the U - R transfer during the period when k is positive.
Fourthly, we assume that a constant fraction of the released calcium (F) be
resequestered by the SR into the U store, after the notion of 'recirculation
fraction' advanced by Morad and Goldman [18].

It is interesting to speculate on what the exact relation of this model to the
mechanism of calcium-induced release of calcium [15] might be. One possibility is
that calcium is first sequestered by the SR in a form that cannot exit directly
through SR calcium channels. Two specific examples of this might be:
1. calcium is first sequestered as a free ion in a SR compartment that is anatom
ically separate from a compartment containing calcium channels through which
escape of calcium from SR to myoplasm can occur, or 2. calcium is first bound to
calsequestrin, and therefore cannot exit directly through calcium channels. With
time, however, recently sequestered calcium could either move to the compart
ment with calcium channels, or dissociate from calsequestrin and thereby become
available for direct exit through calcium channels. Either of these processes
would proceed with first order kinetics in order to satisfy Eq. 2. The calcium that
appears in a form that can leave the SR directly through calcium channels
corresponds to the calcium in the R compartment of our model. Then, upon
stimulation, calcium entering across the sarcolemma triggers SR calcium chan
nels to open, allowing all of the calcium that can leave through the channels to be
released. That all of the calcium in the R compartment can leave the SR implies
that calcium inactivation of calcium channels in SR is lacking or insufficient to
attenuate appreciably the amount of calcium that can be released. What keeps the
SR from releasing all of its sequestered calcium with each contraction would not
be calcium inactivation of calcium channels; rather it would be the limited time
allowed for newly sequestered calcium to transform into a form that can be
released through the channels. This notion differs somewhat from the classical
ideas regarding the calcium-induced release of calcium from SR [15].
This model provided us with three predictions that we proceeded to test. The
first of these was that there should be a roughly linear relation between amount of
calcium released and the strength of contraction. It seemed implausible to us that
a nonlinear Ca-tension relationship would be complemented by a non-monoex
ponential time course for the restitution of calcium release so as to fortuitously
result in an overall monoexponential restitution of the strength of contraction
with an invariant time constant. Nonetheless, the notion of a linear Ca-tension
relationship for twitches seemed to go against previous results showing superposi
tion of peak tension and peak [Ca2+]; from twitches on the plot of steady state
tension vs. [Ca2+]; [19], the later plot well known to be markedly nonlinear.
Consistent with the first prediction are the results of Wier and Yue [13] that
indicate a linear relationship in intact myocardium between either peak tension
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Figure 7. Relation between peak force (Fm",) and peak ICa!+); (A). and between peak rate of force
development (dF/dtm",) and peak ICa!+); (B) obtained from variably restituted and potentiated
isometric twitches of a ferret papillary muscle. [Ca!+); estimated from the luminescence of aequorin
that had been microinjected into the muscle. Temperature was 30° C. Straight lines are fitted by linear
regression. Adapted from (13).

and peak [CaHl (Fig. 7A), or between peak rate of tension development and
peak [Ca2+1(Fig. 7B) for variably restituted and potentiated isometric twitches in
isolated, superfused ferret papillary muscles. This linear relation for twitches was
distinct from the markedly nonlinear relation found between steady state force
and [Ca2+1 during tetanization of intact heart muscle [20]. In both of these
studies, [Ca2+1was estimated from the luminescense emitted by aequorin that
had been microinjected into the muscles.
A second prediction of our model regards the nature of postextrasystolic
potentiation that derives from the 'conservation' properties of the U and R
compartments. Figure 8 shows the mechanism of postextrasystolic potentiation as
articulated through the model. For very premature extrasystoles (with a very
short ESI =a, top frame), little time is allowed for restitution of the extrasystole
so that virtually no calcium is available for release on the extrasystole. Still, there
is calcium entry across the sarcolemma into the U compartment (dotted calcium)
associated with the extrasystolic action potential. Then, given sufficient time for
complete restitution of the ensuing postextrasystole, all of the calcium (dotted
and hatched) moves to the R compartment to be released and produce a very
strong postextrasystoleo Accordingly, a very strong beat is registered on the graph
of the strength of fully restituted postextrasystoles expressed as a function of ESI
(Fig. 8 far right). For very 'postmature' extrasystoles (with long ESI =b, bottom
frame), the extrasystole is fully restituted because all of the hatched calcium has
had time to reach the R compartment. Only a portion (F *R = small hatched
slice) of the released calcium is resequestered to contribute to the ensuing
postextrasystole. The dotted amount of calcium entering across the sarcolemma
also adds to the U compartment on the extrasystole to contribute to the postex
trasystole. Then, on the ensuing fully restituted postextrasystole, only a very
small amount of calcium (hatched plus dotted slices) is released, resulting in a
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Figure 8. Cartoon of stimulation pulses and model cardiac cell (left), and plot of fully restituted
strength of postextrasystoles as a function of ESI (right, known as 'postextrasystolic potentiation
curve'). These illustrate the model concept of postextrasystolic potentiation, and the prediction that
the plot at right should be a declining monoexponential function with time constant the same as for the
mechanical restitution curve.

weak postextrasystole. Hence, a very small point is plotted on the graph at the
right at ESI = b. Here, then, is the prediction: if the U and R compartments really
'conserve' calcium as we have been hypothesizing in this figure, a complete plot of
the strength of fully restituted postextrasystoles vs. ESI (solid curve connecting
the filled circles in Fig. 8, right) should be determined by the time course of the
movement of calcium from U to R compartments. In other words, the solid curve
in the figure should be a declining monoexponential, with time constant identical
to that for restitution.
This second prediction also proved to be true, as illustrated by the results from
isolated ferret papillary muscles shown in Figure 9. Restitution curves for extra
systoles, along with plots of the strength of fully restituted postextrasystoles
expressed as a function of ESI, are shown (Panel A-D). Monoexponential
functions were fit to the data, and the time constant for all of these curves were
closely similar (=700ms) and statistically indistinguishable. The prediction also
proved true in the isolated canine ventricle as well (Fig. 5 in [10]).
A third prediction of the model is that pharmacological interventions which
render the SR incapable of contributing to the pool of activator calcium should
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Figure 9. Restitution (A and B) and postextrasystolic potentiation (C and D) curves for peak tension
(Fm",) and peak rate of tension development (dF/dtm,ox)' measured in an isometrically contracting,
superfused ferret papillary muscle at 30°C. All responses have been normalized by their respective
steady-state values and expressed as percentage. All postextrasystolic strengths are fully-restituted
values. The continuous curves are best filling monoexponential functions with time constant ranging
between 626 and 753 ms. Adapted from [13).

accelerate restitution and abolish postextrasystolic potentiation. One such sub
stance is ryanodine, a plant alkaloid believed to inhibit the release of calcium
from SR [21]. If calcium release from SR is blocked, then in the steady state the
SR can no longer take up calcium as well. Since contractions are still observed in
muscle exposed to ryanodine, it must be that activator calcium is derived from
calcium entry across the sarcolemma [13]. The time course of restitution would
then reflect the very fast time course of recovery from inactivation of the sar
colemmal Ca channels (::::::50 ms) [22]; thus, restitution in the presence of ryano
dine should be greatly accelerated. Furthermore, the strength of postex
trasystoles would reflect the magnitude of sarcolemmal Ca current during
postextrasystoles. Given sufficient time to recover fully from inactivation, as
would be the case for fully restituted postextrasystoles, Ca2+ conductance should
not be a function of ESI; hence, the plot of the strength of fully restituted
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Figure 10. Restitution (A) and postextrasystolic potentiation (B) curves measured from an iso
metrically-contracting, superfused, ferret papillary muscle exposed to 5 JLM ryanodine at 300 C.
Curves were constructed from luminescence signals (LlLm.J derived from aequorin microinjected
into the muscle. All postextrasystolic strengths are fully-restituted values.

postextrasystoles vs. ESI should be flat. These were precisely the observations
made in isolated ferret papillary muscles [13]. These observations are displayed in
Figure 10 which shows a restitution curve (Panel A) and strength of fully res
tituted postextrasystoles vs. ESI (Panel B) constructed with normalized aequorin
luminescence (approximately proportional to [Ca2+);24). These show that restitu
tion was essentially complete within the first 100ms following the refractory
period (A), and the postextrasystolic strength was independent of ESI (B).
Similar results were obtained with exposure of rabbit papillary muscles to caf
feine.
In summary, the monoexponential restitution phenomenon suggested to us an

excitation-contraction coupling model, three of whose predictions appear to be
holding up to experimental scrutiny.

Discussion: insight into restrictive cardiomyopathy in humans from the model of
excitation-contraction coupling

Here we were able to use our model of excitation-contraction coupling to provide
insight into a clinical disease known as restrictive cardiomyopathy (RCM) [11].
In restrictive cardiomyopathy, filling of the left ventricle is impeded by stiff

diastolic pressure-volume characteristics, putatively due to fibrosis. Systolic func
tion of the left ventricle is thought to be relatively intact. We had the fortune of
studying restrictive cardiomyopathy in the explanted human heart of a heart
transplant at the Johns Hopkins Hospital. Here we made the striking observation
that the 'stiff diastolic properties of the ventricle did not result from an altered
diastolic pressure-volume relation relation per se, but rather was a reflection of
slowed and therefore incomplete relaxation of active contraction due, appar
ently, to impaired SR function. One of the clues that suggested that SR function
was impaired was that both the ventricle and trabecular muscle isolated from the
ventricle failed to show postextrasystolic potentiation, just as the model would
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predict in Figure lOB. Figure 11 displays records of tension and pressure from
RCM ventricle and muscle, respectively, demonstrating the absence of postex
trasystolic potentiation. A second clue that SR function was impaired in RCM
heart is shown in Fig. 12. Panel A shows traces of tension in RCM and congestive
cardiomyopathic (CCM) trabeculae before and after (dashed lines in ryanodine)
exposure to 2/-LM ryanodine (RY) (SR function is relatively intact in CCM). The
time course of contraction in the RCM muscle is strikingly insensitive to exposure
to ryanodine as compared with the CCM muscle, as if the SR were already
compromised before ryandoine exposure in RCM muscle. This observation is
emphasized in Panel B in which the magnitude of contraction has been nor
malized (dashed lines in ryanodine).
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Discussion

Beyar: How could the model that you presented account for the interspecies
difference in the force-interval relationship? It is well known that different
species behave differently in their force interval relationship: the rat heart and the
dog heart are different. How can these models account for these differences?
Yue: The model that I presented is for a particular case of what we saw in the
rabbit, the ferret and the dog. The rat is very different and one might explain it by
changing what we call the recirculation fraction. This is one of the parameters in
the model; it is the fraction of the calcium that is released and is taken up again,
and not pumped out of the cell in that beat. As per the suggestion of Dr Wohlfart
in a 1982 paper, if you make the recirculation fraction very high, the two
compartment model that I have presented behaves somewhat like the rat.
Sonnenblick: One of the things that has always been very strange is that if you
look at time to peak tension for the duration of the contraction, it is really quite
fixed in the rabbit, and that is why your rate of force development and force are
tightly coupled. Yet, in the rat the dP/dt does not change very much and the time
to peak is variable; in the others you get a mixture between the two, so that the
time to peak tension can also change from beat to beat, depending on the interval
duration. You could change your model around to get two separate variables
taking place: control of duration and control of greater tension development.
Could you get an exponential relation between the two, depending on which is
the variable that is modified in that particular species?
Yue: That is a very beautiful question. What turns out is that, as a rough
approximation, there is not so much change in time to peak tension with the
restitution protocol, in the rabbit, dog or ferret. Thus, peak tension and peak
dF/dt show linear relationship. But in fact there are conditions where you can
dissociate the two very distinctly, and we can show the change in this transient
relationship between calcium and tension.
Sonnenblick: Some potential explanations have been offered. The dominant ones
would be the rate of return from the longitudinal SR, the uptake site, to return it
to the releasable site until there is that interchange. This is one of the governing
things that Dr Yue is talking about. The other point is the reactivation time
constant that Dr Wong will be talking about. Those two totally separate mecha
nisms offer you a great opportunity for species variation as well. Unfortunately,
this indicates weakness of modelling as you can not tell how much is which, and
that is why we need more experimental evidence.
Winegrad: In any model you get down to molecular basis for this. Most of the
calcium in the reticulum is bound to calsequestrin and what you are dealing with
then is the release of calcium. So if you have different counts of calsequestrin
properties, as is actually known in different species, you would expect to have a
different rate constant for releases of calcium. You can get data from the
literature, because there are equilibrium constants available for binding the
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counts of calsequestrin in different species. I would like to make a comment,
again on a molecular basis. Three different kinds of studies indicate the release of
calcium from the sarcoplastic reticulum is not a simple function of the amount of
calcium in the reticulum, but the calcium in the reticulum seems to be in two
forms; a releasable form and a non-releasable form. It appears that the capacity of
those two are about similar. You can release up to about 50% of the total calcium
and the amount that you release is the fraction of how much of the calcium above
about 50% is present. That fits in very well with your model. There are semi
quantitative data to try and test this phenomena.
Yue: This gets back to the question of why calcium transients are so far ahead of
the tension and what is the best way to relate fluctuating calcium to a developing
tension. I'll say that there is roughly a linear relation between calcium released
and peak [Ca2+];. There is also a linear relation between peak calcium and peak
rate of rise in tension. Further, under the conditions that I encountered, the shape
of the calcium transient does not change so much so that peak force also tracks
peak dF/dt. My feeling is that the truer relationship is really between calcium and
peak dF/dt, and it is only by the fortutious nature of the fact that the calcium
transient's shape does not change much that peak force is roughly linear to dF/dt.
Here is an example where we have disassociated the change in dF/dt from the
change in force. Consider Panel A *. You have tension, dF/dt, and estimated
calcium from a control twitch. If you take this same muscle and expose it to
ryanodine, you have tension, dF/dt, and calcium, but you slowed down the
calcium transient tremendously and slowed down the time course of contraction.
You see that peak tension is pretty high there, almost as high as in the control, but
peak calcium and peak dF/dt go down. Thus there is a tighter correlation between
peak calcium and peak dF/dt than between peak tension and peak calcium. So
studies where people try to infer from a plot of peak force versus peak calcium
whether there is a change in myofilament sensitivity are really not the best way to
look at myofilament sensitivity. Now consider points on a line from extra
systoles, post-extra-systoles, and different steady-state frequencies of pacing.
From these beats, it looks like there is a pretty tight correlation between peak
calcium and peak force. When you add the ryanodine to slow the calcium
transient way down, you get values which are way off the relationship, so that you
might infer that there is some change in the calcium sensitivity of the myofila
ments. In fact, if you look at a plot of dF/dtmnx versus peak calcium, all those
relationships, the slow one with ryanodine as well as for all the different sorts of
pacing, fall on one relationship.
Sonnenblick: Still it will not work for the rat as the dF/dt stays the same and force
goes down. I am not sure how that translates for the rat. The rat is always a special
case.
Yue: The case where peak [Ca2+]; remains constant, but the time course of the
[CaH ]; transient decreases, may explain the situation in the rat.

• Fig. 8 in Yue, DT (1987): Intracellular [Ca2+] related to rate of force development in twitch
contraction of heart. Am J Physiol 252 (in press).



17. Model of Ca release mechanism from the
sarcoplasmic reticulum: Ca-mediated activation,
inactivation and reactivation
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Abstract

A model is developed to elucidate the mechanism of Ca release from the sar
coplasmic reticulum (SR) in cardiac cells. This model assumes that an increase of
Ca2+ concentration at the outer surface (Cae> of the SR surface activates and
inactivates this surface, triggering the release of Ca to the sarcoplasmic space
from the 'releasable terminal' (RT) of the SR. The RT in turn is further activated
and also inactivated by the increase of the sarcoplasmic Ca2+ (Casp)' The Ca2+ in
the sarcoplasmic space is removed by the longitudinal SR (LSR). During the
release process, Ca. enters the SR by diffusion and bound by the binding
substance. Free Ca2+ is released from the bound Ca. Both the free Ca from SR
and LSR are transferred to the RT for subsequent release. After release, the rate
and degree of reactivation of the RT is determined by Cae and Casp ' The
activation, inactivation and reactivation obey Hodkin-Huxley kinetics.
The proposed model simulates the following events quantitatively similar to
those observed in skinned Purkinje cell: cyclic release; Ca release at different
concentration and rate of increase of trigger Ca2+; effect of increasing trigger Ca2+
during the ascending and descending phase of Ca release; positive and negative
staircase; removal of inactivation and the rate of inactivation of Ca2+ release from
the SR.

Introduction

Excitation-contraction coupling (ECC) is an important process linking the elec
trical to the mechanical activity of cardiac muscle. Without an understanding of
the sequence of events involved in ECC, it is difficult to elucidate the change of
myocardial function either on a beat-to-beat basis in normal tissue or any basis in
diseased tissue.
In most mammalian cardiac muscle, the activation of myofilaments requires
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Ca2+. The sources of Ca are:
1. the slow inward current, (I.), mainly carried by Ca ion;
2. the calcium released from the sarcoplasmic reticulum (SR).
Fabiato and Fabiato [1, 2), using skinned cardiac cells, demonstrated a Ca-in
duced Ca release mechanism in SR. The contraction varied in size according to
the quantity of the triggering Ca, suggesting that the Ca produced an amplifying
effect.
Based on Fabiato's concept of Ca-induced Ca release, ECC models have been
proposed [3-5]. The sequence of events proposed by these models are described
in the following.
Upon excitation, Ca ions (Is) enter the cell to the sarcoplasmic space surround

ing the myofilaments. The increase of sarcoplasmic [Ca2+] induces the release of
Ca2+ from the SR, leading to the activation of the myofilaments and the develop
ment of the tension.
While these models are successful in simulating the voltage-current-tension
relation [3, 4), strength-interval relationship [4, 5), they cannot explain the new
experimental findings of Ca release in skinned Purkinje cell [Cr8]. In addition,
the past models are not able to explain the change in electrical and contractile
events occurring in hypoxia in cardiac muscle [9, 10].
Fabiato's recent experimental data [Cr8] clearly indicate that the activation and
inactivation of the release mechanism is Ca-mediated. For this reason, we pro
pose a model based on Fabiato's findings not only to elucidate the Ca release
mechanism from the SR, but also to delineate the sequence of events involved in
excitation-contraction coupling of mammalian cardiac muscle.

Assumptions of the proposed model

1. Upon excitation, Ca2+ ions (Ca current) enters the appositional space between
the sarcolemma and the sarcoplasmic reticulum (SR).
2. The outer surface of the SR is activated and inactivated by the rapid increase of
[Ca2+] in the appositional space (CaJ. The activation and inactivation are charac
terized by p(t), q(t) and X (t) which obeys the Hodgkin-Huxley kinetics and are
functions of Cae'
3. Ca2+ enters the SR by diffusion and is bound by the binding substance in SR.
The bound Ca releases free Ca2+ (Cat). The rate of free Ca released in SR is
governed by the scheme of Bassingthwaighte and Reuter [11]. The exit of free
Ca2+ out of SR (efflux) into the appositional space is by an exchange scheme of
Wong and Bassingthwaighte [12].
4. The [free Ca2+] in SR, i.e. Cat, is transferred to the 'releasable terminal' (RT),
which differs from the SR only functionally. The rate of transfer is dependent on
the apparent diffusion coefficient which is a function of the [free Ca2+] in SR.
5. The release threshold in the releasable terminal is concentration-dependent [4,
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13J. This assumption is based on the experimental data of Solaro [14J and the
concept of fractional release hypothesis [1, 2].
6. The activation, inactivation and reactivation of the releasable terminal also
obey the Hodgkin-Huxley kinetics. They are characterized by d(t), f(t) and x(t),
being functions of the sarcoplasmic [Ca2+].
7. Removal of sarcoplasmic Ca2+ is achieved by the longitudinal SR (LSR) which
transfers the Ca to RT for subsequent release. The transfer rate is also dependent
on the apparent diffusion coefficient which is a function of LSR [Ca2+J.

Description of the calcium movement in the model

The schematic diagram of the model is shown in Fig. 1. At resting state, the outer
surface of the SR is inactivated, while the surface of the releasable terminal is
slightly activated, but no Ca2+ is released. When the [Ca2+J in the appositional
space (Cae) increases, the outer surface of the SR is activated, Ca is released from
RT, resulting in an increase of sarcoplasmic Ca2+, i.e. Casp • The elevation of Casp
further activates the RT surface, thus releasing more Ca. As the [Ca2+J in RT is
reduced, the release threshold increases, causing a reduction in the rate of
release. The first contraction is, therefore, due to the initial [Ca2+Jin the releasa
ble terminal.
At the time when Ca is being released from the RT, the free Ca in the SR is
increased due to the diffusion of Ca2+ from the appositional space and the
dissociation of Ca-binding substance complex (CaB). Part of the Car is extruded
into the appositional space through a Ca-Ca exchange (JioC.)' and part of it is
transferred to the RT. The LSR removes the Ca from sarcoplasmic space by an
active process (JpUffiP) and transfers the Ca to the RT with a time constant of "tLSR •

The free Ca from SR and LSR becomes available for subsequent release.

Calcium variation within the cell

Based on the assumptions and the calcium movements shown in Fig 1, the
following equations are formulated to describe the calcium variation within the
cell.

Calcium concentration in the appositional space (Cae)

(1)

where Jin = calcium influx, JOU1
= calcium efflux, JioCa = calcium efflux from SR to

appositional space, and J;o =calcium efflux from RT to appositional space.
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Figure 1. Schematic diagram of the model. The sarcoplasmic reticulum (SR) comprises of: a calcium
binding region into which free Caz+ entering from appositional space (Cae) by diffusion is bound by
the binding substance B; a releasable terminal (RT) releasing Caz+ to the sarcoplasmic space; the
longitudinal SR sequesters CaZ+ from the sarcoplasmic space. Free Ca(Car) from the binding region
and from LSR(Cal.SR) are transferred to the RTwith time constants of tr and tLSR' J in and Jon' are the
trans-sarcoleminal influx and efflux respectively. Jio('". J in are Ca-Ca exchange between Cae and Car,
Cae and Ca l + in RT (Can)' Casp is the sarcoplasmic Caz+.

In the case of skinned cell, the calcium sink is infinite; all efflux terms become
insignificant. Therefore,

Free calcium concentration in SR (Car)

dCaf/dt = - K1B . Caf +K2Ca' B + Jnet'}
- dB/dt =K1B . Caf - K2Ca . B, (2)
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and

where B = concentration of binding substance, D = diffusion coefficient, and
't f= time constant associated with the transfer process.
Binding is assumed at all times essentially at an equilibrium;

Caf· B/Ca . B = K/K, = Ka, (3)

where Ka is a dissociation constant. Taking derivatives of (3) and substituting in
(2) gives:

dCaf=J { (Ka+ Caf)2 } (4)
dt net (Ka+Caf )2 + BtK" '

where Bt is the total concentration of the binding substance, free and bound.

Calcium concentration in the releasable terminal (Can)

d~:rt = KfCaf/'tf- gCap(t) . q(t) . r(t) [Cart - Cart.o] +

(5)

where
r(t) = d(t) . f(t) - X(t)x(t)

= 0 when < O.

The parameters p, g, d, f, X, x are governed by the first order kinetic equation:

y(t) + tydy/dt = y",; y = p, q, d, f, X, x.

The steady state parameters p"" q"" Xx and the time constants 'tp' 'tq and 'tx. are
function of Cae' Both 'tp and 'tq are also influenced by the rate of change of Cae'
i.e.

a = IdCa/dtl.

Thus:

'tp (a, Cae) = 'tp (Cae)/a,
'tq (a, Cae) = a'tq (Cae)'
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The parameters doc, L, x'" and the time constant ttl' t, and t xare function of the
sarcoplasmic calcium concentration.
The release threshold Crt. 0 is given by

Ca = Ca 1{1 + (Ca ICa )6(Ca"/Ca"l},
fl. 0 rt rI ss

where Cass is constant.
The above equation indicates that the threshold is inversely related to the
calcium concentration in the RT. As Cart increases, the threshold is reduced. This
equation is derived to fit the experimental data of Solaro and Briggs [14] and
Solaro et al. [15] and to meet the requirements of mechanical alternans [13].

Calcium concentration in the sarcoplasmic space (Ca",)

where

dCas/dt =gCa p(t)· q(t)· r(t) [Cart - Cart. 0] - Jpump'

J =x(t)VmaxCa;p f(t)V'maxCasp
pump (K C 2 ) + K' C .m+ asp m + asp

(6)

As x(t) in the Jpump expression is a slow-varying function, Ca uptake by LSR starts
near the end of Ca release. The second term accounts for the removal of Ca
during relaxation phase of the cell.

Calcium concentration in longitudinal sarcoplasmic reticulum

(7)

Calcium efflux

JioCa is a Ca - Ca exchange between the free Cal and Cae' It is described as [12]

where <p(Nao) is a function [Na] in the appositional space; k, k2 are constant. In
this study, k) = k2 = 10 J.'M.
J io is also a Ca - Ca exchange between Cart and Cae' It is given as

(8)
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1
A(Ca rl ) = 1+ exp[2(8 - Ca,.)]

The function Ais an empirical, indicating that Jin is insignificant when Carl is equal
or below its resting value (4I-tM), but increases exponentially with Carl to prevent
an unreasonable overloading of RT. The two time constants 't, and 'tLSR associ
ated with the transfer of Cal and CaLSR to the releasable terminal are assumed to
be inversely proportional to the apparent diffusion coefficient for Ca. Based on
the study of Safford and Bassingthwaighte [17], the apparent diffusion coefficient
is related to the degree of binding of Ca2+ by the binding substance. Thus:

(9)

Results

All model responses presented in this study were simulated by using the same set
of steady state kinetic parameters and time constants as well as the following
numerical constants:

Resting Cae' Cal' Casp ' CaLSR =0.0178j.lM;
Resting Carl =41-tM; Cass =21-tM;
D =0.005/ms;cp(Na(» =0.5I-tM/ms;
K, = 0.0052; KLSR = 0.005; Kri = 12.5I-tM/ms; Km= 100 I-tM2; K'm = 100 I-tM;
g=0.2/ms; Vm"x' V'm"x =0.5I-tM/ms;
B, = 50 I-tM. K" =0.14.

The above numerical values are chosen to produce an optimal performance of the
model. The only variable in the model is the Ca2+ concentration at the outer
surface of the SR and is empirically described by

Cae(t) = Cam [1- exp( - at)]. (10)

where Cam is the maximal Ca2+ concentration in I-t M and a is the rate (0.2/ms).

Kinetic parameters and time constants

Figure 2 depicts the steady state parameters as function of trigger Ca2+ and
sarcoplasmic Ca2+. The time constants as function of pCa is shown in Fig. 3.
These functions are chosen after trial and error. and able to produce results
qualitatively similar to those observed experimentally. It should be noted that Xx
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Figure 2. The steady state values for the activation (qx) and inactivation (Px, X) parameters as
functions of pCa at the outer SR surface. The activation (dx) and inactivation (fx' xx) parameters for
the RT are function of pCa of the sarcoplasmic space.

can be considered as equivalent to iXI in the action potential model of Beeler and
Reuter [16].

Effect of increasing trigger Ca2+

Figure 4 shows the effect of increasing the trigger Ca2+ (i.e. Cae) during the
ascending and descending phase of the sarcoplasmic and Ca transient. An in
crease of Cae from 0.63 JLM to 3.10 JLM triggers additional Ca release from the
releasable terminal due to a further increase of p(t)q(t), while X (t)x(t) is still
small because of its slow-varying nature. During descending phase, X(t)· x(t) has
become significant; (f' d - X' x) is negative, the release threshold is elevated due
to the reduction of Can' No Ca is released despite an increase of p(t) . q(t).
However, when the high trigger Ca2+ is maintained at the outer surface of SR, a
spontaneous Ca2+ release occurs after a delay (Fig. 5). Within the time delay, X
(t) . x(t) has decayed and the free Ca in SR is greatly increased. The free Ca from
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Figure 3. Time constants 'tp , 'tq , and 'tl are functions of pCa of the outer SR surface; 'tro 'td, and 'tx are
function of pCa of the sarcoplasmic space.

Figure 4. The model's response to the increase of trigger Ca2+ (Cae) at the outer SR surface from
1.0/LM to 6.3 /LM during the ascending (a. b) and descending (c. d) phase of the Ca2+ transient in the
sarcoplasmic space Car is the free Ca2+ in the binding region of the SR. Ca" is the rCa2+) in the
releasable terminal, CaLSR is the rCa2+) in the longitudinal SR and Ca,p. the [Ca2+) in the sarcoplasmic
space.
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Figure 5. Model's response to the effect of increasing trigger Ca2+ transient. When the high Ca. is
maintained, a spontaneous Ca release occurs after a delay.

SR and LSR are transferred to fill and load the releasable terminal, thus reducing
the release threshold. When the value of p' q(f· d - X· x) (Cart - Carl. 0) is just
greater than zero, Ca2+ is released.

Cyclic release

Cyclic release of Ca from SR of skinned cardiac cell of rat [1] and Purkinje cell [7,
8] occurs when the trigger Ca2+ above a critical level is maintained.
The amplitude and frequency of the cyclic release depends on the trigger Ca2+
level (Fig. 6). With a trigger Ca2+ of 1.0 JLM, the peak sarcoplasmic Ca2+ (Casp) is
1.7 JLM with a cycle period of 13.7 second. A trigger Ca2+ of 6.3 JLM gives a peak
Casp of 1.6 JLM and a period of 2.4 second. The underlying mechanism of cyclic
release is the same as that in Fig. 5.
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Figure 6. Simulated cyclic release of Ca at constant trigger Ca2+ (Ca,). The cycle period is 13.7 sec at
Ca, = 1.0 ILM in (A) and 2.4 sec at 6.31LM in (B).

Effect ofconcentration and the rate of increase of trigger Ca2+ (Ca,) on Ca release

The bell-shaped relationship between the trigger Ca2+ and peak sarcoplasmic
Ca2+ (Fig. 7) is due to the activation q and inactivation p of the outer SR surface.
This mechanism is equivalent to the kinetics of Ca current. The effect of the rate
on Ca release is based on the assumption that the time constants of inactivation Lp
(pCae) and activation L" (pCae) are also determined by the rate (0) of rise of Cae'
i.e. Lp (0, pCae) =Lp(Cae)/o, L" (0, pCae) = a1:q (pCae).
When Cae is increased slowly (0 is small), the outer SR surface is slowly
activated, but rapidly inactivated. Meanwhile, X(t)· x(t) increases, inactivating
the releasable terminal. Consequently, little or no Ca is released. The trigger
Ca2+ however, enters the SR, raising the free Ca(Caf ) to be transferred to the
releasable terminal for subsequent release.

Rate of inactivation and of removal of inactivation

Fabiato's experiments [7] to demonstrate the rate of inactivation and of removal
of inactivation were mimicked. The model response, shown in Fig. 8, is qualita
tively similar to the experimental results. According to the model, the simulated
results reflect the nature ofX., (pCae) rather than p", (PCaJ. Since X (t) . x(t) is a
slow-varying function, its value slowly decreases toward zero in 24 seconds before
next triggering. When pCaeof7.9 is introduced at variable delay (L) from the next
triggering, X at the end of Lis:
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X (r)=Xo (7.9)-[Xo (7.9)-Xo (24-,;)] exp(-,;).

The activation of the releasable terminal [f· d - X (,;)x(,;)) becomes positive as
X., (7.9) is negative. In other words, before next triggering, the releasable
terminal is significantly activated, resulting larger amount of Ca released. The
steady state peak sarcoplasmic Ca2+ in Fig. 8A represents the magnitude of X",
(7.9), and the rate, the time constant,;)( (7.9).
Based on the model scheme, the rate of decay in Fig. 8B is a measure of the
time constant ';)( (7.2).

Discussion

In many aspects, the kinetics of the proposed Ca release mechanism is similar to
that of cardiac action potential [16]. The kinetic parameters p, q, f and d can be
considered equivalent to the activation and inactivation of inward currents X· x,
the outward current. The rate of Ca released from the releasable terminal given
as

gCa [. p' q(f· d - X' x] [Cart - Cart. 0]

differs little conceptually from the kinetics of ionic current: 1= g(E - Er), in
which g is the conductance and (E - Er), the driving force. The first term of the
Ca release equation is equivalent to conductance, the second term, the driving
force. The equilibrium potential Erfor Ca ions is not constant, but decreases with
increasing intracellular Ca2+. The release threshold also decreases with increasing
Ca2+ in RT.
The expression for the Jpump ' despite its empirical nature, has its physiological
function. As x(t) is slow-varying and its value is small when Ca is being released,
Ca uptake is not significant, thus allowing the increase of sarcoplasmic Ca2+ at a
faster rate to activate the myofilaments. Near the end of release, x(t) has become
relatively large, the sarcoplasmic Ca2+ is high, the Ca uptake is accelerated. This
is an agreement with the experimental observation [7] that Ca uptake starts at the
end of the release.
The delay of Ca uptake is physiologically meaningful. If release and uptake
occurred simultaneously, more Ca2+ had to be released than necessary in order to
be sufficient to activate the myofilaments; energy expenditure would be greater
to keep the uptake process operating all the time.
An alternative and realistic scheme for Jpump is:

In this equation, ATP promotes Ca uptake while ADP, Pi inhibit it. If ATP is
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depleted early such as during hypoxia, or if there is an accumulation of Pi and
ADP such as during moderate or severe hypoxia, the Ca accumulation by the
LSR and the transport of Ca to the releasable terminal will be depressed.
However, the variation of ATP, Pi and ADPwith time on beat-to-beat basis is not
clear.
Despite that the steady state kinetic parameters and the time constants are
'guessed' or speculated, the model is able to simulate many events qualitatively
similar to those observed experimentally [6-8]. The kinetic parameters should be
determined more realistically. The amplitudes and rate of rise of aequorin light
data vs. trigger pCa [6, 7] can provide clues for estimating p, q, d, f, and their
associated 't's. The X, x and 't, can be estimated from the periodicity and
amplitude of the cycle release.
The aequorin data of loading SR with slow increasing or high trigger Ca and its
subsequent release also provides clues for diffusion across the outer SR mem
brane and the Ca transfer process to the releasable terminal.
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Discussion

Lab: In one of your slides you showed that you could modify the frequency of
your oscillations, if you had to modify one step in your equation, which step
would be the most sensitive one to modify the frequency of your oscillation?
Wong: That would be the term X· x. Because this term determines how fast the
SR is reactivated, bu this is a very slow varying function. For example, upon
release, this term here becomes positive, so as a result, the term (f· d - X· x) is
negative. According to the model you can not have negative release so I consider
this to be zero. After a certain time, the X· x term decays. Ifyou can maintain the
calcium concentration at the outer surface, that means the term (p' q) is always
constant. This means that the release depends on how fast this term can decay to
zero. When the calcium concentration at the outer surface is really high, the time
constant is small. That is why the frequency is much higher. At low Ca concentra
tion, because the time constant is very large, it takes a long time before the 'term'
(f· d - X· x) can be reactivated.
Yue: How would you, without the equations, perhaps with diagrams, explain
monoexponential restitution and potentiation phenomena? Is there any way that
this would filter through this model and make sense?
Wong: Last year I published a paper together with David Adler which completely
explained the phenomena you mentioned. Because the release threshold is not
constant, and is inversely related to the amount of calcium available. For exam
ple, when after a regular beat you apply a premature beat this compartment
cannot be filled to normal level because the time of resting is short, so that the
calcium in this compartment is not as high as the normal case. This means that the
amount of calcium available for release is reduced, and the release threshold is
further increased. You would have less calcium available for release and, also,
the release threshold increases. So as a result, you only have a little calcium
released. What happens after the premature beat, if you go back to the normal or
regular beat? Because of the little calcium release during the premature beat,
more calcium remains in the releasable terminal of the SR. So the calcium
available for release is higher than normal and the release threshold is greatly
reduced. You have large amounts ofcalcium available and the release threshold is
very small. As a result, the force developed during post-extrasystolic beat is high.
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Abstract

A three-dimensional constitutive law is proposed for the passive myocardium.
The formulation is based on a structural approach, which considers the total
strain energy of the myocardial tissue as equal to the sum of the strain energies of
its constituents: the muscle fibers, the collagen fibers and the fluid matrix which
embeds them. The ensuing material laws express the specific mechanical and
structural properties of the tissue, namely, the stress-strain behavior of the
comprising fibers, their spatial orientation, and their waviness in the unstressed
state. After some functional form is assumed for the distribution of the fibers
spatial orientation and waviness, the results of biaxial experiments serve for a
preliminary estimation of the constants appearing in the constitutive equations.
Finally, the advantages and the applicability of the structural material laws to the
simulation of the cardiac mechanics are discussed.

Introduction

Specification of material laws for the myocardium is an essential part of the stress
analysis in the heart. Several experimental and theoretical works were carried out
to this end, resulting in various forms of stress-strains relations. Mostly, these
have been uniaxial laws [1-4] and consequently their implementation in ventricu
lar models required extension to two or three dimensions, which implicitly
involves assumption of isotropy. However, recent biaxial experiments [5,6] have
shown that the myocardium is clearly anisotropic, and consequently two dimen
sional material laws were proposed [6].
Both the uniaxial laws, and the recently developed biaxial ones are based on a
phenomenological approach in that they propose certain functional forms (usu
ally exponential) for the stress-strain relations which seem to give the best fit to
the experimental results.
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As an alternative approach it is suggested here to formulate structural material
laws which are based on the structure and mechanical properties of the actual
constituents of the tissue. This approach follows the general structural theory for
soft tissues [7), while considering the specific structural features of each fibrous
network in the myocardium - the muscle fibers and the collagen fibers which
connect them laterally [8]. Both fiber networks are embedded in a fluid matrix.
The fibers carry tensile stresses, while the matrix transmits only hydrostatic
pressure.
Having specified the stress-strain relations of each kind of fibers and having
assumed some functional form for the distribution of their spatial orientation and
for heir waviness in the unstressed state, a set of constitutive equations is derived.
In order to allow estimation of the constants appearing in the equations, the
constitutive laws are applied to the loading conditions of the above mentioned
two-dimensional experiments. The results of these experiments serve for estima
tion of the material constants, using a nonlinear data fitting technique.
The structural material law presented here may be readily extended to the
active state and may be also implemented in finite element models for the
simulation of cardiac mechanics.

Formulation of the constitutive law

The proposed constitutive law is referred to the specific structure of the myocar
dial tissue. After this law is presented in a general manner, some more detailed
form is formulated for the particular tissue considered here.

Histological considerations

The myocardium is basically a fibrous tissue. The myocytes are the prominent
type of fibers occupying about 70% of the tissue volume. The remaining 30%
consist of various interstitial components [9]. About 5% of the interstitial volume
is occupied by collagen fibers [10]. These are organized in a spatial network,
which laterally connects adjacent muscle fibers [8]. These two types of fibers
considered here are the main structural elements of the tissue, their main me
chanical role being the carrying of tensile stresses. The third is the interstitial fluid
matrix, which occupies the remaining 25% of the tissue volume, and which
transmits only hydrostatic pressures. Though a third kind of fibers has been
identified, denoted as microthreads [11, 12], their structural contribution is not
clear and due to their relatively low concentration they are considered here
mechanically negligible in comparison to the collagen fibers.
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General formulation of the structural constitutive law

Following the anatomic background, some additional basic assumption regarding
the mechanical behavior of the myocardium are presented:
a. The fibers which comprise the myocardial tissue are relatively thin, and
extensible. They do not resist any compressive stresses, and in the unstressed
state of the tissue they may be undulated [8, 13], thus not demonstrating any
resistance to stretching before being straightened.

b. The fluid matrix carries only hydrostatic pressure, which in turn is affected by
length and configuration changes of the fibers. These cause pressure gradients
which result in flow of the matrix. Nevertheless, the permeability of the tissue
is low, and therefore the fluid flow within the tissue is negligible for the
duration of the mechanical experiments considered (50 sec [6]). Thus, the
myocardium may be treated as incompressible.

c. Numerous interconnections exist between the fibers. Therefore the uniaxial
strain of each fiber may be obtained by a tensorial transformation of the
overall strains (the affine deformation assumption).

d. The myocardial fiber defines an axis of symmetry for the spatial distribution of
the collagen fibers which are connected to it (see Fig. 1).

e. The fiber interconnections are considered to be nodal inextensible points.
Considering these assumptions and supposing that the myocardium can be
treated as a hyperelastic material which undergoes large deformations, the stress
strain relations for the tissue are subsequently formulated.
The contravariant Cauchy stress tensor components "[ii, are derived from the
strain energy function of the tissue, W (yii), and from the hydrostatic pressure, P,
by:

.. (g )1/2 oW PG""[IJ= + IJ

G OYij ,
(1)

where both the stress tensor "[ as well a the Green-Lagrange strain tensor yare
referred to some global material coordinates ~i. The symbols g and G are the
metric tensors before and after the deformation, respectively.
On the basis of the above assumptions it is proposed to adopt the structural
theory for tissue in general and consider the total strain energy of the fiber
networks in the myocardium as the sum of the strain energies of the muscle fibers,
wI' and of the collagen fibers, w2•
Since not all fibers are necessarily straight at a given strain state, only a portion
of the fibers contributes to the load bearing of the tissue at that state. In order to
introduce this effect, a waviness distribution function Ok.,; (x) is defined, such that
for fibers of type k, passing through a plane defined by the normal n, the portion
of fibers having a straightening strain between x and x + x is Ou (x) . .6x. Also,
since the fiber strain energy function is related to the fiber uniaxial strain, another
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Figure 1. A scheme of the structure and interconnections of the constituent fibers in the myocardium.

coordinate system, ~'i' is defined in addition to the global system ~i' such that ~'.
coincides with the fiber direction. Thus, the uniaxial strain YII along the fiber axis
is related to the global one, Y", by the tensorial transformation:

While the fiber uniaxial stress for an initially straight fiber is:

f ( ') - 3Wk
k Yl1 - 3y' ,

11

the uniaxial stress for a wavy fiber is given by:

fY"
f: (Y;\) =J Dk.n(x) fk (Y;\t) dx,

o

where Y;\t is the true fiber strain, related to the total fiber strain Y;. by:

(2)

(3)

(4)

(5)

(6)

Another structural feature of the myocardium is the spatial arrangements of the
fibers. This arrangement can be stochastically described for each fiber type k by
some density distribution function R k (0)' so that the proportion of any fibers of
type k which are confined within a given spatial sector 1::'.11 is:

p = f Rk (e, cp) sincp dcp de,
6fl



(7)

(8)
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where Rk(fl. 'r! is defined in a spherical coordinate system (r, e, <p). The strain
energy of type k fibers in a volume unit is given by:

Wk=LSk Rk(e, <p) lr Dk(x) wk(y;'I) dX] sin<p d<p de,
where Sk is the volumetric fraction of type k fibers. Carrying out the summation
over k we obtain the total strain energy in a volume unit:

W =~LSk Rk(e, <p) lr Dk(x) Wk(Y;II) dX] sin<p d<p de.
Consequently, the stresses in the tissue are obtained by employing (1) and (4):

"(ij = (Gg r~f Sk Rk(e, <p) f' (Y;I) ~'& sin<p d<p de + PGi. (9)
n k uYij

Therefore, specification of the fibers waviness, spatial arrangement and stress
strain relations allows calculation of the stress as a function of the global strains of
the tissue, up to the hydrostatic pressure P which has to be determined by the
boundary conditions, and up to some yet unspecified material constants which
may appear in the stress expressions.

Specification of the fibers' distribution functions and uniaxial material laws

Equation [9] is valid for fibrous tissues in general [7]. At this point it will be
specialized to the myocardium by considering its specific structure. The distribu
tion of the waviness of the muscle fibers and collagen fibers will be described by
some density functions. The functions chosen here for both fiber types are normal
distributions:

(10)

where the mean, Mk, and the stanard deviation, Ok' will generally be different for
each fiber type.
The spatial orientation of the muscle fiber depends on the location in the
ventricular wall of the segment under consideration, and may be determined by
histologic inspection. The common approach, which is based on quantitative
anatomic studies (14], assumes that the muscle fibers are parallel to the epicardial
and endocardial surfaces and that their inclination angle varies gradually between
+600 at the endocardium to -600 at the epicardium.
The availabe data on the spatial arrangement of collagen fibers [8] indicates
that the collagen fibers are equally distributed around the muscle fiber (assump-
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tion (d) in General formulation above) and are mostly normal to them. If a
spherical coordinate system (r, 6, cp) is defined such that the 0° polar angle
coincides with the direction of the muscle fiber (Fig. 2), then the circumferential
distribution is uniform and is given by:

1
e(6)=-.

1T
(11)

While most collagen fibers seem to be normal to the muscle fibers, some of them
may deviate from the normal direction [8]. Since it is assumed here that the
collagen fibers are equally distributed on both sides of the normal plane, a normal
density distribution is chosen for the collagen fiber directions in the polar planes,
with 1T12 as mean:

1 [ (1T12 - «»2]<I>(cp) = exp _ ,'t',
o~~ 20~

(12)

where 0<1> is its standard deviation. Thus, the overall spatial arrangement of
collagen fibers relative to muscle fibers is:

R,(6,cp) = e(6)<I>(cp) = 1 exp [_ (1T12 ~ cp)~. (13)
- 0~1T v'21T 20 <I> -J

In addition to the structural properties of the myocardium, the uniaxial stress
strain behavior of each of the two comprising fibers has also to be considered.
Muscle fibers in the passive state exhibit exponential stress-strain relations under
uniaxial tests [15, 16]. However, it is proposed here (on he basis of similar
conclusions drawn for connective tissues [17] to attribute this exponential be
havior to the gradual straightening of structural elements within the fiber (such as
fibers in the sarcolemma [18, 19] or connectin fibers in the sarcomeres) and to
ascribe to the straight fiber in the passive state a linear law:

(14)

where eu is the fiber uniaxial true strain and Ct is a constant coefficient corre
sponding to the slope of the steep part of the stress-strain curve. Experiments
performed on hamster cardiac muscle fibers [16] yield values around 107 dyne/cmz.
Elongation experiments with collagen fibers show a linear stress-strain rela
tion:

(15)

where Cz is of the order of 1.0 x 1010 dyne/cmZand eZt is the collagen fiber uniaxial
true strain.
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principal myocardial
fiber direction

Figure 2. The alignment of the coordinate system relative to tissue sample.

Evaluation of material constants

In order to bring the structural constitutive laws to a concrete form, the still
unspecified parameters must be determined by implementing the theory for the
experimental results.
The data used here for this purpose is derived from biaxial stretch experiments.
The material constants are estimated using a non-linear least square data fitting
technique.

The experimental procedure and data

The data employed is derived from biaxial experiments carried out by Yin et al.
on canine myocardium (for a detailed description of the experimental procedure
see [6]).
The tissue samples, extracted from a subepicardial layer of the left ventricular
wall, were square (4cm x 4cm) and thin (O.lcm) and with the muscle fibers
aligned in one direction, parallel to two of the edges.
The samples were subjected to several biaxial loading protocols, in each of
which a constant ratio of the two normal strains, Y22 and Y33' was maintained. The
stress-strain curves obtained by these protocols serve here for the evaluation of
the material constants.
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Method of evaluation

Since the muscle fibers in the tissue sample are parallel and aligned in one
direction, their distribution function is given by:

(16)

where 0 (<p) is Dirac's delta-function. The polar direction of the spherical coordi
nates (r, e, <p) is chosen so as to coincide with the fibers direction (see Fig. 2).
Having specified R) (e, <p), the general expressions for the overall stress in the
tissue sample may be written as follows:

~ii = (-.Lt {SI [f' f. (e
lt
) D,(x) dX] oel(<p)I +

G () I oy') <p=()

S2rr[f1(e21) D2(x) dX] oe~i;<p)R2(e,<p)Sin<Pd<Pde} + PGi. (17)

Due to the disposition of the muscle fibers, el is related to the global strains by:

(18)

whereas the relation between the collagen fibers uniaxial strain and the global
strain is given in general by:

e2 =Y22 cos2e sin2<p + 2Y23 cose sin<p cos<p + Y33 cos2<p + YII sin2e sin2<p. (19)

Bearing in mind that the tissue is incompressible we have:

(20)

where Ai are the extension ratios. Since the present case involves only normal
strains, it follows that:

Af =2Yii + 1, (21)

(i is not summed) so that the thickness strain is dependent on the other two strains
as:

(22)

This allows us to directly calculate the stresses, given the measured global strains

Y22 and Y33"
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The parameters to be estimated are:
a. For the muscle fibers: the waviness parameters M, and 01' and the uniaxial
stress-strain coefficient, C•.

b. For the collagen fibers: the spatial distribution parameter 0<1>' the waviness
parameters M2 and 02 and the uniaxial stress-strain coefficient C2.

Further consideration has to be given to the contribution of the hydrostatic
pressure in (17). Since the upper and lower faces of the tissue samples remained
free of loading, it follows that at these faces:

,;11 =,;p + PGlJ =0, (23)

where ,;p are the fibers' contributions.
Because the specimen is thin, ,;p may be assumed constant throughout the

thickness, and since the muscle fibers are arranged in a planar array, only collagen
fibers contribute to ,;p. By using (23), the stresses can be expressed solely by the
contributions of the muscle and collagen fibers. The stress in the fiber direction is:

(24)

(25)

where ,;~3 is the muscle fibers' contribution and ,;~3 is the collagen fibers contribu
tion. Using (23), ,;33 is given by:

G33
,;33 =,;33 + ,;33 _ _ ,;11

I 2 Gil 2'

and similarily for the stress in the cross-fiber direction:

(26)

Results

Preliminary results for the parameters are hereafter presented. The values calcu
lated for these parameters are based on the stress-strain data points obtained for
the fiber and cross-fiber directions in a single experimental protocol performed by
Yin et at. [6].
Because of the nonlinearity of the material laws (17) a nonlinear least squares

data-fitting technique was used [22].
The seven parameters were simultaneously estimated by fitting the stress

expressions for ,;33 and ,;22 to the measured values in the fiber and cross-fiber
directions, respectively.
The least squares results (Figs 3 and 4) show a good fit to the experimental data
points for the whole range of strains. The relative mean square errors were 0.077
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Figure 3. A comparison of the proposed model (solid line) to experimental points in the fiber
direction. The values of the material constants are for the muscle fibers C1=4.7 X 107 dyne/cm2, M,=
0.304,01=0.119; for the collagen fibers C2= 2.0 x 109 dyne/cm2, M2=0.207, 02 =0.070, 0", = 0.239
rad. The relative mean square error is 0.134.
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Figure 4. A comparison of the proposed model (solid line) to experimental points in the cross-fiber
direction. The relative mean square error is 0.118.



309

Stress Idyne/cm 2 )

20xl04

o
O.O~ 0.10

Figure 5. The contribution of the various tissue components to the total calculated stress in the muscle
fiber direction. t JJ = the total stress. ti' = the muscle fibers contribution. T~J= the collagen fibers
contribution. and Gnp = the fluid matrix contribution.

and 0.139 for the fiber and the cross-fiber directions, respectively, for the follow
ing values of the parameters:
Muscle fibers: C, = 5.6 X 107 dyne/cm2, M, = 0.366,0, = 0.125;
Collagen fibers: C2 = 2.3 X 109 dyne/cm2, M2 = 0.193,°2 = 0.068,0", = 0.149 rad.
The calculated values of the material constants for the two fiber types are
similar to those previously reported [16, 21], which are 1 x 107 dyne/cm2 for muscle
fibers and 1 x IOU) dyne/cm2 for collagen fibers.
Both fiber types are found to be significantly slack in the unstressed state. This

conclusion is in accordance with existing anatomical findings, regarding collagen
fibers [8] and connectin fibers (the latter being probably responsible for a major
portion of the muscle fibers behavior). Connectin fibers were found to be slack at
strains below 0.25 [20].
The value of the standard deviation of the collagen fibers orientation distribu
tion indicates a narrow distribution of the collagen fibers around the normal to
the muscle fibers. This arrangement is also reflected in the contribution of each of
the tissue constituents to the total calculated stress. Almost all the stress in the
fiber direction is carried by the muscle fibers, while the collagen fibers carry less
than 0.06 of the total stress (Fig. 5). The situation is reversed at the cross-fiber
direction, where only collagen fibers carry tensile stresses (Fig. 6).
The contribution of the fluid-matrix is found to be negligible, accounting only

for 1-2% of the total stress.
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Figure 6. The contribution of the various tissue components to the total calculated stress in the cross
fiber direction. '(22 = the total stress. '(~2 = the collagen fibers contribution, and G22P = the fluid matrix
contribution.

Discussion

The constitutive law proposed here for the myocardium accounts for the mechan
ical behavior of the whole tissue by employing the mechanical properties, spatial
distribution and waviness of its constituents. The distribution of the fibers orien
tations are responsible for the observed anisotropy of the myocardium, while the
waviness of the fibers together with their orientation, result in nonlinear stress
strain relations.
The material constants appearing in the constitutive laws have direct physical
meaning, being the coefficients of the uniaxial stress-strain relations of the fibers
and the means and standard deviations of the waviness and orientation distribu
tions. This is advantageous compared to existing material models based on a
phenomenological approach, since it allows understanding of specific mecha
nisms and their effect on the tissue's mechanical response.
The calculated material constants presented here, though being preliminary,
show a very good fit to the data from biaxial tests, and are of physically sound
values. Moreover, these values provide insight into the mechanical behavior of
the tissue, indicating that at physiological strain levels, the main load bearing
elements in the passive state are the muscle fibers and the collagen fibers, while
the fluid matrix has an insignificant role.
The present approach which is formulated for the passive state, may be
extended to describe the active state, as well, since the distribution of the muscle
fiber orientations coincides with the distribution of the directions of active forces.
Both passive and active formulations may be implemented in finite element
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models, thus possibly providing an improved simulation of the mechanics of the
heart. These aspects are currently being investigated.
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Discussion

Beyar: Is the passive myocardium in your calculations stiffer in the fiber direction
or in the perpendicular direction?
Horowitz: It is stiffer in the fiber direction.
Bassingthwaighte: I am bothered by the assumption that the element is freely
compressible in the fiber direction, i.e., there is no force maintaining the struc
tural shape of the myocardium. If you take a ventricle and cut off the atrium,
aorta, etc., and put it in water it would continue to contract and will jet around in
the water for a considerable time, which means that there are restoring forces that
regenerate the shape of the ventricle after its contraction. The force is real
enough; you may consider it to be the equivalent of negative pressure. In the
elastic sense, they are putting the ventricle back into shape. There is a restoring
force there and when the ventricle contracts, it works against this elasticity.
Should it not be accounted for in the model? The other point to note is your fiber
direction. My electromicroscope observations on collagen fiber direction show
that many fiber parallel the muscle fibers. You have the normal direction instead.
I wonder if either scanning EM or transmission EM will give you the measure
ment of the directions of these fibers. It is your assumption that I am concerned
about.
Horowitz: Indeed, we assume that most collagen fibers are normal to the muscle
fibers, but not all of them, and some may be even parallel to muscle fibers.
Yellin: We know that a stimulated muscle will contract down below the slack
length, therefore there must be some compressive forces.
Horowitz: We consider single fibers to have no resistance to compression, but the
whole ensemble may resist compression due to interconnections between fibers
and due to the hydrostatic pressure.
Lanir: Dr Bassingthwaighte is referring to the compressibility of the whole tissue,
while the authors refer to specific elements and not to the whole structure. There
is no contradiction here.



19. 3-D simulation of left ventricular contraction
combining myocardial mechanics and electrical
activation
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Abstract

A computerized 3-D temporal simulation of the left ventricle (LV) was de
veloped and utilized to study the complex phenomena associated with the con
traction of the LV during systole. The simulation utilizes helical coordinates and a
procedure which yields a fast realistic approximation of the instantaneous 3-D
geometry of the LV. The electrical activation delay time from end diastole (ED)
is calculated, using a 3-D electrical activation procedure based on minimal
orthogonal pathways. Local and global deformations of the LV account for the
myocardial structure and spatial fiber angle distribution, the mechanics and
dynamics of the sarcomeres and the time required for the electrical activation to
reach the specific location within the myocardium. The simulation yields the
instantaneous LV 3-D geometry (from 2-D echocardiographic cross-sections)
and calculates the cavity pressure, volume and the aortic blood flow under
various conditions. The model also yields the instantaneous sarcomere length and
their angular distributon at any desired location within the myocardium. The
calculated results define the elliptization characteristics of the LV contraction and
are consistent with experimental data.

Introduction

Various models have been used in numerous attempts to simulate, describe and
predict the complex phenomena of LV contraction [1-4]. These models can
generally be classified as:
1. analytical models, and
2. finite element (FE) models.
In the analytical models, the LV is usually approximated by a simple geometrical
structure such as a spheroid [5], a cylinder[6], or a set of rings [7], and simple
contraction patterns (mostly uniform) are stipulated. Since the geometry is
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assumed to be invariant throughout the systole, the global deformation is calcu
lated based on a single representative myocardial element. These models, despite
their inherent inaccuracies, fit the physiologically measured global LV perform
ance fairly weI and have the advantage of being defined by a set of equations that
enable to use fast solvers.
FE models, on the other hand, relate to realistic LV geometries, and are

capable of calculating local deformations as well as global LV performances.
However, the FE models require complicated constitutive laws for the myocar
dium, usually represented by a nonphysiological analog such as set of rods [8],
and involve very intensive calculations [9].
The present work utilizes a new approach to the description of 3-D geometries

[10] and to the 3-D analysis of the LV performance which combines the advan
tages of exact equations and fast computation offered by the analytical models,
with a realistic geometry and enables to calculate the local deformations as well as
the global LV performance.

Methods and procedures

Geometrical considerations

Consider an imaginary cylinder which surrounds the LV, with a diameter (D)
larger than the largest diameter of the LV (Fig. 1). The axis of the cylinder is
parallel to the major axis of the LV. A unidimensional function R(~) is obtained
by moving along a helical passway located on the surface of the cylinder and
measuring the external radial distance (R) from the helix to the endocardial
surface. The function R(~), which represents a helical curve wrapped around the
endocardial surface, can be used to approximate the 3-D geometry of the LV
cavity (Fig. 2). It is noted that the accurary of the geometrical approximation is
inversely proportional to the helical pitch or, equivalently, proportional to the
length of the wrapped helical 'curve'. Hence, in order to retain the geometrical
information throughout the contraction, we allow the curvilinear coordinate ~ to
deform vertically together with the LV. As shown in Fig. 3, the deformation is
simulated by demanding that the vertical distance between two consecutive
helical windings of~, H(~), be the same as the vertical distance between the two
corresponding (projected) points on the myocardium. Thus, the instantaneous
geometry of the LV cavity «(?(~,t)) is defined by two functions:

M {R(t,~)
v(t,~) = H(t,~)' (1)

Given the two instantaneous principle tangential deformations, cq:<f and CAll (Fig.
3) of a small myocardial element, the corresponding deformations, cR and cH can
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Figure I. Schematics of the enclosing cylinder and the helical coordinate system used.
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Figure 2. A typical function R(~) and its corresponding 3-D reconstruction. (Obtained by echocardio
graphic measurements [10]).
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Figure 3. Relation between myocardial deformation and deformation of the helical coordinate
system.

then be calculated and (1) utilized to describe the deformed LV geometry.
However, in order to avoid the complexity of the myocardial constitutive laws
and boundary conditions which require a finite element solution, two kinematic
assumptions can be made to simplify the calculations involved.
The first assumption is that all the endocardial points on the LV cross-section
perpendicular to the major axis deform radially with reference to the instan
taneous centroid of this cross-section (see Fig. 4). This assumption is inherent in
many investigations of two-dimensional contractions of the LV [11, 12]. Hence,
the new instantaneous interception distance between vector R and the endocar
dial surface is given, as shown in Appendix A, by:

R'= R- [(D/2-R)2+ R~i- a2]
I I €ljlj, (D - 2R;) ,

where all the parameters are difined in Appendix A.
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LATERAL DEFORMATION

Figure 4. A cross section view perpendicular to the long (Z) axis. and the corresponding geometrical
dimensions used for calculation of the lateral deformation.

The second assumption is that the radius of curvature RC(C(, on a cross-section
which includes the major axis (Fig. 5), is very large with respect to the associated
instantaneous strain. Consequently, this radius can be assumed to be constant for
a very short time interval. Thus, the 'new' vertical winding pitch H'(t) for a point i
on ~ is derived in Appendix B and is given by:

(3)

where S, the arch length, is defined in Fig. 5.
In order to describe the instantaneous 3-D geometry of the LV, the two
instantaneous functions R(t,;) and H(t,;) in (1) must be determined for every
value of ; at the moment of interest. This requires the solution of the two local
myocardial strains €<p<p and €oo for every myocardial element located along the



318

LONGITUL>INAL - DEFORMATION

c

B

H' = H rl + to s ~
l tt 2Rt~ TAN(S/2R~~) J

S=AS; S'=A:R'; E••=(s'-S)/s

A

H

D

Figure 5. Geometrical dimensions used for calculation of longitudinal deformation.

wrapped helial curve. Following the suggestion that the myocardial deformation
is rather uniform in the normal LV [13], it is expected that plotting the in
stantaneous strain (in any of the directions described above)as a function of the
distance along ~ shall yield a very smooth and flat curve, Fig.6. Perturbations will
occur only near locations where the myocardial properties deviate from nor
mality. Consequently, it is possible to apply common sampling rules (Nyquist
theorem, for instance) to the strain calculations and thus reduce the amount of
calculations without losing any relevant information.

Myocardial structure

The LV muscle is divided into many (up to 120) small myocardial elements by
sampling the function R(ED ,~) at a rate of 12 points per one helical winding while
maintaining the function H(ED,~) constant. As seen in Fig. 7, each myocardial
element is represented by two radi of curvature R'{<f' R IlIl , and the wall thickness
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Figure 6. Demonstration of the sampled calculation concept.

W. The element is assumed to consist of 10 layers of fibers, where all the
sarcomeres are parallel to each other and have the same angle of inclination from
the horizontal plane. The ED angle of inclination in each of the layers is
determined from the data published by Streeteret al. [14]. The sarcomeres' length
in each layer is calculated utilizing the following equation which resembles the
equation suggested by Wong et al. [15]:

SL; = SL,,; + In[P/P,,; + 1]/K;, (4)

where SL; and SL,,;, are the sarcomeres' length in layer i, at ED pressure P and
zero pressure, respectively, and PIli and K; are empirical constants, determined
from the data of Yoran et al. [16]. Due to insufficient physiological information,
the layers in the present work were divided into three groups, and the sarcomeres
in each group were assigned the same ED length.
The ED pressure was determined by using the following passive pressure-
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Figure 7. A myocardial element used in the present work.

volume (P-V) relation:

Pp = A[Exp( - B(VlVo)-I)) -1], (5)

Where Pp is the LV pressure obtained by the passive stretching of the LV due to a
volume increase from zero pressure volume YO' to the given instantaneous
volume V. A and B are empirical constants, here obtained by curve fitting the
data published by Spotnitz et al. [17].
The mass M; of each myocardial element i is conserved throughout the LV
contraction and is estimated by:

(6)

Sli' S2; are the arc lengths (shown in Fig. 7), W; is the wall thickness of the
element and Q is the density of the muscle = 1.06gr/cc [18].

Stress-strain relationship

The instantaneous strain rate of a myocardial element is detemined by the ratio of
the resistive stresses a induced on its walls (due to the internal pressure of the LV)
and the active stresses applied by the activated fibers, Of. This relationship is
defined by the familiar Hill's equation:
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(7)

where Eis the instantaneous strain rate, and a, b are empirical constants, here
determined by curve fitting of the data published by Taylor et al. [19]. Equation
(7) can be extended for normalized stresses (O/Of>1), by taking the antisymmetric
function of (7) around O/Of = 1, thus yielding curves similar to the data published
by Mashima et al. [20].
The average active stresses applied to the walls of the myocardial elements
(Fig. 7) are calculated by utilizing equations (C-l) to (C-4) in Appendix C. The
resistive stresses due to the internal LV pressure are calculated utilizing (D-2) and
(D-3) in appendix D.

Activation delay time

The time required for the electrical activation signal to reach a certain layer, I,
inside a given myocardial element i from the closest point of excitation is calcu
lated by the sum of the time intervals required for the electrical excitation wave to
propagate first along the Purkinje network on the endocardial surface, and then,
in the radial (transmural) direction, from the endocardium to the layer I under
consideration. Thus the activation delay time for a layer in a myocardial element
i, is given by:

'til = S/Vp + WiVr, (8)

where the distance Sj is the minimal geodetic pathway on an ellipsoid (as calcu
lated by Barta et al. [I)), Vp and Vr are the propagation velocities along the radial
direction respectively, and Wi) is the distance from the endocard to the layer l.

lsovolumic deformation

During isovolumic contraction the volume is kept constant to within 0.1 cc by an
iterative calculation procedure.

Afterload

Afterload is simulated by a modified Windkessel model with an additional serial
resistance, Ro. This modification yields a more realistic frequence response (see
for instance O'Rourke et al. [21]) and the LV pressure during the ejection period
is given by:
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P(t) = e-IIReS'CaP[pAO - C~p f/Res.cap Q(t)dt] +RoQ(t), (9)

where P(t) is the instantaneous LV pressure, PAO is the aortic pressure at ED,
Q(t) is the blood flow at time t, Res and Cap are the peripheral resistance and
arterial capacitance respectively.

Computation procedure

The basic structure of the computation procedure is outlined in the 'flow-chart'
shown in Fig. 8. It consists of three major computation loops, nested within each
other. The most inner loop computes the sarcomeres lengths and angle of
inclination for each of the ten fiber layers within each myocardial element. The
external loop, which contains the previous two, performs calculations of the
global LV performance, every 0.01 sec.
The simulation is initiated at ED for a given LV 3-D geometry. Activation

delay times are computed independently and inserted as an input. Ejection is
obtained once the LV pressure exceeds the aortic pressure. The simulation is
terminated when the aortic blood flow becomes negative i.e. 'flows' towards the
LV. Output data comprises of the LV 3-D ES geometry, LV pressure, LV volume
and aortic blood flow as functions of time as well as the P-V loop, local strains,
sarcomeres' lengths and angles of inclination for each of the layers of a pre
selected myocardial element. The instantaneous 3-D geometry can be continu
ously displayed on a graphic monitor.

ED geometry

Two ED geometries were utilized in the present study:
1. a truncated ellipsoidal shell of revolution with dimensions based on the data
published by Streeter et al. [22] for a canine LV, and

2. a human LV reconstructed from six apical echocardiographic planes in vivo.
The human LV shape was low-pass filtered in order to obtain a smooth 3-D
geometry.

Results

Effect of changes in the preload

The preload is represented here by the LV ED volume. This change is associated
with a change in the initial LV pressure through the passive P-V relation given by
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Figure 8. A flow chart of the computer program used for simulating the LV contraction.
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(5). The performance of the LV is examined for 3 different ED volumes. The
results obtained by the simulation are summarized in Table 1. The corresponding
p-V loops, the LV volumes and the aortic blood flows as a function of time (from
ED), are shown in Fig. 9. As can be observed, the classical Starling mechanism
relating the dependence of the stroke volume on the ED volume is clearly
demonstrated by these results.

Effect of changes in the after/oad

The aortic pressure is used here to represent the afterload. The effect of changes
in the afterloading conditions on the LV performance is studied by varying the
ED aortic pressure along with the LV ED volume. The results obtained by the
simulation are summarized in Table 2. The corresponding P-V loop curves are
shown in Fig. 10. A linear regression analysis of the predicted ES pressures and
volumes yielded the ES elastance line [23] with a correlation coefficient of
R =0.99 and a slope of 8.3 [mmHg/cc].

Table 1. Effect of different preloading conditions on LV performance. Aortic ED pressure =
80mmHg.

ED volume ES volume Stroke volume Ejection fraction Max. press.
(ml) (ml) (ml) (%) (mmHg)

42.6 22.7 19.9 46.7 103.4
53.2 25.4 27.8 52.2 113.7
63.9 27.0 36.9 57.7 125.1

Table 2. Effect of different loading conditions on LV performance. Simultaneous increase in preload
and afterload.

ED volume Aortic ED ES volume Stroke vol. Ejection ES pressure

(ml) pressure (ml) (ml) fraction (mmHg)
(mmHg) (%)

42.6 60 22.2 20.4 47.9 63.9
47.9 70 24.0 23.9 49.9 74.8
53.2 80 25.4 27.8 52.2 96.3
58.2 90 27.3 32.0 54.7 96.3
63.9 100 27.3 36.6 57.3 107.4
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Effect of the instantaneous activation of the endocardium

The geometrical manifestations of the instantaneous activation of the endocar
dium are presented here in the levels of the sarcomeres, the myocardial element
and the global LV geometry. The predicted extension ratio, in the vertical (H)
and lateral (R) directions as a function of time from ED for a myocardial element
located at the mid LV height, is shown in Fig. 11. Note a slight shortening in the
longitudinal direction followed by shortening after, roughly, 80 ms. The man
ifestations of this contraction at the sarcomeres level is shown in Fig. 12 and at the
global 3-D geometry in fig. 13. It seems that the initial lengthening affects
primarily the endocardial and epicardial sarcomere lengthening followed by
contraction of all sarcomeres throughout the systole.

Effect of apical activation

The effect of an apex-initiated excitation wave on the extension ratio of three
myocardial elements, located at 20%,50% and 80% of the LV height, is demon
strated in Fig.14. Note that the apical segments demonstrate transient shortening
and lengthening in the longitudinal direction whereas the basal segment shows
only lengthening prior to the ejection shortening.
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Figure 13. Calculated 3-D geometrical changes during systole.

Discussion

The capability of the suggested simulation to yield reliable predictions of the
global LV performance under varying loading conditions has been clearly demon
strated here. As shown in Table 1 and Fig. 9, the manifestation of the Frank
Starling mechanism is evident from the reaction of the simulation to different
preloading conditions. The corresponding temporal changes in LV volume and
aortic blood flow are in good agreement with reported physiological measure
ments [24].
The ES elastance line obtained for different loading conditions by linear
regression of the ES P-V values is consistent with the phenomena reported by
Suga and Sawaga [23].

The elliptization phenomena

Examining the predicted extension ratio for a LVwhich is simultaneously excited
from the endocardial surface reveals an' elliptization phenomenon which is evi
dent by two patterns. The first pattern is characterized by an elongation of the LV
muscle, which is observed during the isovolumic stage and the early stage of
ejection: the muscle is elongated in the longitudinal direction while the lateral
dimensions decrease. The second pattern is observed towards the end of the
ejection phase and at ES and is characterized by a significant, and rather con
stant, difference (of about 5% at ES) between the lingitudinal and lateral exten
sion ratios. Clearly, the long-to-short axis ratio is larger at ES than at ED [25].
Note that both these patternswere observed experimentally by Rankin et al. [26J.
The manifestation of the elliptization phenomena seems to be important in the
level of the individual sarcomere and at the level of the global LV geometry. As
seen in Fig. 12, the simulation predicts that the sarcomeres in the endocardial and
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epicardial layers which are more longitudinally oriented stretch more than the
mid-wall layers during the initial systolic stages. However, the difference in
sarcomeres lengths is minimal at ES. This stretching phenomena rearranges the
sarcomeres lengths distribution so that the contraction in both the longitudinal
and the lateral directions is uniform during the ejection phase. This is equivalent
to the application of the Frank-Starling mechanism in the longitudinal direction
which compensates for the smaller number of longitudinally arranged fibers.
The elliptization phenomena in the global 3-D level is seen in Fig. 13. The LV
lateral diameters become shorter while the major axis becomes 10nger.It is
suggested that the stretching of the long axis creates a 'catapult effect' which
pushes the blood forward in a piston-like manner, thus improving the conditions
for blood flow during the ejection period.

Electro-mechanical interaction

The combination of electrical excitation with myocardial mechanics presented
here, provides a new theoretical tool for studying the mechanical manifestation of
different activation configurations of LV. In the present study, activation delay
times were calculated by using a simple model which is based on the assumption
that the electrical excitation wave propagates along minimal geodetic pathways
[1]. This simple model restricts the simulation to simple elliptic geometries.
However, since it is not an inherent part of the simulation, realistic geometries
can be studied by implementing more advanced electrical excitation models, (as
an input), without changing anything in the simulation described here. Regard
less of this limitation, the importance of the electro-mechanical interaction is well
demonstrated by the prediction of the interesting 'vertical kick' phenomena.

'The vertical kick' phenomena

Examining the predicted extension ratio pattern shown in Fig. 11, one observes,
in the very short interval immediately following ED, a rapid contraction in the
longitudinal direction associated with a lateral increase in dimensions. This
phenomena, which appears during the first 20 miIliseconds after excitation, is
referred herein as the 'vertical kick' phenomena. Though this phenomena is still
to be experimentally verified, it may nevertheless be explained by noting that the
transmural propagation velocity of the electrical excitation wave is finite, and
relatively slow (about 0.3 m/sec [27]). Thus, as the electrical excitation wave
propagates radially, the endocardial fibers are activated first while the mid wall
layers are still in their passive state. Due to the fact that the endocardial fibers
have angles of inclination which are closer to 90 degrees, the sarcomeres shorten
ing will occur mainly in the longitudinal direction. The lateral increase of the



331

dimensions is thus a constraint induced by the isovolumic state.
A similar phenomena is noted in Fig. 14 where the calculated patterns for three
myocardial elements, located at different heights, is shown for the case of an
apical excitation of the LV. Examining the myocardial element closest to the
point of excitation (20% of the LV height, from the apex), identifies the 'vertical
kick' phenomenon. However, as one approaches the LV base it is seen that the
muscle is stretched longitudinally before performing the 'vertical kick'. The delay
in the 'vertical kick' increases even more as one approaches the LV base. The
explanation for this phenomena is as follows: as the myocardial muscle near the
apex (which is the point of excitation) deform, the LV pressure increases.
Unactiv-ated zones of the LV muscle (closer to the base) deform passively due to
the increase ofthe internal pressure. Passive elongation will occur since the radius
of curvature in the longitudinal direction is larger (and the stress is greater) than
the lateral one, and the deformations in both directions are related through the
isovolumic constraint. The 'vertical kick' is produced when the excitation wave
reaches the endocardial layers. Finally, the elliptization phenomena takes place
once the muscle is fully activated.

Summary

A simulation procedure which combines myocardial mechanics with electrical
excitation of the LV is introduced. The simulation is based on real 3-D LV
geometry and is captable of predicting local phenomena in the sarcomeres and
myocardial elements levels as well as global 3-D deformations. The simulation
demonstrates reliable responses to various loading conditions and yields good
agreement with reported experimental data. The model describes and explains
the experimentally reported [26J and verified [27J elliptization phenomenon and
relates the theories of electrical wave propagation and fiber structure to local
myocardial deformations.
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Appendix A: Lateral deformation

Lateral deformation is defined in the curvilinear coordinate system used here by
the change in the length of the external radial distance Ri (see Fig. 4). This length
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represents the distance from point P j on the coordinate ; to the new point
of intersection P: (on the vector Rj and the deformed endocardial surface,
M (t + dt)). Since it is assumed that all endocardial points move radially with
reference to the instantaneous centroid (pointC) of the cross-section, the angular
distance Li6 between any two sampled points Pj and Pj+ I is the same before and
after deformation. Thus, the arc length Sj at time t can be estimated by:

("9 LiR .
Sj = J

o
[Rej + Li6C! 6]d6 = Li6[Rej + LiReP],

while the deformed arc length at time t + dt is estimated by:

Si =r[R;j + ~:;i 6]d6 = Li6[R;j + LiR;PJ, (A-2)

where Rej and R;j are the pre and post deformation distances from the centroid to
the points Pj and Pi, respectively (Rej is calculated from the given instantaneous
geometry), and LiRej= Rej - R;jo
The myocardial strain ElKI is defined by:

(A-3)

the strain along Rej is defined by:

and the new radial difference LiR;j is estimated by:

LiR;j ~ LiRej[1 + ERcj + 6~ft Li6].

Substituting all these relations into (A-3) yields:

(A-4)

(A-5)

(A-6)

where the second term may be neglected for all practical purposes. The distance
between point 0 (the cylinder's axis) and point Pj is given by,

(A-7)

and the distance between point 0 and C, defined as a, is calculated from the given
instantaneous geometry. Applying the cosine theorem to triangle OCPj the new
value of Rj (marked RD can be estimated from:

(A-8)
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Appendix B: Longitudinal deformation

Consider two points, A and B, on a longitudinal cross-section of the endocardial
(Fig. 5), for which the vertical distance is H and the arc length is S. These points
deform into their new location A' and B', for which the vertical distance isH' and
the arc length is S'. It is assumed that the radius of curvature is very large with
comparison to the deformation involved so that for a very short interval of time it
may be taken as a constant and so is its center point C.
By definition all the following relations are given:

E'I"l' = (S' - S)/S,
a=S/R'I"l"
a' =S'/R'l''l''
~a= ~S/R'l'<P'

AB = 2R'I"l'Sin(0/2),
A'B' =2R'I"l'Sin(a'/2).

Since the myocardinal element between A and B is rather small, it may be
assumed that its deformation is homogeneous and symmetric as shown in Fig. 5.
Thus two similar triangles may be built:

~ABD - ~A'B'D',

so that:

A'B' H'
AB -H'

or, equivalently,

Sin (a'/2) _ H'
Sin (a/2) - H·

By definition,

H' = H+ ~H= H(I+ EH),

therefore,

Sin (a'/2)
1+ EH= Sin (0/2)'

Sin (a'/2)
EH = -1 + Sin (0/2)

(B-1)

(B-2)

(B-3)
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Sin (al2 + 2~S )
=-1+ Sin (al2) 'f'f

Sin (al2)cos (2~S ) + cos (al2 Sin (2~S )
=-1+ Cf<{ Cf<£

Sin (al2)

but ~S « 2R'f'f' hence:

~S . ~S
£H = -1 + 2R + SIO 2R !fan (a/2)

«'f 'I"f'

==1-1+ ~S
2R«.,(, Tan (a/2)

Substituting for ~S

yields,

E =E S
H qxp 2RqxpTan(s/2R) ,

or, equivalently,

Appendix C: Average active stresses

(B-4)

(B-5)

(B-6)

(B-7)

Average active stresses <\99 and <\<rwere calculated by integrating the projection
of the active fiber stress o( of every layer of sarcomeres in the principle directions
e and cp (Fig. 15) and are given by:

0(99 = ro([t('t), SL(1l)]COS2['IjI(1l)]dll, (C-l)

o('l'«.= fl o([t('t), SL(ll)]Sin2['IjI(1l)]dll, (C-2)Jo
where 'IjI is the angle of inclination for the fibers, II is the integration variable
representing the normalized location along the LV wall, SL is the sacomeres
length in the fiber, t is the time measured from ED and 't is the activation delay
time, here calculated by [1].



AVERAGE ACTIVE STRESSES

335

crf

e

)(
cw a

> bi=
v aoCl

~
x w
a:Cl ~2 VI

w
~
~ VI
V VI
Cl w
a:x ~

Cl VI
2..

I.--!--........ SL

SLo SARCOMERE~ LENGTH

T T+T

TIME AFTER ACTIVATION

Figure 15. Relations used for calculating the average active stresses (see Appendix C).



336

The time-dependent stress function is approximated by a half sinusoidal func
tion of the form [28]:

(C-4)

1.65<SL<2.2J.';

2.2<SL<2.4J.';

SL>2.4J.',

{

0fmaxlSL(lJ)] Sin~(t -T't(lJ»]

°f[t(lJ),SL(lJ)] = 0 for t > T + 't(lJ) or 't(lJ) > t. (C-3)

The relationship between the maximum normalized isometric stress at sarcomere
length SL is calculated using the function provided by Pollack et al. [29]:

!
(SL - SLo)oo
0.55 '

0fmax = 00 ,
_ (SL - 2.4)0

0°0 - 0.55 '

Where 0
0
is the maximum normalized isometric stress at sarcomere length SL and

SLo is the minimum sarcomere length required for active stress development.

Appendix D: Average resistive stresses

The resistive stresses induced in the LV muscle due to the internal pressure are
calculated by taking a horizontal cross-section through the point of interest at the
state of equilibrium, as shown in Fig. 16. First, the contribution of passive
stretching is eliminated by subtracting the passive pressure:

Pa=P- Pp , (0-1)

where Pa and Pp are the LV passive and active pressures respectively. The
longitudial stresses are then calculated, assuming equilibrium by:

OCf'f = PaAb/Am COS2(y), (0-2)

where Ab and Am are the area cross-sections of the blood and muscle, respec
tively, and y is the angle between 0Cf'f and the vertical direction.
Applying the Laplace equation for a thin walled shell, the estimated lateral
tangential stress Oflfl is given by:

(0-3)
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PA = P - PPASSIVE

CT~, = PA An / AM cos2r

CTee = Ree [pA!l~ - CT~~/Jl~~1

Figure 16. Configuration used for calculating the average resistive stresses (see Appendix D).

References

1. Barta E, Adam D, Salant E, Sideman S (1987): 3-D ventricular myocardial electrical excitation:
A minimal orthogonal pathways model. Annal Biomed Eng (in press).

2. Welkowitz W (1975): Indices of cardiac status. IEEE Trans Biomed Eng 28: 553-567.
3. Weber KT, Janicki JS (1979): The heart as a muscle pump system and the concept of heart failure.
Am Heart J 98: 371-384.

4. Dewysen BA (1977): Parameter estimation of a simple model of the left ventricle and of the
systemic vascular bed with particular attention to the physical meaning of left ventricular
parameters. IEEE Trans Biomed Eng BME-24: 29-3i!.

5. Beyar R, Sideman S (1984): Model for left ventricular contraction combining the force length
velocity relationship with the time varying elastance theory. Biophys J 45: 1167-1177.

6. Arts T, Reneman RS, Venstra PC (1979): A model of the mechanics of the left ventricle. Ann
Biomed Eng 7: 299-318.

7. Arena DJ, Ohley WJ (1983): Analysis of left ventricular mechanics during filling isovolumic
contraction and ejection. IEEE Trans Biomed Eng BME-30 1: 35-42.



338

8. Perl M, Horowitz A, Sideman S (1986): A comprehensive model for the simulation of left
ventricle mechanics. IEEE Med and Bioi Eng & Comput 24: 145-156.

9. Heethar RM, Pao YC, Ritman EL (1977): Computer aspectsofthree dimensional finite element
analysis of the stresses and strains in the intact heart. Comp & Biomed Res 10: 271-285.

10. Azhari H, Beyar R, Gzenadier E, Dinnar U, Sideman S (1987): An analytical descriptor of 3-D
geometry. Application to the analysis of the left ventricle shape and contraction. Trans Biomed
Eng (in press).

II. Schnittger I, Fitzgerald PJ, Gordon P, Alderman EL, Popp RL (1984): Computerized quantita
tive analysis of wall motion by two dimensional echocardiography. Circulation 70(2): 242-254.

12. Moynihn PF, Parisi F, Feldman CL (1981): Quantitative detection of regional left ventricular
contraction abnormalities by two dimensional echocardiography: I) analysis of methods. Circula
tion 63(4): 752-760.

13. Walley KR, Grover M, Raff GL, Benge JW, Hannaford B, Glantz SA (1982): Left ventricular
dynamic geometry in the intact and open chest dog. Circulation 50(4): 573-589.

14. Streeter DO, Spotnitz HM, Patel DP, Ross J, Sonnenblick EH (1969): Fiber orientation in the
canine left ventricle during diastole and systole. Circ Res 24: 339-347.

15. Wong AYK (1973): Myocardial mechanics: application of sliding-filament theory to isovolumic
concentration of the left ventricle. J Biomech 6: 565-581.

16. Yoran C, Covell JW, Ross J Jr (1973): Structural basis for the ascending limb of left ventricular
function. Circ Res 32: 297-303.

17. Spotnitz HM,Sonnenblick EH, Spiro D (1966): Relation of ultrastructure to function in the intact
heart: Sarcomere structure relative to pressure volume curves of the intact left ventricles of dog
and cat. Circ Res 18: 49-65.

18. Hussy M (1975): Diagnostic ultrasound. B1ackie & Son Ltd, Glasgow p. 148.
19. Taylor RR, Ross J, Covell JW, Sonnenblick EH (1967): A quantitative analysis of left ventricular
myocardial function in the intact, sedated dog. Circ Res 21: 99-115.

20. Mashima H (1984): Force- velocity relation and contractility in striated muscles. Jpn J Physiol34:
1-17.

21. O'Rourke MF, Yaginuma T, Avolio AP (1984): Physiological and pathological implications of
ventricular/vascular coupling. Annals Biomed Eng 12: 119-134.

22. Streeter DO, Hanna WT (1973): Engineering mechanics for succesive states in canine left
ventricular myocardium. 1- Cavity and wall geometry. Circ Res 23: 639-655.

23. Suga H, Sagawa K (1974): Instantaneous pressure-volume relationships and their ratio in the
exercised supported canine left ventricle. Circ Res 35: 117-126.

24. Vatner S (1986): personal communication.
25. Rushmer RF (1972): Organ physiology. Structure and function of the cardiovascular system. WB
Saunders Comp, Philadelphia, PA, p. 53.

26. Rankin JS, McHale PA, Arentzen CE, Ling D, Greenfield JC, Anderson RW (1978): The three
dimensional dynamic geometry of the left ventricle in the conscious dog. Circ Res 39: 304-313.

27. Berne RM, Levy MN (1967): Cardiovascular physiology. CV Mosby Publ, St Louis, Chapter 2,
pp. 17-19.

28. Beyar R, Sideman S (1984): A computer study of the left ventricular performances based on fiber
structure, sarcomere dynamics and transmural electrical propagation velocity. Circ Res 55: 358
375.

29. Pollack GH, Krueger JW (1978): Myocardial sarcomere mechanics: Some parallels with skeletal
muscle. In: Baan Y, Noordergraaf A, Raines J (eds) Cardiovascular system dynamics. MIT
Press, Cambridge, pp. 3-10.



339

Discussion

Arts: Do you introduce torsion into the model?
Beyar: It is possible to include the torsion into the model in these helical
coordinates. Although the torsion is not shown here, it can be included in the
calculation.
Marcus: What has been done to verify the results predicted by the model?
Azhari: Global LV performance has been verified as shown in the paper. It is also
potentially possible to verify the 3-D geometrical prediction by quantitatively
estimating the similarity of two 3-D geometries using the helical coordinate
system. However, in order to do so, one has to supply accurate dynamic 3-D
geometrical data obtained experimentally for a heart which is excited in a certain
configuration. Should such data be available, the predicted LV 3-D geometry
could be examined.
Bassingthwaighte: What can also be done is to test the model by attempting to fit
data obtained under special or extreme conditions. Then you can see if the
experiment matches the predictions.
Lab: If you had an infarct in the model it would affect excitability and you would
also get mechanical dyskinesis. Would it be difficult to model this? Would it shift
the pressure-volume relationship? This would be a very useful model if it did.
Azhari: It is possible to insert an infarct, or other abnormal myocardial proper
ties, to the model. However, since the model utilizes a kinematic assumption
regarding lateral contraction, one should check very carefully before doing so,
and verify the validity of such an assumption to the abnormal heart.



20. The mechanical effects of the pericardium on
the left ventricle

J.V. TYBERG

Abstract

Evidence is reviewed which shows that pericardial hydrostatic (liquid) pressure is
an inappropriate and sometimes seriously inaccurate measure of the mechanical
effect of the pericardium on left ventricular diastolic filling. The appropriate
measure, so-called pericardial surface pressure, is approximately equal to right
ventricular diastolic pressure under many circumstances. Thus, the constraint
exerted by the pericardium is much more significant than previously appreciated.
Studies also suggest that effective left ventricular preload (i.e., transmural end
diastolic pressure) can be estimated by subtracting right ventricular from left
ventricular diastolic pressure.

Introduction

The recent resurgence of interest in the role of the pericardium in health and
disease is related to the magnitude of pericardial pressure. As recently as 1983
Spodick [1] succinctly summarized the consensus opinion in a special article for
the inaugural issue of the Joumal of the American College ofCardiology. He re
ferred to the pericardium'... as a fluid-filled chamber at slightly subatmospheric
pressure ... ' and later stated that' ... pericardial pressure is approximately equal
to and varies with pleural pressure ... ' and that '. .. the normally negative
pericardial pressure produces a [LV] distending pressure that is higher than
intracavitary pressure ... '. Although earlier physiologists had notably elucidated
the physiology of the pericardium [2-5], the position most commonly supported
was the interpretation resulting from the experiments of Kenner and Wood [6].
Using liquid-filled, open pericardial catheters in intact dogs they obstructed the
pulmonary arterial outflow, raised right atrial pressure considerably (:::::::30
mm Hg) and demonstrated that pericardial pressure remained near 0mm Hg and
did not change systematically as a function of right atrial pressure. Accordingly,
the opinion developed that the size of the heart could be varied dramatically
without making pericardial pressure different from the generally accepted value
of pleural pressure. Thus, there seemed no reason to consider the effect of the
pericardium in the hemodynamic analysis of congestive heart failure.
The objectives of this discussion are, first, to examine the newer evidence
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which brings the previously prevailing concensus position into question and,
second, to consider some reinterpretations of the role of the pericardium if,
indeed, pericardial pressure is sometimes much greater than heretofore appreci
ated.

Surface pressure vs. liquid pressure

The hemodynamic significance of the pericardium obviously depends upon the
magnitude of pericardial pressure, as discussed above. The magnitude of pericar
dial pressure depends upon the techniques used to measure it and these, in turn,
depend upon our concept of pericardial pressure.
A cardiologist or a cardiovascular physiologist generally assumes that 'pres

sure' can be measured with a liquid-filled catheter and a conventional pressure
transducer, of course, for good reason. Pressure is a stress that is uniform in all
directions [7], this relation being known as Pascal's Law. This definition is critical
to our reasoning about the concept of pericardial pressure. While it is obvious
from common experience and from experimental observations [6] that the peri
cardium is not normally distended, the possibility remains that there may be
significant, radially-directed forces exerted between the ventricular epicardial
surface and the pericardium. This possibility is, perhaps, best illustrated by a
consideration of the human knee joint [8]. While the pressure of the liquid in the
joint space has been found to be near atmospheric pressure [9], the average force
per unit area of the common articular surface can be estimated to be equivalent to
nearly 10 atmospheres. Obviously, the atmospheric pressure of the synovial fluid
has no important relation to the mechanics of the joint. By analogy, I suggest that
the pressure of the liquid in the pericardium may not be the most relevant
parameter by which to assess the mechanical effect of the pericardium on ven
tricular diastolic filling.
A very similar problem was solved several years ago by Agostoni and Mead and
their coworkers - the interaction between lung and chest wall [10, 11]. They
defined the term 'surface pressure' and stated that it is equal to 'liquid pressure'
(i.e., the conventionally measured pressure of a fluid) plus 'deformational forces'
which can be taken as radially directed, compressive, contact stress. (This defi
nition represents a significant semantic problem since 'surface pressure' does not
fulfill the definition of pressure given above.) The evidence discussed below
suggests that 'surface pressure' is the appropriate measure of the mechanical
effect of the pericardium.

It was reasoned [12] that a static force balance could be constructed for the LV
endocardial surface at end diastole (and at any other time when motion, and thus
inertial and viscous forces, could be neglected) (see Figure 1). If this is true,
effective pericardial pressure must be equal to the difference between LV intra
cavitary pressure and transmural pressure. Fortunately, if one assume that there
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Figure 1. Static equilibria at end diastole. On the right, the LV intracavitary pressure (PLV) is exactly
opposed by the sum of the transmural pressure of the LV free wall (PLV(TMI) and the effective
pericardial pressure (PPlL»' In the center. the LV intracavitary pressure is exactly opposed by the sum
of the transseptal pressure (PTS) and the RV intracavitary pressure (PRV)' On the left, the RV
intracavitary pressure is exactly opposed by transmural pressure of the RV free wall (PRVlTMI) and the
effective pericardial pressure exerted on the surface of the RV (Pp(R»' (Reproduced with the
permission of the publisher [12J.)

is a constant relationship between ventricular transmural pressure and volume
(i.e., that the distensibility of the ventricle is not changed by removing the
pericardium) it is possible to directly measure LV transmural pressure as a
function of volume after the pericardium has been removed [13]. Thus, the
effective pericardial 'pressure' at any ventricular volume is equal to the difference
between the end diastolic LV intracavitary pressure recorded when the pericar
dium is intact and that same pressure (at the identical volume) after the pericar
dium has been removed and any contact with the lungs prevented (see Figure 2).
We then undertook to compare two technical approaches to the measurement
of pericardial pressure - an open, liquid-filled, multiple-side-hole catheter and a
transducer consisting of a flat liquid-containing balloon connected to an external
manometer [5] - to each other and, more importantly, to the effective pericardial
pressure estimated by the rationale just described [13]. We showed that when all
the liquid is removed from the pericardium the pressure measured with an open
catheter is virtually zero while pericardiaI surface pressure (as measured with the
balloon) can be very significant in relation to intracavitary pressure. Perhaps this
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Figure 2. Schematic diagram indicating the means of calculating effective pericardial pressure over the
free wall of the left ventricle. The top line represents the diastolic portion of the pressure-diameter
(sonomicrometry) loop with the pericardium intact (peric. +). The bottom line represents the loop
recorded after the pericardium had been removed (peric. -) and the lungs prevented from touching
the heart. Note that the end diastolic diameters are identical. The end diastolic pressure of the bottom
loop represents the LV transmural pressure. Therefore, the vertical distance between the two loops
represents the effective pericardiaI pressure. (Compare Figure 1.) (Reproduced with permission of
the American Heart Association (13].)

was best illustrated when, near the end of the experiment, we made several small
incisions in the pericardium. The liquid (50 ml) escaped and pressure measured
with the open catheter fell to zero. However, pericardial surface pressure re
mained significantly high (see Figure 3).

If pericardial surface pressure is equal to liquid pressure plus contact stress and
if contact stress is different at different locations over the surface of the heart (as
would seem obvious from a priori geometrical and mechanical considerations), it
follows that pericardial surface pressure can vary over the surface of the heart.
We recently demonstrated this by measuring pericardial surface pressure over the
right and left ventricular free walls [14]. We compared the changes in these
pressures during volume loading and during pulmonary artery constriction (cf.
[6]). Whereas the change in right ventricular pericardial surface pressure was
equal to that over the left ventricle when the heart was expanded rather sym
metrically as a result of increasing the circulating blood volume, pulmonary artery
constriction results in a large increase in RV pericardial surface pressure but an
actual decrease in LV pericardial surface pressure. We offered two explanations:
1. pulmonary artery constriction decreases 'venous return' to the left ventricle
(LV preload decreased) and

2. the mechanical attachments of the heart and pericardium may be sufficient to
prevent leftward motion of the heart (which would allow the respective
pericardial surface pressures to equalize).

More recently, LeWinter and his colleagues have confirmed that surface pres
sures vary in different locations [15].
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Figure 3. Data showing the effect on pericardial pressure of making several small incisions in
pericardia originally containing 50ml of saline. The LV end diastolic pressure at the beginning of the
experiments was 20 ± 2mm Hg. While pericardial liquid pressure (open catheter) was equal to
pericardial surface pressure (balloon) and to calculated effective pericardial pressure at the beginning
of the experiment, draining the pericardium caused pericardial liquid pressure to approach zero.
Although manipulation of the heart caused pericardial surface pressure to decline it stayed equal to
the calculated effective pressure, thus indicating that only a balloon or similar device can measure
pericardial constraint in an unsealed pericardium. (Reproduced with permission of the American
Heart Association (13).)

Thus, two comments must be made about the observations of Kenner and
Wood [6]. First, in principle, pericardial constraint cannot be assessed with an
open catheter and, if the pericardium does not contain sufficient liquid, the
disparity between liquid pressure and surface pressure may be very significant
hemodynamically. Second, an assymetrical expansion of one side of the heart
(e.g., pulmonary artery constriction) may not increase the pericardial surface
pressure over the contralateral ventricle.
As apparent in Figure I, if the elastic properties of the interventricular septum
are similar to that of the LV free wall and if the transmural pressure of the right
ventricle is relatively small, right ventricular diastolic pressure must be approx
imately equal to pericardial pressure. In dogs we have shown that mean diastolic
pericardial surface pressure over the left ventricular free wall is approximately
equal to right ventricular mean diastolic (and right atrial) pressure [16]. Recently,
we demonstrated a similar relationship in patients studied at the beginning of
elective cardiac surgery [17]. As shown in Figure 4, in each case the change in
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Figure 4. Mean right atrial pressure vs mean pericardial surface pressure recorded with a balloon
placed between the LV lateral free wall and the parietal pericardium. In 9 patients the balloon was
inserted through a 2cm pericardial incision immediately after sternotomy and before intravenous
saline infusion. In each patient the change in mean right atrial pressure was equal to the change in
mean pericardial surface pressure. Furthermore. except in patient 5. mean right atrial presssure was
approximately equal to the mean pericardiaI surface pressure. (Reproduced with permission of he
American Heart Association (17).)

mean right atrial pressure was exactly the same as the change in mean pericardial
surface pressure recorded from the LV lateral free wall. In addition, the absolute
magnitudes seemed virtually identical.
These findings imply that RV transmural pressures are negligible over the
range studied. This somewhat surprising finding requires further study. For
example, the relationship between RA and pericardial pressure should be deter
mined in patients with RV hypertrophy.
Thus, these observations in patients which confirm previous experimental
work suggest a strategy to be tried in evaluating the cardiac performance of
patients. If mean right atrial or right ventricular diastolic pressure is a useful
indicator of the pressure external to the left ventricle, these quantities can be
subtracted from left ventricular filling pressure to estimate transmural pressure,
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end diastolic transmural pressure being the best measure of preload. Of course,
preload determines end diastolic volume which, in the absence of changes in
contractility, predicts systolic performance according to the Frank-Starling Law.

Clinical implications

In the case of pericardiaI tamponade, pericardialliquid pressure (i.e., the pres
sure measured through the draining cannula) represents the effective external
constraint to left ventricular diastolic filling. However, our recent work suggests
that this is not always true as the effusion is drained [8]. As the pericardial (liquid)
pressure falls below right atrial pressure others [18, 19] have shown that left
ventricular performance no longer improves. We showed in dogs that when the
pressures diverge pericardial surface pressure remains high and equal to right
atrial pressure. Therefore, it seems that right atrial pressure is the best measure of
effective pericardial pressure in the case of pericardial effusion as well. When the
effusion is considerable, right atrial pressure is equal to pericardialliquid pressure
(which is equal to surface pressure under these circumstances since, when the
heart is suspended in a larger volume of liquid, the compressive contact stress is
negligible). Most importantly, however, right atrial pressure continues to reflect
effective pericardial constraint even after removal of fluid causes the pericardio
centesis catheter pressure to significantly underestimate pericardial surface pres
sure. These conclusions need to be verified in patients in which pressures,
volumes and systolic performance are measured simultaneously.
While rate-related changes in diastolic 'compliance' [20] in the presence of
ischemia [21] have been shown to be caused by very transient changes in the
distensibility of the myocardium [22], the shifts in the diastolic pressure-volume
relationships which are seen in patients with a degree of congestive heart failure
and which follow the administration of certain vasoactive drugs [23, 24] have not
been explained. Recently, we gave nitroglycerin and empirically employed the
analysis outlined above in patients who were shown at cardiac catheterization to
have minimally elevated end diastolic pressure [25]. We confirmed the earlier
observations by demonstrating that nitroglycerin produced a statistically signifi
cant parallel downward shift in the LV diastolic pressure-volume relationship.
However, when the estimated transmural diastolic pressure-volume relationships
(i.e., transmural LV pressure :::::LV intracavitary pressure -RV pressure) were
compared, there was no evidence of a shift in the pressure-volume relationship
early and late diastolic points both before and after nitroglycerin all appeared to
fall on the same curve.
The fact that vasodilators such as nitroglycerin and nitroprusside can shift the
left ventricular pressure-volume relation is important hemodynamically; regard
less of whether or not this is caused by an unappreciated reduction in pericardial
surface pressure. While the therapeutic benefit of agents which are effective in
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both lowering LV filling pressure andmaintaining (sometimes increasing) cardiac
output is universally appreciated, this was difficult to explain since it was assumed
that the reduction in LV intracavitary diastolic pressure meant a decrease in
preload which would diminish performance (on the basis of the Frank-Starling
Law). The parallel downward shift in the diastolic pressure-volume relationship
means that end diastolic volumes does not decrease nearly as much as would have
been expected, assuming a single, unchanging curve. Thus, while the decreases in
arteriolar resistance undoubtedly help to maintain output, the maintenance of
preload perhaps caused by the reduction in pericardial constraint may playa
critical role [26].
During the past several years much of the work related to the so-called diastolic

function of the heart has focussed on abnormalities in isovolumic relaxation of the
left ventricle. Much of that work has employed the original semilogarithmic
analysis of Weiss and Weisfeldt [27] to characterize isovolumic relaxation by tJl2 ,

the half time of the pressure decline. Studies in patients with cardiomyopathy or
congestive neart failure have indicated that till is elevated from normal values of
40-50msec to values of 60-80 msec and that agents which lower filling pressure
tend to reduce till toward normal. We have shown that as pericardial pressure is
elevated by means of pericardiaI effusion till (as calculated from the slope of the
semilogarithmic pressure decay) falls [28]. This is intuitively predictable since the
addition of a constant (e.g., pericardiaI pressure) must decrease the slope because
of the fundamental non-linearity of the logarithmic relation. While we also
showed that newer analytical approaches [29, 30] are statistically independent of
changes in pericardial pressure, there was considerable scatter in these data.
Assuming that pericardial surface pressure affects tIll in a similar way, it may be
necessary to re-evaluate this literature.

Conclusion

In summary, I have reviewed evidence which suggest that the hemodynamic role
of the pericardium may be much greater than previously appreciated. This
conclusion depends critically on our conception of pericardial pressure and, if one
can assume a static balance of forces at end diastole, the previously accepted
measurements of pericardialliquid pressure are, in principle, irrelevant and, in
practice, inaccurate as indicators of the mechanical effect of the pericardium on
left ventricular diastolic filling. Our early studies in patients have suggested that
in order to reliably estimate changes in effective LV preload (i.e., transmural end
diastolic pressure) pericardial constraint must be accounted for. The empirical,
simple relation between right ventricular filling pressure and pericardial surface
pressure may prove to be a valuable tool.
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Discussion

Welkowitz: Rather than relating the results to artificial pressures, you may want
to use a multiple shell model. This approach is feasible since the left ventricle is a
shell enclosing a varying liquid volume. The multiple shell structure is useful, at
least for some geometries, to calculate the movement of the heart. These calcu
lations can then be compared with measurements.
Tyberg: This certainly sounds like a plausible approach which should be tried.
Ritman: Are most of your measurements done in open chests? Your point
regarding balloon pressure vs. fluid pressure are well made. I am concerned
about the open chest because the heart changes volume, relative to the heart in
the closed chest, and the loss of mechanical interaction between the heart and
lungs should alter ventricle to atrium interaction.
Tyberg: Most of our measurement are done in acutely prepared, anesthetized
dogs in which we reclose and seal the chest under suction. Certainly, these
observations require confirmation in more intact preparation.
Perl: If I need to assume pressure distribution in the pericardium and outside
wall, what would you suggest as a first approximation? Will it follow the atrial
pressure at all times?
Tyberg: I suggest using right ventricular diastolic pressure [25] or mean right atrial
pressure [17] as a first approximation for pericardial constraint sinc\; right ven
tricular filling pressure is approximately equal to mean pericardial surface 'pres
sure' over the free wall of the left ventricle. This surface 'pressure' may be
different over different areas of the heart, as one might expect. However,
important differences have been shown only under rather extreme, transient
conditions (e.g., severe constriction of either the aorta or pulmonary artery). [14,
15].
Lanir: One way to estimate the effect of the pericardium will be to measure the
deformation of the pericardium. This will give you the idea on the stresses that
develop there and if you know the geometry, you can get some estimate of the
forces exerted by the pericardium on the myocardium.
Tyberg: Of course, you are correct in principle. While we have chosen to make a
more direct measurement (with its own intrinsic limitations) we would be very
interested to compare the results of such a different but complementary ap
proach.



21. Conversion of fiber stress to global left
ventricular pump work

T. ARTS and R.S. RENEMAN

Abstract

In the present study, muscle fiber stress (T,) and strain in the wall of the left
ventricle is expressed as a function of left ventricular pressure (PI.) and the ratio of
cavity volume (VI.) to wall volume (Vw). Muscle fiber stress is assumed to be
homogeneously distributed within the wall. The left ventricle may be represented
by a thick-walled cylinder as well as by a thick-walled sphere. For both cases: T, =
3PI.!1 n(1 + VjVI\.). From the latter equation, a relation is derived between cavity
volume and fiber strain. The ratio of cavity to wall volume appears to be the only
relevant geometric parameter. The real geometry of the left ventricle is close to
an ellipsoid, which is in between a cylindric and a spherical geometry. So, the
relation found may be valid for a wide variety of realistic cardiac shapes. Fiber
stress calculated with the present model appears to be 1.5 to 2 times higher than
circumferential stress calculated with existing models, depending on the assumed
geometry. This difference is in agreement with our current understanding of fiber
stress in relation to circumferential stress.

Introduction

The left ventricle is a cavity, enclosed by a muscular wall (Fig. 1). Contraction of
the wall is triggered by depolarization of the myocardial tissue. Then stress in the
muscle and, hence, left ventricular cavity pressure increases. When left ventricu
lar pressure reaches the level of aortic pressure, the aortic valve opens and
ejection of blood occurs. During the ejection phase the left ventricle generates
pump work, as indicated by cavity pressure being positive while blood volume is
expelled. This work is generated by the muscle fibers in the wall. The decrease of
left ventricular cavity volume during ejection is directly related to shortening of
the muscle fibers in the wall. So, during the ejection phase these fibers generate
mechanical work, associated with a positive stress while the fibers shorten. After
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Figure 1. Schematical representation of the heart (left panel), and the simplification of the left
ventricle (LV) to a cylinder attached to a half a sphere (right pannel). AO = aorta, RV = right
ventricle, S = septum, MV = mitral valve. The arrows denote muscle fiber orientation.

ejection stops, the aortic valve closes and left ventricular pressure drops steeply to
a low diastolic level. Filling of the left ventricle by mitral inflow is associated with
much less work, because in this situation left ventricular pressure as well as
muscle fiber stress are relatively low.
Understanding the mechanism of conversion ofmuscle work to pump work in a

quantitative sense requires investigation of the relation between muscle fiber
stress and strain on the one hand, and left ventricular cavity pressure and volume
on the other. Because it is nearly impossible to measure muscle fiber stress
directly, a variety ofmathematical models have been developed to estimate stress
in the wall. A review of such models was given by Yin [1]. In these models
generally assumptions are made about geometry and material properties. The
simplest models assume a thin-walled geometry obeying LaPlace's law [2]. A
more realistic approach is the introduction of a thick wall, enabling the consider
ation of transmural differences in stress. A model, estimating mid-wall stress at
the equator of a pressurized thick-walled prolate ellipsoid was developed by
Sandler et al. [3] and improved by Falsetti et al. [4]. Recently, Kim et al. [5]
described a solution for stresses everywhere in a thick-walled ellipsoid. A more
accurate description of the geometry of the left ventricle required application of
finite element analysis [6, 7, 8J. The above mentioned models predicted stress to
be significantly higher in the subendocardial than in the subepicardial layers,
often a factor of two or more. However, when introducing anisotropic properties
of the myocardium, arranged according to anatomical findings on muscle fiber
directions in the wall of the left ventricle [9, 10, 11), fiber stress appeared to be
much more homogeneous. When adding freedom of torsion of the left ventricle
around its long axis, a further decrease in stress inhomogeneities is observed [12,
13J. Taking into account loading of the left ventricle by the free wall of the right
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ventricle further diminishes these inhomogeneities [14].
The more realistic the simulations, the less arguments are left to assume that
muscle fiber stress is inhomogeneously distributed over the various structures of
the left ventricle. Deviations from the average are suggested to be less than
±1O%.
In this study we take the average of muscle fiber stress and strain to be
representative of the whole left ventricle. The relation between left ventricular
pressure and volume on the one hand, and muscle fiber stress and strain on the
other will be approached by considering anisotropy of the wall. An indication of
the importance of geometrical factors is obtained by deriving the relation for a
spherical as well as a cylindrical geometry. It is expected that the behavior of the
more realistic prolate ellipsoidal geometry is somewhere in between these two
extremes. Finally, experimental data are compared with some predictions of the
model.

Fiber stress in a thin wall enclosing a pressurized cavity

In the model, myocardial material is considered to be a soft incompressible
material, imbedding parallel muscle fibers. During systole when fiber stress is
high, deviatoric stresses in the soft tissue may be neglected. Then for the principal
stress component along the fiber direction (°1) and both components perpendicu
lar this direction (°2 and °3), it holds:

0(= -P+Of'

02 =03 = -p, (1)

where p represents hydrostatic pressure of the soft tissue and Of is the stress born
by the fibers. .
In a thin wall, the fibers are directed parallel to the surface. Let us assume the

fibers to have an angle ~ with the circumferential direction, then for the circum
ferential (oce) and the axial component (ozz) related to fiber stress, it holds:

(2)

From (2) it follows by adding:

(3)

Thus, the sum of two perpendicular fiber stress components is always equal to
fiber stress, independent of the actual fiber orientation.
In a thin-walled sphere with cavity Vc and wall volume Vsh ' the two perpendicu-
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lar stress components (oce' oz'> in the wall depend on internal pressure (Pi) by:

_ _ 3Vc
°cc - ozz - Pi 2V.

sh

After substitution of (4) into (3), for fiber stress it follows:

-3 VcOf- Pi~·
sh

Analogously, in a cylinder, the axial and circumferential stress is:

(5)

(6)

(7)

(8)

(9)

After substitution of (6) into (3), the fiber stress (5), appears to hold.
Thus, for a sphere as well as for a cylinder, the ratio of fiber stress to internal
pressure appears to be determined by the ratio of enclosed volume to shell
volume, as expressed by (5). The shape of the left ventricle may be represented by
a bullet, consisting of half a sphere attached to a cylinder with the same radius
(Fig. 1). Because (5) holds for a sphere as well as a cylinder, it also holds for all
combinations of both shapes. So, (5) might be quite universal and applicable to
the left ventricle as well.

Fiber stress in a thick wall enclosing a pressurized cavity

The relation between muscle fiber stress and cavity pressure (PI.) in a thick-walled
left ventricle is found by integration of pressure increments associated with a
sufficient number of thin-walled shells from the outer to the inner wall:

_ rVlv+VW dV
Plv - Of J, 3\1'

Vlv

where Vlv and Vw represent left ventricular wall and cavity volume, respectively.
After integration of (7) and rewriting for fiber stress it follows:

Of = 3PI) In (1 + ~::).

Using the principle of conservation of energy, saying pump energy is equal to
muscle fiber work in the wall, the following relation is found [14J:

V ~=Ph
\V dV,v Of'
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where e f represents muscle fiber strain. Substitution of the ratio of left ventricular
pressure to fiber stress, as expressed by (8), into (9), followed by integration with
respect to left ventricular volume, results in:

1
ef =T [(l +X) In(l +X) - X In(X»). (10)

where X =V1jVw' Thus, muscle fiber mechanics in the wall of the left ventricle
are related to left ventricular pressure and volume as described by (8) and (10).
The related functions are shown in Figs 2 and 3, respectively.
In the present study epicardial muscle fiber strain, as measured directly, is

compared to the value of this strain as calculated by (10) from the change in left
ventricular volume during the ejection phase. Moreover, for a normal cardiac
cycle as well as for an isovolumic contraction a fiber stress - fiber strain loop was
calculated from a pressure - volume loop using (8) and (10).

Experimental set-up

The experiments were performed on 4 mongrel dogs weighing 25-34 kg. The
animals were premedicated with Hypnorm (1 ml Hypnorm contains 10mg fluano
son and 0.2 fentanyl base). Anesthesia was induced by pentobarbital sodium
(10 mglkg IV) and after endotracheal intubation was maintained by oxygen and
nitrous oxide. Ventilation was kept constant with a positive pressure resperator
(Pulmomat). The chest was opened through the left fifth intercostal space, and
the heart was suspended in a pericardial cradle. Ascending aortic pressure was
measured via the carotid artery with a catheter connected to a pressure trans
ducer (Ailtech). Left ventricular pressure was measured with a catheter-tip
micromanometer (Millar) inserted through the femoral artery. Deformation of
the epicardial surface of the free wall of the left ventricle was measured with an
inductive system using a triplet of coils as transducer system [15]. In this way
recordings of circumferential strain (ecJ, base to apex strain (ezz) and shear (ezJ
were obtained simultaneously.
During the experiment, various levels of hypervolumia were induced by admin
istration of saline. Thereafter, various levels of hypovolumia were induced by
venous bleeding. Isovolumic contractions were obtained by quick banding of the
aorta during the preceding diastolic phase. The experiment was terminated by a
letal dose of KCI. The heart was removed and the ventricles were dissected from
the atria. Left ventricle and septum were separated from the right ventricular free
wall and weighed separately.
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normalized to wall volume.
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Data analysis

During the ejection phase muscle fiber strain at the epicardial surface ef.cpi can be
determined by calculating strain along the direction with maximal shortening
according to Prinzen et al. [16]:

(11)

Assuming that, in the control situation, the end-diastolic left ventricular cavity
volume (Vlv . Cd) equals 54% of wall volume, the total volume enclosed by the
epicardial surface of the left ventricle is equal to 1.54 times left ventricular weight
divided by the specific tissue density. During the ejection phase this volume
decreases. Assuming contraction of the free wall of the left ventricle to be
representative of that of the whole ventricle, and wall volume to be constant, it
holds [14]:

(12)

where ev = ezz + 2ecc ' The index ed denotes the end of diastole during the control
situation.
To find average muscle fiber strain in the wall, the result of (12) was substituted
into (10) for the beginning and the end of the ejection phase. Pressure volume
curves associated with a cardiac cycle were constructed by application of (12).
Fiber stress - fiber strain loops were obtained by applying (8) and (10). Using the
observation that average sarcomere length in a passively inflated left ventricle at
12 mmHg is equal to 2.12 J..tm [17), a sarcomere length scale was plotted along the
axis of fiber strain.

Results

Figure 4 illustrates typical recordings of a cardiac cycle with normal contraction
(solid lines) and with isovolumic contraction (dotted line). The beginning of the
ejection phase is indicated by the crossing of the aortic (dashed line) and left
ventricular pressure (solid line) tracings. During the ejection phase, circumferen
tial strain, base to apex strain and shear change gradually. During isovolumic
relaxation, fast changes of the deformation parameters occur. During an iso
volumic cardiac contraction (dotted line), deformation is less pronounced than
during an ejective beat, and left ventricular pressure rises to a much higher level.
In Fig. 5 muscle fiber strain, as estimated from left ventricular volume using

(10) is plotted as a function of muscle fiber strain as measured at the epicardium.
Different symbols refer to different conditions of ventricular filling. The data
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cover a wide range and they are all close to the line of identity.
Figure 6 shows pressure volume loops derived from the tracings in Fig. 4, for a
normal ejective beat (solid line) and an isovolumic contraction (dots). Figure 7
shows fiber stress - fiber strain plots of the same beat. Fiber stress during
isovolumic contraction appears to be more than twice the maximum fiber stress
during an ejective beat. The magnitude of fiber stress during isovolumic con
traction is 97 kPa (9.7 glmm2) at an estimated sarcomere length of 2.1J.tm. This
value is close to the value found in isolated muscle during isometric contraction at
that sarcomere length [18, 19]. During the ejection phase, fiber stress decreases
approximately linearly with fiber strain, whereas left ventricular pressure is
relatively independent of cavity volume. During isovolumic contraction and
relaxation, changes in cavity volume and sarcomere length are visible.
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Figure 5. Fiber shortening as calculated from left ventricular volume by (10). plotted as a function of
fiber shortening as measured directly at the epicardial surface of the anterior free wall of the left
ventricle. During the experiments (N = 4) volume load of the left ventricle was varied. The diagonal
indicates identity.
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Figure 6. Pressure-volume plot of the left ventricle. during a normal cardiac cycle (solid line) and an
isovolumic one (dotted line). These data are derived from the curves represented in Fig. 2. Volume
was calculated from epicardial deformation by (12).
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Discussion

Several models have been developed to relate wall stress to cavity pressure. In
Fig. 2 the results of these models are compared with the model described above.
Sandler et al. [3J calculated circumferential wall stress in a prolate thick-walled
ellipsoid at the equator. Falsetti et al. [4J improved the latter equation. Recently,
for a prolate ellipsoid, Kim et al. [5J presented a more general equation. At the
equator the latter equation simplifies to Falsetti's model of the ellipsoid. As
shown by (3), (4) and (6) fiber stress is larger than circumferential stress, and the
proportionality factor depends on the actual geometry. When assuming for the
ratio of long axis length to short axis length a value of 2, the ratio of circumferen
tial stress to wall stress is calculated to be 0.64, which value fits the ratio, as
derived from the data in Fig. 2, reasonably well. The lower curve in Fig. 2
represents circumferential stress as calculated for a thick-walled sphere [20). In a
sphere, the circumferential stress equals half the fiber stress (4), and Mirsky's
findings are also in reasonable agreement with those derived from our (8). Often,
circumferential stress and muscle fiber stress are poorly distinguished. However,
there is a considerable difference. Circumferential stress depends on the shape of
the cavity as well as the ratio of cavity volume to wall volume, whereas muscle



363

fiber stress appears to be independent of the actual shape of the cavity. Moreover,
when investigating muscle mechanics, fiber stress is of much more interest than
circumferential stress.

In the in vivo experiments, muscle fiber strain in the investigated area of the
epicardium was considered to be representative of the epicardium everywhere.
On this basis left ventricular volume was calculated from local epicardial defor
mation and in a next step average muscle fiber strain was calculated. In Fig. 4 it is
shown that during the ejection phase this strain is in close agreement with the
fiber strain, as measured directly at the epicardium. This finding suggests that the
model presented is accurate and that calculated mean fiber strain equals epicar
dial fiber strain at the anterior free wall of the left ventricle. The finding that mean
fiber strain is equal to fiber strain at an arbitrarely choosen area suggests homoge
neity of muscle fiber strain in the whole wall of the left ventricle.
As shown by the data in Figs 4 and 6, during the isovolumic contraction and
relaxation phases fast changes in epicardial deformation can be observed. Then
calculated volume appears to change despite isovolumia of the whole left ventri
cle. This discrepancy is likely to be caused by asynchrony of contraction and
relaxation in the wall, causing inhomogeneity of deformation during these
phases. For instance during relaxation, calculated volume decreases fastly at low
ventricular pressure. This may be explained by the fact that in the open chest
preparation the exposed epicardial surface is cooler than the rest of the heart,
resulting in a postponed relaxation especially of the epicardial fibers. As men
tioned above, these phenomena appear to be of minor importance during the
ejection phase.
Figures 6 and 7 show that pressure - volume loops can be converted to fiber

stress - fiber strain loops. Normal values of left ventricular pressure appear to be
associated with levels of fiber stress, normally found in experiments on isolated
muscle. In this respect, the relatively high values of fiber stress, as calculated by
our model, seems to be more realistic than the lower values of circumferential
stress as calculated with other models.

Conclusion

Muscle fiber stress and fiber strain in the wall of the left ventricle is expressed as a
function of left ventricular cavity pressure and the ratio of cavity volume to wall
volume. This relation appears to be insensitive to the actual shape of the ventri
cle, which may be a sphere, a cylinder or a combination of these shapes. Fiber
stress behaves like circumferential stress except for a scaling factor. The scaling
factor for circmferential stress depends on the shape of the ventricle. The value of
fiber stress, as calculated from left ventricular pressure and volume appears to
match the values, obtained in in vitro experiments on isolated muscle.
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22. An analysis of a vascular arborization model
for the microcirculation

C. ENG

Abstract

A model is constructed and analyzed where microspheres are conceptually used
to measure regional blood flow as well as to form 'controlled' emboli in the
branches and decrease regional blood flow. Depending on whether the ratio of
branching numbers is greater or less than unity, the model predicts that the
regional flows are related to the cumulative dose of emboli by convex or concave
relationships, and linear for equal branching. The analysis also yields the regional
density of the arterioles. Modifications and limitations are discussed.

Introduction

All circulations undergo extensive arborization from their origin in the aorta to
the capillaries that supply the nutritional substrates for the cells. The arborization
scheme is difficult to describe quantitatively. Qualitative ordering procedures
have been applied to describe the bronchial tree and neural dendrites. The
purpose of this preliminary communication is to describe methods in which
anatomic information may be derived from macroscopic, physiological measure
ments, without recourse to stereology.
The two macroscopic tools required for the experimental study are:

1. a means to measure regional blood flow, and
2. an ideal embolic probe.
Regional blood flow can be measured with the microsphere technique using
microspheres of 9-10 JLm in diameter. The ideal probe can be a larger micro
sphere of a known size or diameter that can be embolized into the vascular bed,
completely obstructing a certain number of arterioles. Regional blood flow will
be decremented depending on the number ofobstructed vessels. The procedure is
then repeated. It is assumed that the sampled regions for blood flow measure
ment contain a large number of arterioles.
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The analytical model

A vascular branching model is constructed as follows: in each region, there is a
certain number of arterioles of a given size. This arteriolar density is designated,
a j. Each of these feeding arterioles give off a certain number of branches, ~i' the
branching number index characteristic for the ith region. The total number of
post-arteriolar vessels is simply a j* ~j' Thus the a, ~,and a * ~ values can all vary
for different regions. The first assumption is that the flow to a given region is
proportional to the total post- arteriolar vascularity of the region. Thus, the flow
to one region is: fj= kaj~j, where k is a proportionality constant that converts
'vascularity' to flow, and contains the driving pressure of the system (assumed to
be constant during the experimental procedure). This constant is also assumed to
be the same for the regions, but can also be modified. A bolus of emboli, 6M, is
now injected into the circulation. These emboli lodge and obstruct arterioles of a
similar diameter as the emboli.
The distribution of the dose of emboli to the different regions is assumed to be
proportional to the relative flow received by the region. Thus, the proportion of
the total flow going to the ith region is: f/(total flow). The number or density of
emboli going to that region is: 6M * f/(total flow). These emboli obstruct the
arterioles and remove them from further participation to blood flow in that
region. Thus, a new arteriolar density in the region results after the bolus of
emboli: a j- 6M * f/(total flow). With a new arteriolar density, a new regional
flow can be calculated, based on the first assumption: f'j = ka';/3j, where f', a' are
the new regional flow and arteriolar densities. This iterative process can be
repeated for the next bolus of emboli. For small 6M, the process can be
approximated by a series of coupled differential equations. It is recognized that
the emboli are discrete and are not a continuous variable. For a two region model,
the equations are:

(1)

(2)

The solutions of these differential equations are of the form:

(3)

(4)

where Mm•• is the maximum number of emboli needed to produce zero flow (i.e.
obliterate the vascular bed) and A is a positive constant. Two terms are sub
tracted from Mm••: a negative term that is linear with the regional flow, and
another negative term that has the regional flow raised to a power, probably non
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integer. Depending on whether the ratio of branching numbers (~/~2) is greater
or less than unity, the solution of the model predicts that the regional flows are
related to the cumulative dose of emboli by convex or concave relationships. If
the branching numbers are equivalent in the two regions, the relationship is
linear.
Another differential equation can be derived, by simply dividing the two

coupled differential equations:

(5)

This differential equation which relates the two regional flows has a simple
solution:

(6)

(7)

where A is a positive constant.

This particular solution of the model provides experimentally testable relation
ships. If the model and the assumptions are reasonably correct, then the log
arithm of the regional flows should have a linear relationship. Furthermore, the
slope of the linear relationship should yield the ratio of branching numbers for the
two regions. This is an important anatomical insight provided by the model.
Another prediction of model solution is that the regional flows should converge
towards zero flow concomitantly at the end of the embolization process. Thus,
one region cannot have zero flow and the other region have some residual flow.
This is a testable prediction.
The density of arterioles in the different regions can be derived from the final
density (Mm,.) of emboli (which can be radioactively labelled). With knowledge
of the relative regional arteriolar density and the relative branching number, the
relative total vascularity for the regions can be determined. Embolic probes of
different sizes can be used to map out the arterial arborization scheme at other
levels of the circulation using a similar analysis. Of course the validity of the
assumptions in the model must be assessed at each level using the experimental
data.
Modifications of the general approach can be made at several points in the

analysis. As an example, a rheological factor can be readily accomodated. The
embolic probes may not behave ideally where there may be preference of the
emboli for a given region irrespective of the relative flow to the region. For the
two layer model described above, the amount of emboli distributed to layer 1
would become:
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(8)

where Q is a rheological factor that is bounded by O::::;Q::::;1. When Q=1, the
emboli would be distributed strictly according to the relative regional flow (ideal
probes). Smaller values indicate a greater rheological influence. Since 6M =
6M1+ 6M2:

(9)

The derivation of the differential equations follows a similar pattern. The solu
tion of relationship between the regional flows is of the form:

(10)

where r13 = ~t~l. This solution indicates that if the rheological factor is important
experimentally, the log-log relationship between the regional flows would be
non-linear. This aspect can be readily tested experimentally.

Discussion

The indirect physiologically derived anatomic data should be viewed as comple
mentary to more directly derived data. Although a morphometric confirmation is
desirable, and may be viewed as the 'gold standard', there are several potential
problems that must be resolved with such methods. The stereological treatment
of a continuously tapered cylindrical structure has not been addressed from a
theoretical viewpoint. Itmay be possible to approximate the vascular system as a
concatenation of non-tapered cylindrical structures of various diameters. Thus, in
oblique sections through vascular structures, the minor axis of the ellipse would
represent the diameter of the vessel. However, important assumptions must be
made with regards to the length of these cylindrical structures. They cannot be
assumed to be infinitesimally short since the actual stereological results will be
expressed in terms of 'length-density'.
Besides this theoretical problem, there is a practical problem of arbitrarily
grouping the data into diameter ranges. A continuous diameter histogram would
require an enormous amount of data measurements. The grouping interval must
be consistent with the theoretical assumptions. The stereological data will yield
regional length-densities with units of mm/cm3. It should be appreciated that this
result is not the same as frequency or density. The primary goal is to define how
many vascular pathways of a specified diameter occur in a given volume of tissue.
For ideal embolic probes, this is readily provided by Mmax • Length density is a
combination of both density and length of the vessels. Accordingly, the level of
the vasculature with a specified diameter, but with very short path length prior to
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arborization, would yield values of length density that underestimate the actual
frequency of these vessels. Thus, the combination of physiological and mor
phometric results are complementary. Both methods are subject to basic the
oretical assumptions and experimental constraints.
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Discussion

Bassingthwaighte: It is nice to see an attempt to get at the complexity of the
branching relationships. Such conceptual approaches are greatly needed, to
gether with data from anatomic studies on the branching angles, interbranch
distances, diameters, etc. of the arteries that make up the myocardial network.
Becker: Your transmural flow distributions are rather unphysiological. Epicar
dial flow is considerably greater than endocardial flow at baseline. I wonder if this
was caused by cannulation of the coronary artery. If so, could your results have
been affected?
Eng: The control endo/epi flow ratio was 0.7. I think this is due to the relatively
high heart rates in this study, about 145 beats/min.
Marcus: I wonder if they had it something to do with the cannulation of the
coronary artery.
Eng: I don't think so. In a maximally dilated vascular bed, the endo/epi flow ratio
is highly dependent on the heart rate. Bache and Cobb (Circ Res 41: 648-653,
1977) demonstrated this. Several other studies have endo/epi flow ratios during
maximal dilation similar or lower than our values (Cobb et aI., J Clin Invest 53:
1618-1625,1974; Johannsen et aI., Circ Res 50: 510-517, 1982).
Marcus: It seems to me that the results may be affected by the unphysiological
state of anesthetized unconscious dogs
Eng: If you look at the second intermediate stage of embolization, the endo/epi
flow ratio is now 1.2. You may consider this point as the 'beginning' of the
experiment. The results still show that epicardial flow decrements much more
rapidly than endocardial flow. I think the results are independent of the initial
conditions.
Marcus: I think it is due to the fact that you cannulated the arteries that gave an
intense maximal vasodilation.
In a normal awake dog, if you give an adenosine infusion, the endo/epi ratio will
always be less than 1 (about 0.9).



23. Delineating coronary hemodynamic
mechanisms by computer simulation

J.M. DOWNEY

Abstract

Simple computer models were used to gain insight into the complex hemo
dynamics of the coronary arterial system. Both the terminal arteries and the
collateral vessels were examined. It was proposed that oscillations in tissue
pressure as well as perfusion pressure would affect coronary flow through
1. vascular collapse when extravascular pressure exceeds intravascular pressure,
2. vascular capacitance when the transmural pressure in a vessel changes.
The role of each of these processes were clarified by producing a simple model of
each system which could be solved using numerical methods on a computer. The
models were then run under a wide variety of conditions to see if any model
specific responses could be identified. Once a model specific response was
identified, appropriate animal experiments were performed to see if that re
sponse could be demonstrated. Failure to observe the response disproved the
model, while observation supported it. A multi-leg vascular waterfall model
predicted a unique pressure flow curve for the coronary circulation which was
verified in the dog heart. Addition of a small vessel capacitance site near the
capillaries and upstream of the waterfall collapse site allowed the model to
duplicate phasic coronary flow under a wide variety of conditions. The collateral
circulation was modeled as a slightly pressure dependent resistance running
between the large branches which was unaffected by cardiac contraction. Be
havior predicted from a load line analysis of this model was demonstrated in the
dog heart.

Introduction

Two components contribute to the coronary resistance. These are conveniently
classified as the intravascular and the extravascular components. The intravascu
lar component results from smooth muscle tone in the coronary walls and is
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determined by the diameter of the patent coronary vessels. Intravascular resis
tance is under the influence of autoregulation and of the cardiac nerves. It can
also be modulated by pharmacological agents such as nitroglycerine. The extra
vascular component derives from outside the coronary vessels and is the result of
mechanical deformation of the coronary vessels as the heart contracts and relaxes.
While changes in the intravascular resistance are usually purposeful and repre
sent the effectors for the coronary control systems, the extravascular changes are
inescapable perturbations which the control systems must overcome. Early phys
iologists thought that the rythmic contractions of the heart might act to propel
blood through the coronaries by a muscle pump mechanism [1]. Sabiston and
Gregg disproved that theory, however, when they showed that asystole causes an
abrupt fall in total coronary resistance [2]. The fall in the resistance with arrest
was interpreted as removal of the extravascular resistance component which
occurs during systole. Repitition of that experiment using microspheres reveals
that the extravascular resistance is nonuniformly distributed across the heart wall
with a large component in the deep layers and a negligible component at the
subepicardium [3].
Pressure development in the ventricular lumen was found to be the primary
determinant of the gradient in extravascular resistance [4]. Thus, it was hypo
thesized that contraction influences coronary resistance by elevating tissue pres
sure in the heart wall. Attempts at measuring this tissue pressure revealed that
during systole there is indeed a gradient of pressure across the ventricular wall
with the highest pressure at the subendocardium and near zero pressure at the
subepicardium [5-8]. Although the magnitude of the intramyocardial pressure
depends on the method used to measure it [6] all of the reports agree that near the
subendocardium it is at least equal to ventricular pressure and may exceed it.

The waterfall hypothesis

We proposed that tissue pressure may be reducing coronary flow by the forma
tion of vascular waterfalls much as alveolar pressure affects flow through the lung
[9]. We investigated that possibility by first constructing a computer model of a
waterfall system for the coronary bed [10]. The waterfall equations describe flow
as a discontinuous function of resistance, arterial pressure, venous pressure and
tissue pressure. When tissue pressure exceeds arterial pressure the vessel is
collapsed and flow is zero. When tissue pressure is less than venous pressure flow
is simply proportional to the arterial-venous pressure difference. When tissue
pressure is between arterial and venous pressure, however, partial collapse of the
vasculature causes flow to be proportional to the arterial pressure-tissue pressure
difference. The complicating factor in the heart is that tissue pressure varies both
spatially and temporally.
The coronary waterfall model is shown in Figure 1. Ten parallel legs were
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Figure I. The waterfall model of the coronary circulation. See text for an explanation.

assumed, each representing different depths across the ventricular wall. The
waterfall is represented by a resistor, representing the vascular resistance, and a
diode with a back-biased battery which represents the collapsed segment. The
voltage of the batteries, which correspond to the tissue pressure, was set to be a
fixed proportion of ventricular pressure since experimental studies indicate that
to be the case in the canine heart. The proportion was highest in the subendocar
dial leg and fell linearly toward zero for the subepicardial legs. The cardiac cycle
was broken into 12 time periods and a typical ventricular pressure was provided.
The equations were coded in BASIC and run on a POP8 minicomputer.
The model predicted that a unique pressure-flow curve should exist for the
coronary artery of a beating heart. The curve is is straight above the peak tissue
pressure and is convex to the perfusion pressure axis below that peak pressure
(see Figure 2). Removal of all tissue pressure as would occur with cardiac arrest,
would cause the pressure-flow curve to become straight and to shift upwards. We
tested this hypothesis in open chest dogs as shown in Figure 3. A small coronary
branch was cannulated and perfused with a positive displacement pump. Intra
vascular resistance changes in the perfused segment were abolished by maximally
dilating it with an adenosine infusion. Flow was measured both before and after
cardiac arrest over a wide range of perfusion pressures.
Examination of the pressure-flow data revealed that the predicted behavior
was present (see Figure 4). The curve during arrest was straight while that during
beating was both straight in the high pressure range and parallel to the arrest
curve. At low pressures the beating curve converged toward the arrest curve. The
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Figure 4. Resulting pressure-flow curve in a maximally dilated canine coronary artery. Note the
resembalance to the model's prediction in Figure 2.

model predicted that the transition from linear to curved would occur at a
perfusion pressure equal to the peak tissue pressure in the system. That transition
was always very near peak ventricular pressure. Thus, we concluded that tissue
pressure in the heart probably never exceeds ventricular pressure and that
experiments which report such high pressures suffer from a measurement artifact.
We further tested the validity of the model by having the computer collect

coronary and ventricular pressure directly from a dog while regional flow was
measured by the microsphere method [11]. The coronary artery was maximally
dilated to abolish any intravascular influences and a wide variety of hemodynamic
conditions were examined. The waterfall model, using peak tissue pressure equal
to intraventricular pressure, always gave an accurate prediction of the regional
flow to all layers of the heart.

Coronary capacitance

One glaring shortcoming of the simple waterfall model described above was that
it was incapable of duplicating the coronary flow profile seen at the coronary
ostium. We reasoned that the failure might be due to our omission of capacitance
elements in the model. Capacitance results from elasticity in the walls of the
blood vessels such that any change in the transmural pressure of a vessel must be
met with an appropriate change in its volume. Just as the voltage across capacitor
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is given by the charge times the capacitance. The transmural pressure in a blood
vessel is determined by its volume times its compliance (here refered to as
capacitance). A sudden change in the pressure surrounding a vessel will be
transmitted to blood within the vessel's lumen. That change will persist until the
volume of blood in the lumen can change to bring the system back to equilibrium.
Large epicardial coronary arteries see intrathoracic pressure as the surround
pressure and thus their volume responds to changes in arterial pressure only.
Intramyocardial vessels, on the other hand, are exposed to the high tissue
pressure in the myocardium and thus their volume is determined by the difference
between intravascular and tissue pressure.
Spaan et al. [12] have published convincing evidence that considerable vascular
capacitance resides in the microcirculation and is responding to the fluctuations in
tissue pressure. They argue that the capacitance is so large, in fact, that it
maintains microvascular pressure above tissue pressure throughout systole which
would prevent waterfall formation. This becomes a critical point since the capaci
tance-only model was incapable of duplicating the coronary pressure flow curves
observed in the dog [13]. Could Spaan et ai's data be explained by a hybred
waterfall and small capacitance model?
We, therefore, modified the the waterfall model to include capacitances as
shown in Figure 5. The small vessel capacitance has tissue pressure as the outside
pressure. Note that we modeled the capacitance as a single lumped capacitor
having both proximal and distal resistance segments. Although, capacitance is
probably distributed all along the vascular tree a distributed model would be
impossible to test and was, therefore, not attempted. The equations were coded
in BASIC and run on a Commodore PET computer. The equations were ar
ranged as a repetitive loop using a 10 ms time slice. The algorithm for the
numerical analysis is shown in Figure 6. The pressure at the node, Pn, is deter
mined by the charge on the capacitor, Q, and tissue pressure, Pi. The charge on
the capacitor is the running integral of the current onto it, Ie, which is the
difference between Iu and Id.
The model predicted that perfusion with a nonpulsitile pressure would give
clear transient flow overshoots with the onset of diastole as the capacitance filled.
Emptying of the capacitance during systole was obscured by the rising extravascu
lar resistance. Figure 7 indicates that elimination of the waterfall or the capaci
tance or increasing the magnitude of the capacitance had a profound effect on the
coronary flow profile and eliminated the overshoots. We then prepared a dog for
constant pressure perfusion of its coronary arteries to see if the actual flow profile
fit that predicted by any of the models. Coronary flow for 10 beats was collected
by a PDP 12 computer and averaged to yield the coronary flow profile shown in
Figure 8. This was done for several heart rates. Note that the overshoot and
transient decay was heart rate independent and best approximated the small
capacitance waterfall model. Parameter estimation revealed that about 60% of
the coronary resistance is proximal to the capacitance site and that C is approx-
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Figure 5. A proposed model of coronary capacitance.

Pn= (Q*C)+ Pi
lu =(Pu-Pn)/Ru

Id = (Pn-Pd)IRd
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Figure 6. The numerical algorithm used to simulate capacitance behavior in the proposed model. I
represents flow, Q is the charge on the capacitor. R is resistance, C is the value of the capacitance, T is
time, DELTAT is the time increment, P is pressure, u refers to the upstream segment, d refers to the
downstream segment, and Pi refers to the intramyocardial pressure.
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model. A: capacitance only. B: waterfalls only. C: long time constant capacitance plus waterfalls.
D: short time constant capacitance plus waterfalls. The bottom trace is the ventricular pressure used
for all of the traces.

imately 0.005 to 0.03 ml/mm Hg/l00 g of tissue. That value agrees well with that
reported by Klocke et al. [14] but is much smaller than that reported by Spaan et
al. [12]. We concluded that both capacitance and waterfall effects are present in
the coronary system of a beating heart.

The collateral circulation

Let us now turn our attention to the coronary collateral circulation. Collateral



381

CORONARY FLOW

Figure 8. Actual coronary flow resulting from nonpulsitile pressure perfusion of a dog's coronary
artery. The three traces represent 3 different heart rates. Note that the overshoot and decay with the
onset of diastole is unaffected by the heart rate. The time constant of the decay ranged between 50 and
lOOms depending on whether the coronary artery had tone or was dilated respectively.

vessels interconnect the branches of the coronary tree such that occlusion of a
major branch does not completely abolish flow to the capillaries served by that
branch. Collateral flow is the critical determinant of necrosis in acute myocardial
infarction [15] and, therefore, becomes a parameter of considerable interest to
the clinician as well as the coronary physiologist. One of the earliest attempts to
estimate collateral flow was to measure the peripheral coronary pressure [16].
That is, the pressure distal to a coronary occlusion. The higher this pressure, the
lower the collateral resistance is likely to be. This method does not yield a flow
value, however, only a pressure. Anrep and Hausler [17] discovered that collat
eral flow could be demonstrated by ligating a coronary branch and opening the
distal segment to the atmosphere. Under these conditions arterial blood trickled
out of the vessel in a retrograde direction and was thought to represent collateral
flow destined for the capillaries of the compromised bed.

It has been argued that the retrograde flow method overestimates the true
collateral flow since dropping the pressure in the distal segment enhances the
pressure gradient across the collateral bed [18]. Others argue that retrograde flow
underestimates collateral flow because not all of the collateral flow appears in the
retrograde flowing blood. Some blood may still be flowing antegrade to the
capillaries [19]. The first argument alone makes the method theoretically incor
rect. If retrograde flow does exactly equal collateral flow in any given measure
ment, it is only because the first artifact listed above was compensated by the
second artifact, a coincidence which could hardly be relied on to routinely occur.
We, therefore, constructed a simple model of the collateral circulation as
shown in Figure 9. It readily became apparent that if the collateral resistance was
constant, and if retrograde flow accounted for all of the collateral irrigation (no
antegrade diversion) then collateral flow could be analyzed by a load line method
as is commonly used for transistors in circuit design. In Figure 9, flow through the
collateral resistance is plotted against the pressure at node A. Note that a straight
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Figure 9. A representation of the coronary collateral circulation and the load line analysis of thai
circuit. See text for details.

line, the load line, is described which runs from an arterial pressure intercept on
the horizontal axis to an intercept on the vertical axis at retrograde flow. The true
collateral flow during simple occlusion is determined by the point where pe
ripheral coronary pressure intersects the load line. Thus, if aortic pressure,
peripheral coronary pressure and retrograde flow were known, true collateral
flow could be calculated as indicated by the equation.
To prove the validity of the model we had to show that the assumptions were
correct. If the distal segment were cannulated with a collection system in which
back pressure (and thus pressure at node A) could be varied as illustrated in
Figure 9, then retrograde flow into that system would be described by the hashed
line in Figure 9. At zero back pressure all of the collateral flow will be retrograde
into the collection system. At a back pressure equal to peripheral coronary
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pressure all of the flow would be antegrade into the capillaries and none would
enter the collection system. If we could force the antegrade resistance, Rlad, to
suddenly become infinite then the retrograde flow-back pressure line would
become the load line itself since antegrade flow into the capillaries would be
impossible regardless of the pressure.
The simple model derived above was tested in the animal laboratory [20]. Open
chest, anesthetized dogs were prepared as shown in Figure 10. A small coronary
branch was cannulated and autoperfused from a femoral artery. A branch was
provided for retrograde flow collection. Flow was measured with a computerized
drop counter at the open end of the tubing. Provision was made to elevate the
drop counter so that back pressure to flow could be adjusted. Successive mea
surements were made at various back pressures so as to describe the pressure
flow curve. The segment was then embolized with 25/-Lm microspheres until no
forward flow could be detected and the retrograde flow measurements were
repeated. The microembolization allowed us to cause the antegrade resistance to
become infinite and, therefore, charactorize the load line.
A typical result is shown in Figure 11. The squares describe flow before

embolization and the +s describe flow after embolization. Two features are
apparent. First, retrograde flow at zero back pressure was usually unaffected by
embolization. This indicates that retrograde flow at zero back pressure does
account for all of the collateral flow. The possibility than no antegrade flow
diversion occurs was further ensured by the presence of an apparent critical
closure of the distal bed at back pressures below 7.5 mm Hg. This critical closure
is revealed by the fact that the pre and post embolization curves were the same at
pressures up to 7.5 mm Hg. Another interesting finding was that the post embol
ization curve always had a pressure axis intercept which was considerably less
than aortic pressure. This was interpereted to indicate that the collateral ana
stomoses originate at a level in the donnor bed where 20% of the arterial pressure
has been dissipated. Recent studies by Harrison et at. [21] point out that inability
to achieve 100% embolization and, thus, infinite resistance causes the 80% figure
to be articfactually low. Ninety percent of aortic pressure is probably a more
accurate estimate of the pressure source for the coronary collaterals. In light of
the above data we modified our original collateral flow model to incorporate both
waterfalls in the distal bed and to a resistance proximal to the origin of the
collateral anastomosis. The modified version of the model appears in Figure 12.
We propose that collateral flow can be estimated from the equation:

PCP
Qcol = Q ret(l- (0.9 *AOP»'

where Q ret is the retrograde flow at 0 back pressure, PCP is peripheral coronary
pressure and AOP is aortic pressure.
The post embolization curve consistantly demonstrated curvature away from
the pressure axis. This indicates that our first assumption of a linear collateral
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resistance was not entirely met. We assumed that this curvature was the result of
pressure dependent distention of the collateral segment. A computer model
demonstrated that such pressure dependence could. indeed, duplicate the animal
data. Foreman et al. [22] suggest that this curvature may represent waterfall
formation in the collateral vasculature. Although this theory is attractive and
could also explain the observation, the source of the collapsing forces which could
account for the waterfall behavior are difficult to envision.
In conclusion, we have derived models for three aspects of the coronary

circulation. These models were tested by performing specific animal experiments
to see if predictions from the model could actually be seen in the animal. Animal
experiments inturn led to refinements in the models such that current evidence
would indicate that these aspects of the coronary circulation have been accurately
represented and the underlying mechanisms revealed.
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Discussion

Welkowitz: In reality, the capacitance and the resistance are distributed. Thus,
the single time constant is not correct. However, the analytical problem with
distributed capacitance and resistance is most difficult to solve. It would be
interesting to see if it yields similar results.
My second question relates to the waterfall model. There are other possible
models that produce similar curves. For example, a turbulence model can be
represented by a non-linear resistance which produces essentially the same curve
over the physiologically useful range. Have you looked into this as an alternative?
Downey: Obviously, capacitance is distributed all along the coronary vessel.
Since its distribution is unknown at present, there is no way to even start with such
a model. It is important to note, however, that a very close approximation of
coronary behavior can be achieved by a single capacitance site near the capillary
bed (as shown here). The frustration is that it is indistinguishable from a damped
capacitance site much further up stream, as Dr Mates has proposed. The same
problem exists with phenomenon such as turbulent flow. Nevertheless, the
waterfall formation, the simplest of hemodynamic responses, still nicely explains
the observations with no discrepancies and, therefore, we have not felt compelled
to further complicate the model. The beauty of this model is really its simplicity.
Dinnar: I shall describe tomorrow some phasic flow using a similar approach. I
have some objection to the waterfall model, for the following reason. In your
assumption, the venous pressure remains zero. Actually, if the intermyocardial
presure causes collapse of the arterial side, thus bringing the pressure to the same
level of the intermyocardial pressure, it must also happen on the venous side.
Thus, the relation must be considered between the two pressures on both sides of
the capillary. If you take a zero venous pressure you offset this relationship.
Downey: A fundamental premise of the waterfall model is that collapse will occur
as close to the outflow region as is possible and that it will not involve a long
segment of the vessel. In essence a jet is formed. That means that arterial collapse
site is unlikely and is strongly argued against in the data. By venous pressure
equal to zero we refer to that in the coronary sinus, the collecting manifold for all
of the coronary veins.
Clark: In your presentation you suggested that much can be learned from
pulmonary circulation modeling effort, specifically the resistance waterfall
model. I would also like to suggest that models used in the area of pulmonary
airway mechanics might also be employed to some benefit here, particularly
models of the 'collapsible segment' of the airways. In this simple model of the
compliant cylindrical airway, single resistive and capacitive elements are utilized;
except that both elements are nonlinear. That is, the longitudinal pressure-flow
relationship of the resistor is volume dependent and the transmural pressure
volume relationship of the capacitance is curvilinear. The advantage of the
nonlinear characterization is that with a relatively small number of parameter



388

values, one can characterize the more complex phenomena that is observed
experimentally without resorting to higher-order, piecewise-linear, resistive
capacitive models.
Downey: The airway collapse is really a special case of the waterfall phe
nomenon. The alvolar pressure is nearly equal to the intrapulmonary pressure.
With a forced expiration enough pressure is dissipated along the airway to cause
the intra bronchial pressure to fall below the pleural pressure, enough to cause
collapse. The waterfall behavior is evidenced in that a maximal expiration ve
locity is achieved. Above that flow rate the pressure drop would dictate complete
collapse and stopage of flow. Below that flow rate the airway is wide open. Thus,
the flow rate is regulated. The same thing happens in waterfall behavior which is
also jetting, with no complete collapse. Flow is adjusted to cause the pressure
inside the vessel at the outflow region to be just on the verge of collapse and form
a jet. In that case, however, the flow is adjusted to cause an appropriate pressure
drop across the upstream resistance of the vessel.
Arts: I understand from the experiments of Dr Spaan that the time constants
within the coronary circulation are in the order of seconds, whereas in your
experiments a much shorter time constant is found. I would explain this discre
pancy by considering the coronary circulation to be a distributed continuous
cable. You are looking at fast phenomena, then the input impedance of the cable
behaves according to your findings, having a short time constant. If you consider
very slow phenomena you may come into trouble: you may then look along the
cable into the deeper parts of the coronary circulation where slower time con
stants, close to three seconds, are found.
Downey: The primary difference between my studies and those of Dr Spaan is in
the capacitive time constant. That, most likely, is explainable in terms of the
distribution of the capacitance but not necessarily in terms of a cable model. All of
our studies concentrate on capacitance which can be viewed from the arterial side
and many of Dr Spaan's studies examine venous level phenomenon not easily
measurable from the arterial side. Whether the venous capacitance, which
Spaan's studies demonstrate to be quite large, contributes to an intramyocardial
pump mechanism or whether waterfalls are forming is the real question. If a
waterfall forms upstream of a large low pressure venous capacitance, then that
capacitance will, in fact, be isolated from the arterial side and will not be seen. On
the other hand, if pressure in the venous capacitance is high during systole, that
prevents waterfall formation and forces flow retrograde. If that is the case,
however, then it is difficult to explain why systole distributes flow away from the
subendocardium.
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Abstract

In this chapter some effects of pressure dependent changes in vascular volume on
resistance and capacitance in the microcirculation will be analysed. First some
additional evidence for a significant intramyocardial compliance will be given.
This evidence has been obtained from experiments where both arterial and
venous coronary signals were measured. Further it is shown that the intramyocar
dial compliance is not situated at the very end of the coronary circulation,
epicardial veins, but that a significant distal resistance must be present. A
compartmental model based on pressure dependency of coronary vessels can
describe relations between pressure and flow signals quite well. This model shows
that time constants characterizing the changes of microvascular volume and
relating quantities are in order of a second. The arterial signals show transients
with characteristic time constants that are smaller than the duration of diastole
and systole. However, the effect of compliance and changing resistance on coro
nary arterial flow are counteracting and hence concealing each other. We con
clude that arterial signals do not provide sufficient information about the events
in the microcirculation and models solely based on these signals can provide
misleading results.

Introduction

For a long period of time the distensibility of microvessels, especially of capil
laries, has, with exceptions, not been considered to be important for organ flow
mechanics. In various studies [1, 2] a theoretical basis was looked for to explain
the experimentally observed rigidness of capillaries. However, in a well designed
study, Smaje et al. [3] could show that at normal physiological pressures and
pressure variations the capillaries in the mesentery of the rat were significantly
distensible. The discrepancy with the earlier observations were ascribed to the
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combination of small sensitivity of the earlier techniques and the nonlinear
behavior of the vessel wall mechanics.
From our laboratory [4J a model was presented based on the assumption of a
significant intramyocardial compliance. This so-called intramyocardial pump
model could describe satisfactorily the relation between pulsatilities in coronary
arterial flow and pressure. The value for intramyocardial compliance estimated in
that study is close to the value that can be estimated from intramyocardial blood
volume and capillary distensibility [3, 5J.
The concept of rigid capillaries has lead to models of coronary flow mechanics
in which the capillary bed is represented by constant resistances. The interaction
between heart contraction and coronary flow was thought to be due to the
formation of waterfalls [6-8J at, presumably, the venular side of the coronary
microcirculation. The high arterial zero flow pressures found in the coronary
circulation were ascribed to a similar mechanism in the arterioles of the coronary
bed: the Starling resistor effect. However, the found intramyocardial compliance
requires a re-evaluation of the interpretation given to the experimental observa
tions.
In this paper we first will present some additional evidence for a significant
intramyocardial compliance. Moreover we will show that the time constants for
intramyocardial volume variations are larger than a second, hence longer than the
duration of a normal systole or diastole. Next, we will present an alternative
model ofthe coronary flow mechanics based on the Ph.D. thesis work of Arts [9J.
Finally, an analysis will be given of the discrepancy thought to exist between
experimentally found time constants and the intramyocardial pump model.

Evidence for intramyocardial compliance

It is difficult to study intramyocardial compliance effects from the arterial side of
the circulation only. Compression of compliant intramyocardial vessels results in
a squeezing force on the blood. The tendency of the squeezing is to expel blood
from without the intramyocardial blood vessels into both the epicardial arteries
and veins. However, normally the arterial pressure is higher than the squeezing
pressure and thus arterial flow remains forward. It is like somebody walking
backward on a belt moving forward (Fig. 1). As long as the magnitude of the belt
speed exceeds that of the person, it will appear to an observer on the fixed ground
but without sight on the belt that the person walks forward. The backward
movement of the person on the belt is concealed by the forward movement of the
belt. It is only under the circumstance that the magnitude of the backwards speed
exceeds that of the belt speed that the backward movement becomes apparent to
the fixed world observer.
Under special circumstances the backward arterial flow due to the squeezing of

the intramyocardial blood becomes apparent. This is the case by lowering mean
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Figure 1. Illustration of the superposition principle. The walker moves forward but walks backward.
The observation of the direction of movement depends on the position of the observer: on the fixed
world or on the belt. Application of the superposition principle to the coronary circulation makes
plausible that backflow and reduced flow may be caused by the same mechanism. With backflow . the
'intramyocardial pump pressure' exceeds the arterial pressure.

arterial pressure and coronary resistance [10), lowering diastolic arterial pressure
[11] or increasing the squeezing force on the septum by increasing right ventricular
pressure [12]. As with the case of the walker on the belt, the mechanism respon
sible for backflow must also be active when only reduced arterial flow is seen.
Hence, backflow is nothing special. It is a manifestation of the same mechanism
that causes reduced systolic flow. This is the attractive side of the intramyocardial
pump model [4]. Models, in which the reduced systolic flow is explained on the
basis of an increased resistance or on a waterfall have to be extended to explain
backflow.
At the venous side of the coronary circulation the squeezing effect results in a

driving force for blood directed in the same way as the mainstream. Hence,
systolic venous flow is higher in systole than in diastole [5, 13, 14]. Moreover,
coronary venous flow continues for a while after cessation of arterial inflow [5, 12,
15, 16] during long diastoles.
Figure 2 depicts the effect of arterial occlusion on great cardiac venous outflow

in the beating heart. This experimental result was obtained in the open chest goat
with cannulated left main coronary artery and great cardiac vein. Venous flow
was drained in a reservoir in which pressure could be controlled. As is clear in the
figure, the venous outflow combined with the peripheral pressure decay clearly
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Figure 2. Venous outflow during arterial occlusion. Venous flow was drained into a reservoir where
pressure was regulated to keep epicardial venous pressure constant. Coronary venous pressure was
measured within a large epicardial vein.

shows the behavior of a wind-kessel. Blood pressure within the compliant intra
myocardial blood space decreases when blood is expelled from this space.
In the beating heart, compression and relaxation of the intramyocardial com
pliance alternate. The relaxation effect on venous outflow becomes very clear in
the period after cardiac arrest. This is demonstrated in Fig. 3. In this figure the
great cardiac venous flow C11. i left main arterial flow are shown before, during and
after cardiac arrest when the coronary bed is dilated with adenosine. Perfusion
pressure was maintained during the procedure. The same experimental setup was
used as for the experiments described in Fig. 2. In this particular case, the great
cardiac venous flow was about half the left main arterial flow. Under the assump
tion that measured venous flow reflected the complete venous outflow intra
myocardial volume variation was calculated.
The diastolic relaxation becomes apparent from the venous outflow signal; the
venous outflow is low after the onset of cardiac arrest as a result of the tendency to
increase intramyocardial blood volume. In order to characterize the rate at which
the volume change occurs the time after cardiac arrest to the moment the volume
change was 65% of the change after 4 seconds of arrest was measured. This
characteristic time was 0.96 ±0.06s (mean ±sd) for the vasodilated coronary
bed and 1.60 ± 0.09 for the coronary bed with active autoregulation. In any case,
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the rate at which intramyocardial blood volume, and therefore microvascular
pressure change, is slow compared to the normal duration of diastole and systole.
In order to assess the possible location of compliance the model depicted in Fig.

4 may be applied. This is a different representation of the intramyocardial pump
model presented before [4]. Because both arterial pressure and venous pressure
were kept constant in our experiments the inflow and outflow resistances are
parallel with respect to the effect of intramyocardial pressure changes. The
capacitance reflects the intramyocardial compliance. The change in charge of the
capacitance after the pulsatile voltage has been changed into the steady low value
reflects the volume change during cardiac arrest. The characteristic time constant
for this electrical circuit can be described as

(1)

where Rs = the substitution resistance of R, and R2 in parallel.
With a fixed capacitance and fixed value for the sum R, + R2 the time constant

is largest when R, = R2• The time constant is zero when either R, or R2 equals
zero.
In Fig. 5 the relation between time constant and the product Cim * (R, + Rz) is
analyzed. Curves I and II represent the conditions with R, = Rz and Rz= 0.15
(R, + R2) respectively. In theory no data point should be present above curve I,
since that curve represents the maximal theoretical time constant at given values
of overall resistance. In Fig. 5 also the measured time constants are presented as a
function of the product Cim * (R) + R2). (R, + R2) was calculated as the ratio
between the arterial-venous pressure difference and mean coronary flow prior to
cardiac arrest. Cim was chosen such that 90% of the autoregulation data points
came below curve I. This was the case for Cim = 0.104 ± 0.012 ml/mmHg. 100g.
This is close to the value of intramyocardial compliance as could be determined
from different studies [5]. With the assumed value of intramyocardial compliance
80% of the data points on autoregulation are between the curves I and II
suggesting R, is larger than 15% of R,+ R2• This is only possible when a signifi
cant part of the intramyocardial compliance is located upstream of the coronary
venous system. Strictly, one can not conclude from Fig. 5 that the site of
compliance is more venous than arterial. From the model in Fig. 4 one only can
conclude that one of the resistances, R, and R2, is smaller than the other.
However from other measurements one may conclude that the compliance is
located more to the venous side than to the arterial side of the coronary bed.
One expects the time constant for intramyocardial volume change to depend on
the level of autoregulation. A higher arteriolar resistance would result in a iarger
time constant. Curve III in Fig. 5 represents the theoretical case where inlet
resistance, R

"
increases but the outlet resistance, R2, remains constant. This

theoretical result shows that an increase of arteriolar resistance in the autoregul-
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3

Figure 4. Electrical analog of intramyocardial pump model illucidating the effect of left ventricular
pressure changes on the charge of intramyocardial compliance. P;, = arterial perfusion pressure; P" =

the outflow pressure; C;m = the intramyocardial compliance; R1= the inflow resistance of the
coronary system; R~ = the outflow resistance of the coronary system; Ph' = the left ventricular
pressure.
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Figure 5. Relation between time constant (= C;m *R,) and C;m * (R) + R l ). Curve I represents the case
that R, and R~ are equal. Curve II represents the case for which R l is 15% of the total coronary
resistance.• and 0 measurements in autoregulated bed and vasodilated bed. respectively. For
scaling of data points see text. Total coronary resistance is defined as the ratio between arterial-venous
pressure difference and mean coronary flow. Curve III represents the effect of autoregulation at a
constant R~ of 24 mm Hg . sec· 100 glml and R) increasing from 24 to 96mm Hg . sec' 100 g/ml.
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ated coronary bed has a minor influence on the characteristic time for intra
myocardial volume change.
We are aware of the limitations of the study reported on above. In the first

place we only could drain a fraction of the left main coronary arterial flow. This in
itself would not be such a problem, be it not that the partition of coronary venous
blood depends on coronary venous pressure. However, our results were not
significantly influenced by either the fraction of arterial blood drained (varying
between 25% and 75% from animal to animal) and the venous cannula pressure
(varying between 0 and 7mm Hg within each animal). Hence we may conclude
that several experimental factors did cause scatter in the data but that our results
do show the right order of magnitude for intramyocardial compliance and time
constant of microvascular events in the coronary circulation. The second limi
tation of the model applied to the time constant analysis is that it contained only
linear elements. It is unlikely that with the volume changes observed, about 25%
of intramyocardial blood volume, that distribution of resistance and compliance
would not change during our interventions. The possible consequences of pres
sure dependent compliance and resistance of the microvasculature wil1 be dis
cussed below.

Model of coronary circulatory mechanics based on the distensibility of the micro
circulation

Basically two mechanisms relating to the distensibility of microvessels may
influence coronary flow:
1. as a consequence of the balance of blood mass within the intramyocardial
space a change of intramyocardial blood volume will result in a difference
between arterial and venous flow,

2. a change in the diameters of microvessels will result in a change of microvascu-
lar resistance.

Obviously the first mechanism will only playa role during dynamic situations.
The second one will playa role in both dynamic and and static situations. The
intramyocardial pump model presented earlier [4] concerned only the first mech
anism and was only tested for the autoregulated heart. The following model was
designed to evaluate quantitatively the possible importance of the distensibility of
the vessels in the fully dilated coronary bed.
The left ventricular wall was approximated by a division into eight layers. The
circulation in each layer was approximated by three compartments: arteriolar,
capil1ary and venular. Hence the circulation within the left ventricular wall was
divided into 24 compartments. The basic assumptions of the model are the
relations between vascular transmural pressure and volume of the different
compartments. Vascular transmural pressure, or transmural pressure for short, is
defined as the difference in fluid pressure between the intravascular and extra-
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vascular space. Experimental data on the pressure dependency of the volumes of
the different vascular compartments are scarce at the moment. The best one can
do is to make an educated guess. We took as a guess that the general relation
between volume and pressure found for several different vessels would also apply
to the coronary microvessels. This general relation is depicted in Fig. 6 top panel.
Essential to this relationship are the final volume at transmural pressure zero, the
decreasing compliance at increasing pressure and the possibility to extrude all
volume of the vessels when compressed sufficiently.
From a curve like the one in Fig. 6 (top), one can calculate the relation between
distensibility, defined as compliance divided by volume, and transmural pressure.
As was made plausible in an earlier study [5]. the available data on transmural
pressure versus distensibility do coincide reasonable well with a compromise
curve. Consequently, the pressure volume relations for our compartments where
chosen such that for transmural pressures above 10mm Hg there was reasonable
agreement between the pressure-distensibility relation and the compromise curve
of Spaan [5]. This agreement is shown in Fig. 7. For the venular compartment this
relationship is shown for negative values of transmural pressures as well. This is
the only compartment where normally transmural pressures become so low. As a
consequence the 24 assumptions for transmural pressure-volume relations are
reduced to one assumption for the transmural pressure-distensibility relation and
the assumption for volume distribution over the different compartments.
The basic concept of the model is explained in Fig. 6b. The description of the
hydrodynamics of each compartment is approximated by a so-called T-network.
The resistance of the compartment is split into two equal parts both being
pressure dependent. It was assumed that the relation between volume and
resistance would change as for Poiseuille flow in tube with constant length and
hence

R= KIIV2• (2)

The capacitance, C, reflects the vascular compliance of the compartment and is
defined as the slope of the pressure-volume relationship defined in the top panel
of Fig. 6. Compliance is pressure dependent because of the slope of the shape of
the pressure-volume curve.
In order to arrive at a fully defined model we now have to define for one

condition, the reference condition, the distribution of pressure and volume over
the different compartments at defined value of arterial, capillary, venous and
tissue pressure. These distributions are given in Table 1. It would be beyond the
scope of the present paper to present in detail the justifications of the different
assumptions. Also the sensitivity of the solutions for these assumptions will not be
discussed in detail. However, we may state that from a sensitivity analysis applied
to the model that the model solutions are not quite effected by variations of
parameter values between 20% and 100%, depending on the parameters in
volved.
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Figure 6. Basic schematic of a compliant vessel compartment. The top panel shows the relation
between transmural pressure, P", and vascular volume Ve• At each point on the curve the compliance,
dV.!dP", equals the tangent at that point. (Pa, Ve. a) and (Pb, Ve. b) are two points on the transmural
pressure-volume curve resp. Bottom panel gives an electric analogon of a vessel compartment.
Resistances and the compliance depend on volume, which in its turn depends on transmural pressure.
Oin and Oou' are the flow into and out of the compartment resp. For the capacitive flow holds: Oeap = C
dP,/dt.
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Table 1. Values of the variables in the reference condition.

perfusion pressure
arteriolar pressure
capillary pressure
venular pressure
venous pressure
left ventricular diastolic pressure
total coronary blood flow
endo/epi ratio of flow
total arteriolar volume
total capillary volume
total venular volume
endo/epi ratio of volumes

50mmHg
35mmHg
15mmHg
7.5mmHg
5mmHg
OmmHg
4ml/s/lOOgr LV
1.56
1.8ml/lOOgr LV
4.0ml/lOOgr LV
3.6mi/IOO gr LV
1.14
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After having defined the pressure dependency of the compartmental resis
tances and compliances we have arrived at a set of 24 differential equations that
can be solved simultaneously by a 4th order Runge Kutta integration procedure.
When knowing the blood pressures and intramyocardial tissue pressures, the
arterial and venous flow signals can be calculated as well as the pressure and flow
distribution over the different compartments.

Model results

Pressure flow lines for the arrested and beating heart are shown in Fig. 8. In fact,
these pressure flow lines were simulated in order to check the compatibility of the
present model with the experimental results of Downey and Kirk [6]. These
experiments are represented by heavy dots. In order to compensate for the
difference in perfused area, the flow data of Downey and Kirk were scaled by a
single factor such that the encircled data point coincides with the simulated curve
at that very perfusion pressure. We assumed that the heart rate in the particular
experiment was 150 beats per minute. The recently published data in the arrested
heart presented by Klocke et al. [18] are also depicted. Again, their flow data
were scaled such that one data point, encircled, coincides with the theoretical
curve.
As to be expected the simulated pressure flow lines are curvilinear as a result of

the pressure dependency of resistances in the model. The coincidence between
the curvature of the theoretical and experimental curves is fair. We like to note
that the parameters in the model were not chosen with the intention of a good fit
of these data. There is also fair agreement between theory and experiment for the
beating heart. The curvature in our theoretical curve is not due to the progressive
formation of systolic waterfalls in different layers of the myocardial wall but to the
increased microvascular resistance throughout the complete cycle.

Phasic coronary flow

Phasic coronary arterial flow simulated by the model is represented in Fig. 9.
Results are shown for two different constant perfusion pressures, 50 and 100
mm Hg. Results for the whole heart (panels a and d) and for the subendocardium
(panels b and e) are given. In the bottom panels, c and f, the calculated resistance
variations throughout the cycle are depicted as well. In thefigure the transitions
to a long diastole are presented too. The thin curves in the upper four panels
represent the flow calculated by neglecting the compliance effects. Hence, only
the effect of resistance variations due to volume variations were taken into
account. Hence, the difference between the bold and thin curves in those panels
elicit the intramyocardial compliance effects.
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Figure 8. Coronary bloodflow as a function of perfusion pressure in the beating and in the arrested
heart. Left and right solid lines represent standard model predictions for the arrested and beating
heart (heart rate 150 beats· min-I), respectively. The symbols. and. represent one typical
experiment of Downey and Kirk [6J (their Fig. 7) in the arrested and beating heart, respectively. The
symbol 0 represents a typical experiment of Klocke et al. [I8J (Fig. 1) in the arrested heart only. Flow
values are scaled in such a way that the diastolic flows from experiment and calculations coincide at
130mmHg [6J and 80mmHg [IOJ perfusion pressure, respectively.

At the higher arterial pressure level the resistance variations occur more
rapidly than at the lower pressure level. In fact, at a perfusion pressure of
50 mm Hg, the resistance value hasn't come to a steady state neither at the end of
systole nor at the end of diastole. However, the rate of resistance determined flow
change is higher at 100mm Hg and comes to a steady state at the end of the phases
in the cardiac cycle. This dependency of rate of resistive flow change on perfusion
pressure can easily be understood. Because of the low transmural pressures the
resistances but also the compliances of the different compartments are higher.
The rate of change of the volume of a compartment, and hence the related
quantities, is determined by the product of the resistance and compliance of the
compartment.
The pressure dependency of the mechanical events in the model of the coro
nary circulation, and hence probably in the coronary circulation itself is evident
from Fig. 9. At low perfusion pressure the pulsatility of the coronary arterial flow
is predominantly due to the intramyocardial pump action, while at higher perfu-
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total arterial flow variation calculated by the model are presented by the heavy tines and the variations
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behavior is solely due to intramyocardial pumping, whereas at higher values resistive effects are
dominant at end-diastole. Bottom panels show the resistance variations of the arteriolar, a, capillary,
c, and venular, v, subendocardial compartment. Scatings for the arterialor and capillary resistance are
given at the left hand side. Venular scaling is given at the right hand side.
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Simulations were performed at heart rates. of 0, 100. 150 and 200 beats per minute and perfusion
pressure of 100mm Hg. Experimental results are obtained from (18-22).

sion pressures the resistance change during the cardiac cycle contributes signifi
cantly to the pulsatile nature of coronary arterial flow.

Microsphere distribution

As an other test to the validity of the model we simulated the distribution of
microspheres over the left ventricular wall at a perfusion pressure of about
100mm Hg and compared those predictions with data from the literature. The
results are shown in Fig. 10. The filled circles are experimental data [19-23]. The
open circles are model predictions. Obviously, the value of endo/epi difference in
the arrested heart was used as a boundary condition for the model calculations.
The model predicts a larger effect of heart rate on the microsphere distribution
than experimentally found. However, the difference is not that large.

Discussion of time constants in the coronary circulation

As is clear from measurements on intramyocardial blood volume variations, the
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characteristic time constants for microcirculation changes are long, in the order of
a second. However, analysis ofcoronary arterial flow and pressure signals suggest
much smaller time constants: in the order of 20 ms [18, 24, 25]. The question is:
are these observations compatible or not? The answer is obviously yes. The
experiments from which the conclusions are deduced were performed correctly.
Moreover, since the experiments were all done at the same system the results
must be consistent. If we do not see the consistency of the experimental results
something is wrong with the theoretical concepts by which we interpret these
results.
The model presented above provides a framework for the interpretation of the
different results on characteristic time constants. Let us consider the arterial flow
signal calculated for the arterial pressure of 100mmHg and shown in Fig. 9.
The bold lines, representing the model result for the arterial flow measurement,
show transient behavior that is compatible with a small characteristic time con
stant. Seemingly the flow is at steady state in 50ms. However, the characteristic
time of the compliance related flow, the difference between the heavy and thin
curves, exhibit a characteristic time which is much longer. Without the intra
myocardial compliance effect arterial flow would increase during diastole be
cause of decreasing resistance. Would resistance not vary during the cardiac
cycle, the characteristic behavior of intramyocardial compliance would become
obvious with a time constant in the order of the duration of diastole. With the
combination of both effects, it seems that equilibrium of arterial flow in diastole,
and systole is much quicker. Hence, the change in resistance during the cardiac
cycle conceals the compliance effects and vice versa. As a result, the small time
constant characterizing the behavior of the arterial flow signal can be compatible
with a large time constant characterizing the changes of microvascular volume
and relating quantities. Hence we must conclude that the arterial signal alone
provides not enough information to draw conclusions on events in the microcir
culation.

Conclusions

In this paper we have shown from experimental results obtained from a prep
aration where both arterial and venous coronary flow was measured, that micro
vascular volume variations within the coronary circulation can be substantial and
that the time constants characterizing these variations are in the order of a
second. Moreover, we showed that the site of intramyocardial compliance is not
in the very end of the circulation, but that a significant distal resistance must exist.
A compartmental model based on the pressure dependency of all micro vessels
exhibits several characteristic features of which are also experimentally found in
the coronary circulation.
The model study made plausible that small characteristic time constants are
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compatible with large microcirculatory characteristic time constants. It also was
shown that one has to be very prudent to interpret coronary arterial flow and
pressure signals by means of models consisting out of elements which are essen
tially not pressure dependent.
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Discussion

Mates.; You showed a curve in the vasodilated bed, where coronary flow con
tinued to decrease during the long diastole. Our experiments and others do not
show this phenomena. Can you explain what the differences are?
Spaan: I am not sure if we really had maximal vasodilation. This is also not very
relevant to the point I wanted to make with this figure.
Downey: What appear to be capacitance-related overshoots in flow at the onset
of diastole in your model are actually the result of the pressure-dependent
resistance. I suggest the validity of the model be tested by presenting it with step
changes in coronary arterial pressure during diastole. We get exactly the same
time constant for either a step change in perfusion pressure or the onset of
diastole. I don't think that will be seen in your model.
Spaan: This has to be tried.
Beyar: A typical waterfall is derived from a segment that has a steep cross
sectional area-transmural pressure relationship at low transmural pressures. That
phenomenon is actually a collapse or a waterfall. Your model includes this
assumption. I fail to see why you resist the waterfall concept when you actually
use the basis for it.
Spaan: The model allows for the collapse of vessels. However, systole is just too
short for this collapse can occur. There is time needed to squeeze blood out of the
microvessels.
Dinnar: Is your capacitance capable of retrograded flow?
Spaan: Yes. This is shown in the results of my paper.



25. Impedance to coronary flow
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Abstract

Impedance to flow in the coronary circulation is time-varying, precluding the use
of Fourier transforms of pressure and flow waveforms to determine impedance.
Perturbation techniques have been used to determine impedance in long di
astoles. Using a hydraulic servovalve, sinusoidal and ramp pressure waveforms
were applied to the left circumflex coronary artery of anesthetised, open chest
dogs. The resulting flow perturbations were analyzed to determine impedance. A
lumped parameter viscoelastic model with pressure dependent parameters was
adequate to describe the impedance. At frequencies up to 5Hz, viscoelastic
effects were negligible and a simple resistive-capacitive model was adequate. For
slow ramps, this model was used to construct capacitance-free pressure-flow
curves which were in good agreement wth those obtained from constant-pressure
diastoles. The capacitance affecting coronary inflow appears to be a small frac
tion of total coronary capacitance.

Introduction

While it has long been recognized that systole impedes coronary inflow, recent
observations suggest that even during diastole inflow ceases at art~rial pressures
which are well above coronary venous pressure [1-4]. Since the vessels compris
ing the circulation are elastic, phasic flow patterns vary throughout the circula
tion. Coronary inflow peaks during diastole, while venous outflow reaches a
maximum during systole [5,6].
There is presently no method available to measure phasic flows or pressures
throughout the coronary microcirculation. While some attempts have been made
to measure epicardial flow using optical techniques [7)' flow patterns in the
microcirculation probably differ substantially from endocardium to epicardium.
Knowledge of the impedance characteristics of the coronary circulation is essen-
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tial in order to relate flow in the microcirculation to measured inflow and outflow.
The input impedance of other systemic beds has been determined by utilizing
Fourier transforms of measured pressure and flow waveforms. This technique
requires that the system be stationary, i.e., that the impedance be independent of
time. This condition is not met in the coronary circulation, since impedance varies
due to compression of embedded vessels during systole.

Sinusoidal perturbations

We have utilized perturbations of coronary arterial pressure to determine input
impedance. A servovalve perfusion system was used to control pressure in the
cannulated left circumflex coronary artery in anesthetized, open chest dogs [8].
Long diastoles were produced in heart blocked animals by cessation of rapid
ventricular pacing. During the long diastole, sinusoidal pressure variations of
± 5-10 mm Hg were superimposed on a constant mean pressure and the resulting
flow perturbations were measured. Experiments were conducted in the auto
regulating bed and after vasodilation with infusion of adenosine [9].
The modulus and phase of the input impedance were determined over the
frequency range 1-10Hz. The modulus is defined as the ratio of the amplitudes of
the pressure and flow osciIlations, and the phase as the difference in the phase of
the pressure and flow oscillations. This formulation assumes that impedance is
constant during the long diastole. In the vasodilated bed, impedance remained
constant over the time course of the diastole. In the autoregulating bed, mean
flow decreased with time due to the reduced oxygen demand in the non-beating
heart. In these experiments, data were analyzed during the first and fifth seconds
of diastolic arrest.
The linearity of the system was assessed in two ways. First, pressure and flow
waveforms were subjected to Fourier analysis. The amplitudes of higher harmon
ics were generally less than 10% of that of the fundamental frequency. The
impedance was also found to be independent of pressure amplitude for perturba
tions in the range ± 5-10 mm Hg. Thus, for small perturbations the system is
quasi-linear.
Results of the experiments are summarized in Figure 1. For any given mean
pressure, the modulus of impedance decreased as frequency was increased. Phase
angles were negative (flow led pressure). The modulus of impedance was greater
at any mean pressure with smooth muscle tone intact than in the vasodilated bed.
The modulus and phase of impedence were found to vary with mean distending
pressure. The modulus at a given frequency increased as pressure increased. At
low pressures, the phase angle reached a maximum negative value and then
returned toward zero. At higher pressures this peak in the phase angle was not
observed. The pressure dependence of impedance indicates that, even though the
coronary circulation is quasi-linear for small pressure perturbations, nonlinear
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Figure 1. Modulus and phase of input impedance vs. frequency. Each vertical panel shows data at a
given mean distending pressure during vasodilation (solid circles) and with tone intact (open circles).
Impedance modulus (upper panels) at each distending pressure is lower during vasodilation than with
tone intact. Phase angle (lower panel) is greater with tone intact. Reprinted with permission from [8].

effects are important over the range of pressures encountered in normal diastoles.
In order to estimate differences between phasic coronary inflow and flow in the
microcirculation, a model describing the dynamics of the circulation is required.
Linear lumped parameter models have been used previously in the coronary
circulation as well as in other beds because of their mathematical simplicity. Such
models represent a crude approximation to the actual circulation and do not
describe phenomena associated with wave propagation and reflection. The dis
tance to reflection sites in the coronary circulation is quite short compared to the
wavelength of low frequency oscillations of physiological importance. Thus
pressure equilibration occurs quite rapidly. In the canine coronary circulation it
has been shown that reflections of high frequency waves (>7 Hz) are negligible
[10). Thus, lumped models provide a better approximation to coronary imped
ance than to the impedance of other systemic beds.
We evaluated a number of lumped parameter models incorporating resistive,
capacitive, inductive and viscoelastic elements. An optimization technique was
employed to obtain the best least squares fit for a given model to the impedance
data [11]. Over the frequency range 1-5 Hz, a parallel combination of a resistance
and capacitance provided a good fit to the data. Above 5Hz, the phase behavior
of the impedance data was better fit by replacing the capacitor by a Voigt
viscoelastic element as shown in Figure 2. Adding additional elements to the
model did not improve the fit.
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Figure 2. Lumped model ofthe coronary circulation incorporating a Voigt viscoelastic element (C and
K) and a resistor R. Th hydraulic analog ofthe model is given in (a) and the electrical analog in (b).°
represents inflow, 0,. flow into the viscoelastic element, and OR the flow through the resistor. P is the
arterial pressure and Pb is the back pressure to flow.

The elastic parameters of the RC viscoelastic model are shown in Figure 3,
plotted as a function of pressure. The capacitance decreased with increasing
pressure. This is consistent with the observed behavior of excised coronary
arteries [12-14J. Other studies of the capacitance of the intact arterial bed have
shown variable results. Capacitance measured in beds occluded with 200 micron
beads showed a pressure dependence similar to our results [15), while in beds
occluded with smaller particles capacitance appeared to be independent of pres
sure [16, 17J. In the latter studies, the entire arterial bed was at a uniform pressure
since there was no through flow. Thus, these studies include a larger than normal
contribution from the elasticity of small arterial vessels. If the elasticity of these
smaller vessels is not pressure dependent, their contribution may have masked
the pressure dependence of the large arteries.
At a given pressure, capacitance in the vasodilated bed was approximately
twice as large as with tone intact. This may reflect the effect of smooth muscle
tone on the stiffness of individual vessels. In addition, vasodilation will expose
more distal vessels to larger pressure fluctuations and may lead to recruitment of
additional parallel vessels, both of which would increase the overall capacitance
of the arterial bed.
The viscoelastic constant increased with increasing pressure, suggesting that
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Figure 3. Effects of coronary inflow pressure and vasomotor tone on capacitance (left panel) and
viscoelastic constant (right panel) calculated from the RC viscoelasic model. Capacitance decreases as
pressure is increased and is larger during vasodilation. The viscoelastic constant increases as pressure
is increased and is also larger during vasodilation. Reprinted with permission from (8).

viscoelastic effects are more important as vessels become stiffer. The constant
was larger during vasodilation than with vasomotor tone intact. The resistance,
which is not shown in the figure, showed a slight decrease with increasing
pressure, although the differences were not statistically significant. The resis
tance at any given pressure was several times higher with tone intact than in the
vasodilated bed, as expected.

Ramp perturbations

The use of sinusoidal inlet pressure perturbations provides a method for deter
mining coronary capacitance and hence allows the estimation of resistive, or
microcirculatory flow, as a function of inlet pressure. The method requires a
substantial amount of data collection and processing. We therefore sought a
simpler technique for constructing pressure-flow relationships that are free of
capacitive effects.
The success of the simple parallel RC model in fitting the low frequency
impedance data suggested the use of ramp waveforms to enable direct con
struction of capacitance-free pressure flow curves in long diastoles. The method is
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Figure 4. Schematic representation of ramp perturbation. Upper panel shows left circumflex pressure
PLC as a function oftime. The rates of pressure change dPLc/dt during the down and up ramps are equal
and opposite. Lower panel shows left circumflex inflow as a function of pressure. The solid lines are
the measured inflow. At any pressure level, the capacitive flows C dPLc are equal and opposite during
the down and up portions of the ramp. The dotted line is the capacitance-free, or resistive, flow.

shown schematically in Figure 4. The servovalve control system was programmed
to decrease pressure at a constant rate with time to a predetermined level, then to
increase pressure at the same rate back to the initial level. In the RC model,
capacitive flow is given by Qc = C dP/dt. Since the values of dP/dt are equal and
opposite during the down and up ramps, at any pressure level the capacitive flows
will be equal and opposite. The resistive flow at any pressure is then the average
of the inflow during the down and up ramps. Since the calculation assumes that
impedance does not change during the ramp, the method is applicable only in the
vasodilated bed.
Since capacitive flow is the difference between inflow and resistive flow, and

dP/dt is known, the capacitance can be determined as a continuous function of
pressure from the ramp data. The resistance is simply the slope of the resistive
pressure-flow curve. Thus the ramp technique provides not only the capacitance
free pressure-flow relationship, but values of the impedance parameters as well.
A sample record showing ramp pressure and flow as functions of time is given
in Figure 5. If the simple RC model were exact, flow should change discon
tinuously as dP/dt is abruptly changed. In the actual record, a brief flow transient
occurs which is probably due to inertial and viscoelastic effects. This transient was
not included in the data analysis.
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Figure 5. Analog record of a ramp produced during a long diastole. Aortic pressure PAn' left
circumflex pressure Pu:" left circumflex flow 0 1('. left ventricular pressure PlV (expanded scale) and
right atrial pressure PRA are shown as functions of time. Three normal beats are shown. followed by a
long diastole. During the diastole. a ramp lasting approximately 2 sec was produced.

Our experience to date with the ramp technique indicates that it provides a
quick and accurate method for constructing capacitance free pressure-flow curves
during long diastoles [18]. Curves constructed in this manner agree well with
those obtained during constant pressure diastoles, in which capacitive effects are
absent. In the latter technique, single pressure and flow points are obtained from
a series of diastoles in which pressure is maintained constant at different levels.
This requires considerably more time than the single ramp, and care must be
taken to maintain stable hemodynamics during the series of ramps. In particular,
left and right atrial pressures must be held constant to avoid shifts in the pressure
flow curve. Thus the ramp technique greatly simplifies the experimental deter
mination of pressure-flow relationships.
Values of resistance and capacitance calculated from the ramps were in good
agreement with those obtained using the sine wave perturbations. The values of
capacitance calculated from the ramps at any given pressure showed a modest
dependence on the value of dP/dt for the ramp, decreasing as dP/dt increased.
This is consistent with the viscoelastic behavior noted in the sine wave perturba
tions. For values of dP/dt in the range 30-90 mmHg/sec, neither the calculated
resistance nor the resistive pressure-flow curve were dependent on dP/dt.
In principle, more rapid ramps can be employed to determine impedance
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during long diastoles with vasomotor tone intact and during normal cardiac
cycles. When dP/dt exceeds 100mm Hg/sec, viscoelastic effects become apprecia
ble and the RC model no longer adequately describes the system. Analysis of the
ramp data on the basis of more complicated models, such as the RC viscoelastic
model, is considerably more complex. Because of the pressure dependence of the
model parameters, the differential equation describing the system is nonlinear.
We are presently investigating the application of nonlinear optimization tech
niques to this problem.

Discussion

The experiments described above were concerned only with diastolic input
impedance. During systole, coronary inflow is drastically reduced even though
perfusion pressure is at a maximum. There have been few attempts to character
ize systolic impedance to flow. Panerai et al. constructed pressure-flow curves
during systole and diastole by varying mean perfusion pressure while the phasic
pressure pattern was maintained [19]. Their results showed a systolic increase in
both resistance and the back pressure to flow. Distortion of the pressure and flow
waveforms required substantial corrections, and capacitive effects were not
accounted for.
Spaan et al. have suggested that the reduction in systolic flow is caused by an
intramyocardial capacitance coupled to ventricular pressure which discharges
during systole and recharges in diastole [20]. This intramyocardial pump provides
an explanation for augmented venous outflow during systole. Spaan suggests that
the apparent high back pressures to diastolic inflow can be explained on the basis
of the intramyocardial capacitance without the need for a vascular waterfall [21].
This point remains controversial [22].
In the vasodilated bed, flows remain constant during long constant-pressure
diastoles, indicating negligible charging of the intramyocardial capacitor. The
pressure at which inflow ceases is 5-10mm Hg above right atrial pressure. In the
autoregulating bed, reported values of zero-flow pressure are as high as
4o-50mmHg above right atrial pressure [1]. Here the interpretation is more
complicated. Since resistance is changing with time, it is difficult to separate
transients due to the charging of a downstream capacitance from those caused by
changing resistance. Zero-flow pressures obtained during constant pressure long
diastoles in three of four reported studies [2-4] were higher with vasomotor tone
intact (18-37 mm Hg) than during vasodilation (11-15 mm Hg) and increased with
the level of pre-arrest pressure, which presumably correlates with initial vasomo
tor tone [22]. These results suggest that charging of a distal capacitance is not
sufficient to explain diastolic pressure-flow behavior.
Capacitance estimates made on the basis of the intramyocardial pump model
[20] as well as those based on variations in total myocardial blood volume [23-26]
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and venous outflow [5,6] are at least an order ofmagnitude larger than our results
[9] and estimates based on inflow occlusion [15-17]. Thus it appears that the
capacitance which affects coronary inflow represents a small portion of total
coronary capacitance. Nonetheless, it seems clear that capacitance must be
accounted for in relating measured inflow to flow in the microcirculation.
The input impedance measurements we have obtained to date have been
confined to long diastoles. Systolic-diastolic interactions may alter input imped
ance, particularly during early diastole. Capacitive flow is the product of capaci
tance and the rate of change of pressure with time. During diastole, the decline in
pressure occurs approximately exponentially, hence the rate of pressure change
with time decreases as the diastole proceeds. The value of capacitance, on the
other hand, increases as-the pressure decreases during diastole. Hence capacitive
flow may be appreciable during the entire diastole. There is presently little
information available concerning systolic input impedance. The rapid ramp
technique described earlier can potentially provide impedance information dur
ing the normal cardiac cycle.
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Discussion

Bassingthwaighte: I am delighted by the idea of presenting models as alternative
hypotheses tested against each other, rather than making more or less preor
dained conclusions from a single model.
Downey: Is your viscoelastic model equivalent to our two resistance (RCR)
model?
Mates: The transfer functions for the two models are dynamically equivalent.
One of the problems with simple lumped parameter models is that they may not
be unique. Because of this it is dangerous to assign too much anatomic signifi
cance to model elements.
Downey: This may explain a lot of what we see since there may be a finite velocity
with which the vessel wall can respond.
Spaan: To what part of the circulation does your resistance refer?
Mates: We considered only one lumped resistance, so it is not possible to specify a
precise location. The strong influence of smooth muscle tone suggests that most
of the resistance is in arteriolar and pre-capillary vessels.
Bassingthwaighte: You may want to relate your data to those of Vince Rideout
who used similar sinusoidal driving functions.



26. Intramyocardial blood volume - implications
for analysis of myocardial mechanical
characteristics via in vivo imaging of the heart

E.A. HOFFMAN and E.L. RITMAN

Abstract

Volume of intravascular blood within the myocardium can be estimated in the
intact, in situ heart using fast CT. The ratio of increased roentgen opacity in the
myocardium and in the aortic root was used to estimate the blood volume. In five
dogs an average value of 13.4% of myocardium was estimated to be blood and in
another nine dogs adenosine infusion into the pulmonary artery increased this
value to 22%. A more direct estimate of this value in isolated hearts was obtained
by perfusing the coronary circulation with dilute contrast agent. Values obtained
ranged from 8% to 14% over a 75mmHg to llOmmHg perfusion pressure.
Using fast CT the intramyocardial blood volume seems to vary throughout the

cardiac cycle. This phasic change is found both by measuring absolute volume of
the left ventricular (LV) myocardium and by measuring changes in LV intra
myocardial roentgen opacity as a ratio of intra aortic opacity. Using fast CT with
lungs held at functional residual capacity, myocardial blood content appears to
increase in early systole by about one-seventh the blood volume at end diastole.
This transient increase is reversed in mid systole and blood volume is minimum at
end systole. The transient increase in myocardial blood volume seems to corre
spond to the rapid transient decrease in pericardial pressure measured in dogs
with a percutaneously introduced catheter in the pericardial space.

Introduction

A portion of the myocardium is made up of intravascular blood. Depending on
what fraction of the myocardium is blood, and how easily this blood moves within
the intravascular space in response to changes in regional compression, this may
have considerable impact on myocardial mechanical properties. The myocardium
can be considered basically a two component structure: a tension-resisting con
tainer surrounding a compression resisting fluid under pressure. Consequently,
the myocardium has many of the anatomic features noted in erectile tissues [1].
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The question as to whether this characteristic is of physiologic significance is
discussed fairly extensively in the literature [2, 3] but unfortunately is based on
observations made primarily in isolated heart or open chested preparations.
The focal point of this discussion is the recent observations ofmyocardial blood
volume indices using the Dynamic Spatial Reconstructor to image the myocar
dium of the in situ heart, in the never opened thoracic cavity. Findings suggest
that, perhaps, the undisturbed intrathoracic milieu imposes mechanical condi
tions which alter the cardiac cycle dependent variations in coronary blood volume
from those observed using opened thorax or isolated heart preparations. These
observations require that the accuracy of myocardial blood volume measure
ments via fast CT be carefully evaluated.

Background

Evidence that myocardium has the anatomic structures needed to function as
erectile tissue is documented in various disciplines. At an histological level, many
investigators [4, 5] have shown that there is a 1:1 relationship between the
capillaries and muscle fibers of the heart of adult animals. While the diameter of
the capillaries and/or of the muscle fibers may change with pathological condi
tions such as hypertrophy, this numerical relationship seems to be constant. The
fraction ofmyocardium that is intravascular space is estimated by such methods to
be between 3.5 and 5%. This value would appear to be highly dependent on the
conditions under which the myocardium was fixed prior to histological examin
ation, and it does not include vessels larger than capillaries. Ifa more macroscopic
analysis [6] is performed, so that intra arterial and intravenous volumes are
included, the fraction ofmyocardial volume that is blood is thought to be between
11-17% in the isolated heart.
One method for estimating this value in the working heart is to measure wall
thickness. Decrease in wall thickness accompanying coronary artery occlusion in
the isolated heart is reported [7] to be 10% under control conditions and a 20+%
rebound thickening occurs when flow is permitted to reperfuse the now hyper
emic myocardium. That the intramyocardial blood content affects myocardial
mechanical characteristics was indicated by the observation that wall stiffness
decreased with loss of blood pressure in the coronary arteries.

Myocardial blood volume by x-ray contrast enhancement: isolated hearts

We have tried to more directly estimate intramyocardial blood volume by perfus
ing the left main coronary artery of fresh isolated hearts with saline containing
dilute roentgen contrast agent (Figure 1). In four dogs hearts, using perfusion
pressures between 75 and 110mmHg, we measured the increase in roentgen
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Figure 1. Schematic of in vitro estimation of intramyocardial blood volume. As shown in the top panel,
an isolated left ventricle is cut along the posterior wall and flattened. The decrease in x-ray transmis
sion is measured with each increase in concentration of contrast agent in the perfusion fluid. Upto 1:3
diluted contrast agent was used. As shown in the equations of the bottom panel, the percent of
myocardium that is blood is derived from the slope of the line through the data points.



424

opacity of the myocardium as a fraction of the increase in opacity that should have
occurred if the muscle were entirely blood. Using these data we deduced that
blood volume in these isolated hearts was 8-14% myocardial volume.

Myocardial blood volume by x-ray contrast enhancement: in vivo, undisturbed
thorax

We have also tried to estimate intramyocardial blood volume in the intact
anesthetized (sodium pentobarbital) dog. Iwasaki et al. [8] studied five supine
anesthetized dogs with lungs held at functional residual capacity and performed
an aortic root injection of roentgen contrast agent while the dogs were scanned in
the DSR [9]. The fraction of blood in the myocardium was computed as the ratio
of increased roentgen opacity of the heart muscle to the increase in opacity of the
aorta (Figure 2). From these studies we found that at end diastole blood volume
was 13.4 ± 0.3% of muscle volume under control conditions.
In a similar study (J. Stray-Gundersen et aI., unpublished) four anestetized
dogs were scanned in the DSR during aortic root injection during continuous
infusion of adenosine into the pulmonary artery. The average fraction ofmyocar
dium that was deduced to be blood was 22.5% (range 21-24%). Two of these dogs
were subsequently exercised for three months, the other two were not, and they
were restudied three months later. The control dogs had blood volumes of 21 and
22% and the exercised dogs had 16 and 20%. If, however, the myocardial volume
for each dog was multiplied by its percent blood content, the control dogs
changed from an intramyocardial blood volume of 21.8 to 22.7 cc and 29.0 to
27.2 cc respectively and the exercised dogs changed from a volume of 22.2 cc to
21.0cc and 35.2 to 35.4 cc respectively. Hence no change in absolute intramyocar
dial blood volume was noted in any of the dogs. This is consistent with histological
findings that the myocytes increase in volume while the number and size of
capi11aries does not change much. The image data also indicate that adenosine
increases blood volume, as a fraction of myocardial volume, from -14% to 22%.
That these values are reasonable is suggested by the study of Crystal et al. [10]
who found that intra myocardial blood volume could increase by 75% over
control during adenosine infusion (i.e., 1.75 x 14% = 24.5%).

Cardiac cycle dependent changes in myocardial blood volume

Clearly a vasodilator can result in a considerably increased intramyocardial blood
content (Figure 3). Whether this is mediated primarily by distension (relaxation
of smooth muscle) of the smaller vessels and/or to what extent this is caused by
recruitment of non-patent capillaries remains to be demonstrated. The extent to
which perfusion pressure alone (i.e, aortic pressure - right atrial pressure) can
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Figure 2. Cyclic variation of left ventricular myocardial volume and roentgen opacity measured by
DSR in anesthetized intact dogs. These data are average of eleven dogs under pentobarbital anesthe
sia.

contribute is also not known. These are difficult questions to address in the intact,
never invaded animal because coronary perfusion pressure is generally ac
companied by the increased transmural pressure needed to generate the in
creased aortic pressure. Increased transmural pressure presumably compresses
the intramyocardial vasculature, especially in the subendocardial layers [11]. In
the intact animal that has never had the chest opened, however, there may be
other localized transient pressure gradients that have a significant effect on the
amount of blood within the myocardium. Thus, Iwasaki and colleagues found
that the roentgen opacity of the myocardium increased during early systole by up
to one-seventh relative to the roentgen opacity at end diastole [12]. This translates
to at least 1cc/gm/sec which is comparable to the blood flow through the myocar
dium. This change should be reflected in the myocardial volume, as indeed it is
observed to do. Iwasaki reported this observation in dogs [8] and more recently
Whiting et aI. [13] reported this in an human subject studied in an Imatron fast CT
scanner. While this observation may be incorrectly interpreted, and certainly
seems to be at odds with the observations in isolated hearts and instrumented in
situ hearts with the pericardium opened, it is possible that the heart, in the never
opened chest, does behave differently due to its rather tight mechanical coupling
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Figure 3. A single 3.6mm thick, cross section of the in situ heart of an anesthetized dog before and
during dipyridamole. The increase in brightness indicates the increased roentgen opacity of the
myocardium due to increased blood content of the myocardium. Blood was opacified by a 2ml/kg
injection ofthe nonionic contrast agent Iohexol injected into the aortic root. Dog under morphine and
pentobarbital anesthesia.

to the lung via the intact pericardium.
Many years ago Avasthey et al. [14] showed (Figure 4) that a rapid negative

pressure transient, in early isovolumetric systole, occurred in the intact pericar
dial space. The timing of this negative pressure transient corresponds closely to
the timing of the deduced transient increase in blood volume of the myocardium.
This negative pressure pulse is almost certainly due to the stiffness of the sur
rounding lung which may prevent the ventricles from reducing volume unless
there is a reciprocal increase of the size of the atria and, to a limited extent, an
increase in volume of the myocardium [15, 16]. If in addition the endocardial
muscle contracts before the epicardial muscle, there may, indeed, be a tendency
to distend the myocardium by the transiently frustrated pulling of the not yet
contracting subepicardial myocardium away from the relatively unyielding lungs.

Effect of total heart volume on myocardial blood volume

It has previously been shown [15-17J that the total volume of the heart (contents
of the pericardial sac) at end systole remains within 5% of the value at end
diastole (Figure 5). We have demonstrated [15J that throughout the cardiac cycle,
the epicardial apex of dogs remains fixed while the A-V valve region moves in a
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Figure 4. Data from two sources. Upper panel show temporal relationship of intrapericardial pressure
relative to the cardiac cycle of an anesthetized dog with intact, never invaded thorax. The lower panel
are data from a different dog obtained with the DSR. Note how the transient increase in myocardial
volume matches the transient decrease in pericardial pressure. (Lower panel reproduced with per
mission from [8J.)

piston-like motion such that volume reciprocity between atria and ventricles may
largely explain this observed 'law of constant heart volume'. (A fixed epicardial
apex throughout the cardiac cycle can frequently be observed in normal humans
via echocardiography.) As shown in Figure 6, we are able to subtract the total
'chamber volume' (intrapericardial x-ray contrast enhanced blood excluding
coronary blood volume) from the total heart volume to obtain a measure of total
'myocardial volume'. These measurements include the intrapericardial portions
of the ascending aorta and pulmonary trunk. Preliminary findings [16] suggest
that when the total heart volume is reduced (4 dogs) by lung inflation to 15 cm
H20 PAWY' end diastolic total myocardial volume is reduced by a mean of 10%.
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Figure 6. Total myocardial volume is calculated by subtracting the total chamber volume fmm the total
heart volume measurements both at end diastole and end systole. Since cardiac muscle volume
presumably remains constant between diastole and systole, a change in myocardial volume should
reflect a change in intramyocardial blood volume. (Reproduced with permission from [20[.)

Under conditions of reduced total heart volume and reduced total myocardial
volume, we find that at end systole (minimal LV volume) total myocardial
volume is greater (12.75%) than the value at end diastole and approximates the
end diastolic total myocardial volume found with lungs held at Ocm HzO PAWY'

Further study is required to clarify the alterations in cardiac geometry which
contribute to this difference in our measurement of 'total myocardial volume'.
We hypothesize that, if the cardiac muscle is essentially incompressible, then this
volume change represents a change in myocardial blood volume.
Atrial compliance also appears to playa role in the maintenance of a constant
heart volume [18]. This is suggested by our observation in hearts with atrial
fibrillation that, with the lungs held at 0 cm HzO PAWY' total heart volume is
significantly smaller at end systole compared with the end diastolic volume. This
is consistent with the observation [15] that atrial/ventricular volume reciprocity is
an important factor in the maintenance of a constant heart volume. Atrial
function could play an additionally important role in the maintenance of a
constant total heart volume through an effect on myocardial blood volume. Atrial
contraction could 'pull' on the ventricular muscle and affect the intramural
pressures of the ventricular myocardium. Bellamy [19] has observed that in dogs
and pigs with complete heart block atrial systole causes an increase in intra
myocardial pressure associated with a decrease in coronary arterial flow and an
increase in coronary venous flow (thus a reduction in myocardial blood volume).

Conclusion

These data suggest that intramyocardial blood volume can be estimated in the in
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situ heart using a fast CT scan performed during an aortic root injection of
roentgen contrast agent, and the changes in myocardial blood volume may be
assessed by the differences in myocardial volume. Applications of the blood
contrast enhancement method suggest that almost a doubling of coronary blood
volume can be caused by a vasodilator and that in the control state, coronary
blood volume increases transiently by about one-seventh during early systole.
Cardiac cycle depend"nt alterations in myocardial blood volume may be

altered by a number of intra- and extra-cardiac parameters within the never
opened thorax. These parameters include atrial fibrillation, diastolic total heart
volume and lung compliance.
These alterations in coronary blood volume may well have considerable impact
on the mechanical properties of the myocardium. Furthermore, the role of the
myocardial blood volume alterations in maintaining a constant heart volume may
well have an effect on cardiac mechanical efficiency, assuming that it is more
efficient to only move blood rather than moving extra-cardiac structures such as
the lungs in the process of moving blood.
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Discussion

Downey: One of the things that became obvious from the capacitance model
when you use aortic pressure as the perfusion source is that during the onset of
systole the capacitance is filling due to the rising aortic pressure and emptying due
to the rising intramyocardial pressure. The opposite happens at the onset of
diastole (we often use a no-pulsatile perfusion pressure to overcome this prob
lem). Which effect predominates is hard to say and, therefore, it may be difficult
to correlate intravascular volume and resistance in this preparation.
Marcus: There are some studies by Wolfgang Schaffer that demonstrate that the
endocardial blood volume is substantially larger than in the epicardial layers. Can
you see this gradient in your DSR?
Ritman: Yes, during an aortogram we do see a gradient in transmural radio
opacity which we interpret to be due to the subendocardium having more blood
volume per unit volume of myocardium than does the subepicardium.
Spaan: You have very small, and larger, vessels in the myocardium. Do you see a
change in distribution of blood related to the vessel size? Have you tried a mass
balance to check how much should the arterial flow differ if one seventh of the
blood volume will change during one cycle?
Ritman: No, we rarely resolve vessels within the myocardium, and no, we have
not done mass balance analysis.



27. Effect of wall forces on coronary flow
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Abstract

When coronary vessels are maximally dilated, flow through them is linearly
related to coronary arterial perfusing pressure over the physiological range. The
flows are also affected by the left ventricular systolic pressure. At a mean
coronary perfusion pressure of 12 kPa (90mm Hg), an increase in left ventricular
systolic pressure fromm 14 to 19.1 kPa (105 to 143 mm Hg) decreases maximal
subendocardial blood flow by 30% and at a mean coronary perfusing pressure of
8 kPa (60 mm Hg) similar increase in left ventricular systolic pressure decreases
maximal subendocardial flow by 50%. Subepicardial flows were not affected by
changes in left ventricular systolic pressure. These findings are important in
practice, as illustrated by the effects of right ventricular systolic hypertension on
right ventricular myocardial ischemia. Furthermore, because subendocardial
blood flow is entirely diastolic, the mechanism by which a raised systolic wall
force impairs diastolic flow must involve an interaction between systole and
diastole and may be related to intramyocardial vascular resistances and com
pliances.

Introduction

Any good model of the coronary circulation must fit existing pathophysiologic
data, that is, the input-output relations that are known to occur in experiments
should be reproducible by the model. Once a model fits existing data well, a
stringent test of it would be its ability to predict what would happen experimen
tally for types of experiments that have not yet been done. Thus there is continued
need for perturbations that reveal new experimental data. In the discussion to
follow we will present data on the effects of changes of wall stress on regional
myocardial flow and flow reserve, effects not hitherto described in detail.
To introduce this subject, conside the measurement of coronary flow reserve
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which is the difference between resting and maximal coronary flow at a given
coronary perfusing pressure. In dogs, this measurement is best made after
cannulating the left main coronary artery so that coronary perfusion pressure can
be varied independently of aortic pressure. As a result the coronary perfusing
pressure can be changed while aortic pressure and heart rate - two major
determinants of myocardial work, oxygen demand and blood flow - do not
change. Under normal circumstances, changes of coronary perfusing pressure
between 6.67 and 16 kPa (50 and 120mm Hg) are accompanied by only small
changes of coronary flow. The relative constancy of coronary flow at constant
myocardial oxygen demand is termed autoregulation. It is achieved by a fall in
coronary vascular resistance when perfusing pressure falls and a rise in resistance
when perfusing pressure rises. The mechanisms by which this adjustment takes
place are imperfectly understood. If in the same dog the coronary vessels are
maximally dilated by an agent like adenosine or chromonar, then coronary flow is
increased at all perfusing pressures, and the resultant pressure flow relationship is
very steep and reasonably linear within the physiological pressure range. The
difference between the autoregulated and maximally dilated flows at any perfus
ing pressure is the coronary flow reserve at that pressure [1]. Two aspects of
coronary flow reserve are particularly important. First, there are differences of
coronary flow reserve in different layers of the left ventricular wall, with the flow
reserve being less in the subendocardium than the subepicardium at any pressure
[2, 3]. Secondly, the flow reserve as measured by injecting a pharmacologic
vasodilator is not necessarily available to the heart during ischemia because
ischemia is not a maximal vasodilator stimulus [4-7J.
There are two major problems to consider when measuring coronary flow
reserve in humans. One is that because the flow reserve is very sensitive to
coronary perfusing pressure, the normal variation is large. In fact, most clinical
reports that deal with coronary flow reserve do not mention the perfusing
pressures at which the flow reserve was measured. The second problem is that
measurement of coronary flow reserve as performed in animals cannot be done in
humans because it is not feasible to separate coronary and aortic pressures in
human. As a result, to vary perfusing pressure the aortic pressure must be
changed, and the dependance ofmaximal flow on aortic pressure, and thus on left
ventricular wall stress, has not been systematically examined. We do know that a
high aortic pressure increases resting (regulated) coronary flow because it in
creases myocardial work. What we do not know is what happens to flow reserve
at the same pressure.
To study this, we performed two series of experiments. In one, the Gregg
cannula preparation was used, coronary vessels were dilated maximally with
chromonar, and regional flows were measured with radioactive microspheres at
coronary perfusing pressures of 12,8 and 6kPa (90, 60 and 45 mm Hg) while there
was a normal mean aortic pressure of 12.8-14.0 kPa (96-105 mm Hg) and then
again after elevating mean aortic pressure to 16.8-19.1 kPa (126-143 mm Hg). In
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the second series of experiments, no cannula was used and coronary and aortic
pressures were raised or lowered together during autoregulation and then after
maximal coronary vasodilatation.
The first series of studies showed that at normal mean aortic pressures lowering
coronary perfusing pressure prduced a steep decrease in flow and decreased flow
in all layers of the myocardium. The inner:outer flow ratio (the ratio of flow per
gram in the subendocardial and subepicardial layers of the wall of the left
ventricle) decreased as perfusion pressure was lowered. When the measurements
were repeated at the higher aortic pressure, subepicardial flows were essentially
unchanged but all the subendocardial flows were reduced, as were the
inner:outer flow ratios at all coronary perfusing pressures (Figure 1).
In the second series of experiments, raising both pressures during normal
regulation increased flow slightly in all layers, but did so more in the inner layer as
has been described before [8, 9]. During maximal vasodilatation, flows rose
markedly by similar amounts in both layers, so that flow reserve at the higher
pressures was substantially higher than it was at the lower pressures; the increase
was a little greater for the subepicardial than for the subendocardial layer.
Comparison of the two sets of experimental data showed that the flow reserve
was less at the higher pressures when aortic and coronary pressures rose together
than when coronary pressure was increased while aortic pressure remained
constant. In other words, the change of coronary flow reserve as pressures
changed was less steep when both pressures rose together than they were dissoci
ated.

Discussion

When aortic pressure is elevated acutely, there is an increase of end-diastolic
volume (Starling's law) and an increase in end-systolic volume (Frank's law). The
raised aortic pressure stimulates baroreceptors and causes cardiac slowing. There
may be an increase in contractility. If heart rate is kept constant, as was done in
our studies, then the net effect of these changes is to decrease ejection fraction,
increase left ventricular diastolic pressure, and increase both diastolic and systolic
wall stresses.
The decrease in subendocardial flow for given coronary perfusing pressures
when aortic pressure was raised in series I is of interest. The large increase in
systolic wall stress is a likely major factor in this change, but a direct mechanism of
action is unlikely because little myocardial flow occurs in systole. Therefore
either the decrease in subendocardial flow is due to the raised diastolic pressure
and wall stress or else it is due to some effect that an increased systolic wall stress
has on flow in the subsequent diastole. That an increased left ventricular diastolic
pressure decreases subendocardial blood flow has been described many times,
both in beating hearts [8, 10-12] and when the heart is fibrillating [13-15].
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Figure 1. Upper panels: flow versus mean coronary perfusing pressure. Numbers opposite data points
in left panel indicate left ventricular systolic pressure at which the measurements were made. These
pressures are the same for the equivalent data points in the right panel. 0---0 Cannula study,
maximally dilated vessels, normal aortic pressure.....--.Cannula study, maximally dilated vessels,
raised aortic pressure. 0-0, f:::,-f:::, No cannula, maximally dilated vessels.•-., .-. No
cannula, autoregulating. Lower panel: flow reserve versus mean coronary perfusing pressure from
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However, in all these studies end-diastolic pressures of 2.7-6.7 kPa (20-50
mm Hg) with normal or sometimes with very low perfusion pressures had to be
used before substantial decreases in subendocardial blood flow were observed. In
our experiments the end-diastolic pressures were about 0.9-1.1 kPa (7-8 mmHg)
in the control state and rose to only 1.3-1.6 kPa (10-12 mm Hg) at the higher aortic
pressures; these small changes seem unlikely to be able to cause the marked
decreases in subendocardial flow that we observed. Therefore we are left with
having to consider whether an increase in systolic wall stress can explain the
decreased subendocardial flow.
Previously we have hypothesized that during systole the higher systolic intra

myocardial pressure in the subendocardium causes more blood to move out of the
subendocardial vessels than out of the subepicardial vessels in systole [16J.
Consequently at the beginning of the next diastole the subendocardial vessels are
narrower and have a higher resistance to reflow than have the subepicardial
vessels. This would lead to a distribution of time constants across the wall that
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Figure 2. Effects of pulmonary arterial banding on mean aortic pressure (PAo), right ventricular
systolic pressure (PRv,y,), mean pressure difference between aortic and right ventricular pressures (Po)
and right ventricular myocardial blood flow (open rectangles). The lactate:pyruvate ratios (L:P) are
placed above each set of measurements. C = control with normal pressures, H = moderate right
ventricular systolic hypertension, F = tighter pulmonary band causing severe right ventricular systolic
hypertension and right ventricular failure, F + P = elevation of aortic pressure without loosening
pulmonary band. Data taken from Vlahakes et aI., Circulation, 63: 87-95,1981.

would favor flow into the subepicardium. It is possible that higher than normal
wall stresses in systole exaggerate this effect and thereby reduce subendocardial
flow.
An example of the effects of wall stress that has probable clinical importance is
based on studies of acute right ventricular hypertension [17]. For many years it has
been known that in experimental animals banding the pulmonary artery causes
severe right heart failure long before systemic pressures are attained in the right
ventricle. Similar findings have been reported soon after massive pulmonary
embolism in humans, in whom pulmonary arterial pressures above 5.3kPa (40
mm Hg) mean or6.7 kPa (50mm Hg) systolic are seldom found [18-22]. Vlahakes
et al. [17] proved that the right ventricular failure was associated with ischemia of
the right ventricular wall and that it could be reversed without relieving the
pulmonary arterial obstruction by raising aortic pressure and thereby increasing
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right ventricular myocardial blood flow. The mechanism underlying these
changes is that with the increased afterload the right ventricle dilates and can at
first maintain an output by the Frank-Starling mechanisms. As the heart dilates
more and the systolic pressures in the right ventricular wall increase further, not
only is the gradient of pressure from aorta to right ventricle reduced but the
increased wall stress an additional impediment to myocardial blood flow. This
can be inferred because the flow in the right ventricular wall decreases at an aortic
to intramyocardial pressure gradient that would still allow adequate flow in the
normal left ventricular wall. That is, the decrease in pressure gradient is not
enough by itself to prevent an adequate flow from occurring. Once a sufficient
pressure gradient is provided by increasing aortic pressure, myocardial flows
increase and right ventricular function return to normal (Figure 2).
These findings on the effect of wall stress thus produce some new data that can
be used for testing existing models of the coronary circulation. As part of the test,
the model would have to allow an effect that is maximal on subendocardial flow
and absent on subepicardial flow. They also give some directions for pursuing
studies of coronary vascular reserve that can be applied to humans, particularly
because animal studies with cannulas in the left coronary artery have limited
relevance to humans and because the effects of an acute rise in aortic pressure
might be exaggerated in ventricles that are already dilated, have an abnormal
compliance, or are without the external support provided by the pericardium.
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Discussion

Marcus: Do you think that the effect of right ventricular pressure on perfusion
may be related to adrenergic vasoconstriction and that this may be different from
what you see in the left ventricle?
Hoffman: Sure. This is another possible difference, but I don't know if it is
enough to explain the findings.
Bassingthwaighte: Could you comment on the loading of the myocardium with
water as you increase the intervascular intercapillary pressure. This is very
evident in isolated perfused hearts. You quickly flood them with water when you
raise the perfusion pressure in the rabbit even up to 100mmHg. Do you think that
these hearts get loaded with water and that there is an increased edema even prior
to the metabolic imbalance?
Hoffman: This is very unlikely.
Gallagher: There are at least two studies that suggest that right ventricular flow is
not autoregulated. Could this be a factor in your studies?
Hoffman: To my mind, there have been no good studies of this in a preparation
which has been shown to have left coronary autoregulation.
Sonnenblick: I wonder how much of the effects of the pressure may be due to the
prolongation of diastole into the systole and spoiling some of the easy recoils that
take place due to prolongation of contraction. In other words, is there a heart rate
effect that you would see and will it be manifest also as pressure in the rate of
relaxation?
Hoffman: This is a possible cause that we are now investigating.
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Abstract

Cine computed tomography is a relatively new research/diagnostic technique that
allows for high speed (50 millisecond) images of the heart following injection of
intravenous contrast media. Recent validation studies in dogs have demonstrated
that global and regional left and right ventricular geometry and function can be
accurately assessed with cine computed tomography. For example, left ventricu
lar mass can be measured with an accuracy of ±3-4 g, right ventricular stroke
volumes ± 2-3 ml and aortic regurgitant volume ± 1-3 ml. Also, vein bypass
patency can be defined with about 90% accuracy. Two approaches to estimating
changes in myocardial blood flow are actively under investigation. Studies in
animals indicate that changes in bypass graft flow reserve can be accurately
measured with cine computed tomography. Furthermore, preliminary animal
studies suggest that changes in left ventricular perfusion can also be defined with
this technology. Thus, cine computed tomography promises to become an impor
tant research technique and a valuable clinical approach to the diagnostic evalua
tion of patients with cardiac disease.

Introduction

Projection cardiac imaging techniques such as contrast ventriculography, planar
radionuclide ventriculograms, and digital subtraction angiographic techniques
are beset by many limitations. These include limited ability to define the anatomy
of the left ventricular wall, relatively crude ability to analyze regional ventricular
function,difficulties in precise quantitative analysis of volume and mass of
cardiac chambers and problems with separation of superimposed cardiac struc
tures. The improved spatial resolution of tomographic imaging techniques allows
one to overcome these deficiencies.
At present there are five cardiac imaging techniques that provide tomographic
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pictures of the heart: single photon emission computed tomography, positron
emission tomography, two-dimensional echocardiography, nuclear magnetic res
onance, and cine computed tomography. The resolution of current single photon
emission tomograpohic and positron image tomographic systems is in the range of
5-15 mm. Two-dimensional echocardiographic images of the heart can only be
obtained in a few cross-sectional planes because of a limited acoustic window in
many patients with coronary disease. Moreover, it is difficult to maintain ana
tomic registration of these images. Cine computed tomography and nuclear
magnetic resonance provide high spatial resolution (0.5-2 mm) tomographic
images that allow superb definition of cardiac structure and almost an unlimited
number of registered tomographic images. At present only with CT is possible to
obtain high temporal resolution (50 msec/frame) tomographic images of the heart
with superb anatomic detail. Cine computed tomography, positron emission
tomography and nuclear magnetic resonance may permit measurements of intra
vascular blood volume and myocardial perfusion. In this regard preliminary
studies with cine computed tomography and positron emission tomography are
particularly encouraging.
This review will briefly summarize our recent validation studies related to cine
computed tomography.

Methods and protocols

The cine computed tomographic unit utilized in our studies is manufactured by
Imatron® [C-lOO]. Magnetic deflection and focusing of an electron beam results in
the rapid activation one of four semicircular tungsten targets that surround the
object being scanned and produce dual level tomographic scans in 50msec (17
frames/sec because there is an 8msec interscan delay). As many as 80 scans in
rapid sequence can be taken during a single contrast injection. Multislice to
mographic images can also be obtained yielding as many as eight tomographic
sections through the myocardium from base to apex in 224 msec. Tomographic
scan thicknesses are approximately 0.8cm with an average interscan distance of
0.2cm.
The cine computed tomographic device operates in two modes. One mode,
referred to as the 'flow mode', employs electrocardiographic triggering at a
designated time during each cardiac cycle. During each scan acquisition two
contiguous 8 mm thick tomographic scans are obtained. As many as 40 serial
triggered stop action scans can be obtained at two contiguous scanning levels.
Additional levels can also be scanned with up to 8 tomographic levels scanned at
various times during the cardiac cycle. Subsequent data analysis of contrast wash
in and wash out within computer generated cardiac regions of interest can be
made. In the 'cine mode' dual or multislice tomographic sections can be obtained
throughout an entire cardiac cycle at up to 17 frames per second. This allows for
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recording of contraction sequences during individual cardiac cycles.
During scan acquisition a non-ionic contrast medium, Iohexol, is infused
intravenously with a computer controlled power injector. A typical scan se
quence requires between 0.3 and 0.6ml of contrast/kg body weight. The rate and
volume of contrast injection must be adjusted to maximize opacification of the
structure being imaged. In general" flow studies employ rapid bolus injections
(1-4 sec) of contrast media whereas cine mode studies require 10-20 sec contrast
infusion to insure that both righ and left ventricular cardiac chambers are
opacified during scan acquisition.
The cine computed tomograms are analyzed off-line. Time density curves from
specific regions of interest can be generated to provide the raw data needed to
calculate vein bypass flow rates or assessments of regional myocardial perfusion.
The endocardial and epicardial borders of the cardiac chambers are defined with
an operator interactive computer assisted program [1]. Cardiac chamber volumes
and left ventricular mass are calculated utilizing a modified Simpson's rule.

Results

Left ventricular mass

In closed chest dogs, end-diastolic cine computed tomographic images obtained
following intravenous contrast infusion have been analyzed to assess left ventricu
lar mass [1]. With this approach, left ventricular mass can be measured with a high
degree of accuracy and precision (Figure 1). Also, inter-observer variability for
analysis of the images yielded a high degree of concordance (Figure 2). Further
more, repeated measurements of left ventricular mass in the same animal, studied
under varying hemodynamic conditions, demonstrated that the measurements of
left ventricular mass were remarkably similar (Figure 3).

Left and right ventricular stroke volumes

Comparisons between left ventricular stroke volume measured with cine CT
versus left ventricular stroke volume determined with either a chronically im
planted electromagnetic ascending aortic flow probe or multiple measurements
of thermodilution cardiac output (divided by heart rate) have shown that absolute
left ventricular stroke volume can be measured to within 2-3 ml with cine com
puted tomography [2]. Similar results were obtained comparing right ventricular
stroke volume measurements with cine computed tomography versus thermo
dilution cardiac output divided by heart rate [2]. Also, during 10-15 sec of
suspended respiration, in anesthetized dogs the difference between right and left
ventricular stroke volume was less than 2ml [2, 3].



444

160
n =22
r =0.99
RACAT Mass =0.97 (PMM)

+ 1.98 gm

Myocardial
Mass by
RACAT
(gms)

120 SEE=4.10gm

80

40

0'---........---....1.------1'----.....
o 40 80 120 160

Post-mortem Myocardial Mass (gms) (PMM)

Figure 1. Relationship between RACAT (Rapid Acquisition Computer Axial Tomography) or cine
computed tomography and postmortem left ventricular mass in dogs. The regression equation slope
(0.97) and y intercept (1.98%) are not significantly different from 1.0 and 0.0, respectively. Standard
error of the estimate is 4.1 g. This figure is reprinted with permission from the American Heart
Association, Inc. [lJ.

Aortic regurgitant volume

Because left and right ventricular stroke volumes are nearly identical under
control conditions, in the setting of aortic regurgitation, the difference between
left and right ventricular stroke volumes reflects the volume of aortic regurgita
tion. To test this hypothesis directly, aortic regurgitation was produced with a
basket catheter in dogs. Aortic regurgitant volume was measured with a chron
ically implanted electromagnetic flow probe on the proximal aorta and compared
with measurements of regurgitant volume obtained with cine computed tomogra
phy [3J. These studies demonstrated that with cine computed tomography the
absolute volume of aortic regurgitation over a broad range could be assessed to
within 2-3 ml/cardiac cycle.

Regional left ventricular function

Studies of segmental endocardial contraction of the left ventricle in dogs and
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Figure 2. Intraobserver variability in determinations of left ventricular mass from six representative
dogs with masses ranging from 50 to 150g. This figure is reprinted with permission from the American
Heart Association, Inc. [1).

normal patients with cine computed tomography employing either an endocardial
or epicardial centroid have demonstrated considerable homogeneity of con
traction [4]. In contrast, circumferential left ventricular wall thickness measure
ments in normal subjects with cine computed tomography have been strikingly
heterogeneous [5]. It is likely that the marked heterogeneity of left ventricular
wall thickening observed with cine computed tomography occurs because of the
complex nature of three-dimensional cardiac contraction resulting in technical
difficulties when any tomographic imaging technique is employed to analyze wall
thickening. Cine computed tomographic images are obtained at a fixed point in
space throughout the cardiac cycle. However, because of apex to base accordion
like motion, torsion and rotation the left ventricular chamber moves through the
scan plane of a given computed tomographic slice during a single cardiac cycle.
Consequently, the left ventricular wall images obtained at end-systole and end
diastole are not of the same segment of the left ventricle. In our opinion this
contributes substantially to the heterogeneity of left ventricular wall thickening
observed with cine computed tomography. This problem is not seen when seg
mental area contraction of the left ventricle is analyzed. The problem related to
the evaluation of wall thickening may be resolved in the future by either true
volume imaging which would require a major hardware modification or three-
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Figure 3. Reproducibility of scans and determinations of left ventricular mass in each of six animals.
Each dog was rescanned between two to six times. The second point on each line (A to E) represents
animals that were scanned at a 40" angle clockwise to the usual short-axis orientation. This figure
reprinted with permission from the American Heart Association, Inc. [1).

dimensional reconstruction and retrospective computation of computed tomo
graphic slices that can account for the complexities of left ventricular translational
motion.

Vein bypass grafts

Several clinical studies indicate that the patency of vein bypass grafts and internal
mammary artery implants can be measured with about 90% accuracy with cine
computed tomography [6]. In addition, preliminary attempts to define absolute
graft flow rates and graft flow reserve with cine computed tomography are
encouraging [6, 7]. In dogs, changes in bypass graft flow velocity measured with
an implanted Doppler probe correlate highly (r =0.85) with changes in graft flow
measured with cine computed tomography.

Left ventricular perfusion

Changes in left ventricular perfusion measured with labelled microspheres in
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dogs have been compared to data obtained with cine computed tomography.
Although the reported correlations are in the range of r = 0.7-0.9 [8, 9], the
standard error of the estimates is substantial and cine computed tomography
significantly underestimates changes in perfusion. Spatially heterogeneous imag
ing artifacts are likely the cause of the significant standard errors. Attempts to
substantially reduce or properly account for these artifacts through hardware and
software modifications are currently under evaluation.

Conclusions

The primary conclusions that can be made from the data presented are as follows:
1. experimental studies in dogs indicate that with cine computed tomography
global and regional left and right ventricular function, left ventricular mass and
aortic regurgitant volume can be measured precisely;

2. vein bypass patency and bypass flow reserve can be measured accurately with
cine computed tomography; and

3. at present, the ability of cine computed tomography to measure changes in left
ventricular perfusion is limited.

Although the animal validation studies are encouraging, it is of great importance
to extend these investigations to the clinical arena. Furthermore, it will be
important to employ this powerful research modality to pursue important phys
iological and pathophysiological questions.
Many research questions which were heretofore difficult to pursue, particu
larly in humans, can now be investigated with cine computed tomography. For
example, the rates of progression and regression of left ventricular hypertrophy in
various pathological states can now be examined and the factors responsible for
modulating the progression and regression of ventricular hypertrophy can be
elucidated. Also, the three-dimensional motion of various cardiac structures such
as the ventricular septum can be examined in great detail. Lastly, as the ability of
cine computed tomography to measure the transmural distribution of myocardial
perfusion improves, it may finally be possible to study transmural myocardial
perfusion in humans. Such studies will almost certainly improve our understand
ing of the regulation of the coronary circulation in humans in normal and
pathological states.
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Discussion

Dinnar: Have you noticed any changes in diameter, or tapering, of coronay
bypass grafts with time?
Marcus: It has been known for a long time that coronary bypass grafts are larger
in the early post-operative period than at a later time. Whenever they ask us to
perform a cine CT study in a patient who is one week post-operative, it is always
an easy study because the vein grafts are very large at this point in time. Other
groups have done serial studies in these patients and there is significant narrowing
of the grafts with time.
Dinnar: In estimating graft flow reserve, what do you intend to use as a basis for
prognostic evaluation?
Marcus: It would be helpful if we knew the flow reserve in the graft in the early
post-operative period and use this as a basis for future prognostic evaluation. If,
for example, we knew that two weeks after operation the bypass graft could
deliver five times basal flow to the area it was perfusing at a given perfusion
pressure and that two years down the road it could only increase flow to that
region by only about 1.5 fold, this would indicate a tremendous deterioration. I
think that serial studies of flow reserve in patients with coronary bypass grafts or
implanted internal mammary arteries performed with cine CT will turn out to be
very helpful.
Spaan: How can you distinguish between the reserve limitation of the microcir
culation and the reserve of the bypass graft conduit by itself?
Marcus: With the cine CT evaluation of vein bypass graft flow reserve we cannot
distinguish between the microcirculation and the conduit. However, if we study a
patient and the bypass grafts are fine, that is to say that flow reserve is excellent, it
does not make any difference. If flow reserve in one of the grafts is seriously
decreased, we would have to do angiogram to determine if this was due to distal
downstream disease or to a stenosis someplace in the bypass graft.
Sideman: Do you take advantage of the dynamics of your CT?
Marcus: With our present CT instrument we can obtain 17 frames/cardiac cycle.
That could provide substantial dynamic information about cardiac function. At
the present time, we have focused our analysis primarily on end-systolic and end
diastolic images. In the future with more automated analysis of the tomographic
data, it will be possible to obtaine detailed studies of three-dimensional systolic
and diastolic function of the entire ventricle throughout the cardiac cycle at
relatively frequent intervals.
Lab: What is the relationship between bypass graft flow and regional function?
Does regional function vary as the graft is stenosed with time?
Marcus: I would expect it to behave like a coronary stenosis. That is to say, a
moderate graft stenosis will impair exercise ventricular function and a severe
stenosis might impair resting ventricular function. I imagine that this could
eventually be demonstrated with cine CT.
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Abstract

The time dependence of ischemia and reperfusion and the mechanism of ischemia
precipitated pulsus alternans are not clear. In addition, the assessment and
improvement of regional ventricular function need to be established. To investig
ate these, experiments were performed on open-chest anesthetized dogs. Central
and peripheral arterial pressures, aortic flow, electrocardiogram and endocardial
segment lengths in normal and ischemic zones were measured during 15 minutes
of coronary artery ligation and during reperfusion. Results show different time
courses of occlusion and reperfusion. Pressure-segment length loops are useful
representations of regional ventricular function during control, digitalis, coro
nary artery ligation and propranolol, and parallel force-length relations in the
isovolumic contraction and relaxation phases. The constant end-diastolic lengths
in strong and weak beats indicate that the alternating contractile state is the
responsible mechanism for the occurrence of pulsus alternans.

Introduction

Myocardial ischemia is produced as a result of a decreased oxygen supply to
tissues of the myocardium. It is associated with a reduction in coronary arterial
blood flow. The branching characteristics of the coronary arterial tree suggests
that ischemia is predominantly regional. Failure in global ventricular function
however, often results from such prolonged initial regional abnormalities. Re
gional dysfunction of the myocardium is frequently masked in the assessment of
ventricular pump performance.
In assessing regional ventricular function, investigators have tackled the prob
lem from a geometric perspective. Longitudinally, occlusion of a coronary artery
produces three zones: the normal, the border ischemic and the central ischemic
[1, 2). Transversely, ischemia affects differentially the subepicardial and the
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subendocardial layers of the myocardium [3]. Transmural wall thickness changes
have also been observed [4, 5J.The complexity of the structure and function of the
myocardium is apparent, although it is often modelled globally as a thin-walled or
thick-walled, sphere or ellipsoid.
This paper approaches myocardial ischemia from a broad perspective. It
examines the time dependence of ischemia and reperfusion, the mechanism of
ischemia precipitated pulsus alternans and the assessment and improvement of
regional ventricular function during ischemia.

Methods

Healthy mongrel dogs of either sex with body weights of 2~24kg were used for
the experiments. In each, the dog was anesthetized with intravenous Nembutal
(25 mg/kg). Electrocardiogram was established and continuously monitored.
Respiration was maintained with a positive pressure respirator (Harvard Appara
tus) after tracheal intubation. Chest was open via a left thoracotomy at the fifth
intercostal space. The heart was supported in a pericardium cradle for ease of
instrumentation. Left ventricular pressure was measured through the apex with a
catheter-tip transducer (Millar PC-350). Aortic pressure was measured by an
other catheter-tip transducer introduced through the left femoral artery. In some
dogs, the right femoral pressure was also recorded with a catheter (3Ocm; 2mm
i.d.)-manometer (P23 ID) system. An electromagnetic probe was cuffed around
the isolated section of the ascending aorta to measure flow. The signal was
obtained by a flowmeter (Biotronex BL-610) and lowpass filtered at 50Hz. Pairs
of ultrasonic dimension gages (LZT, 5MHz) were placed through stub wounds in
the endocardial layers to measure segmental contraction along the circumferen
tial direction of the short axis. Transit time detection allows distance to be
quantified by the Schuessler Dimensioning System.
Left anterior descending coronary artery was isolated distal to the first major
branching. Segment lengths were measured in the normal and in the central
ischemic zones. Regional myocardial ischemia was imposed for 15 min and reper
fused for an equal period. Ventricular and arterial hemodynamic parameters
were collected at 5, 10 and 15 min during occlusion and after reperfusion. Re
gional ventricular function was assessed by segmental shortening and end-systolic
and end-diastolic pressure-length relations. Pressure-length loops were also con
structed. To assess the usefulness and limitations of pressure-length loops in
characterizing the intrinsic properties of the myocardium, the following experi
ments were performed: digitalis bolus infusion (lJLg/kg), brief occlusion (lOsec)
of the descending thoracic aorta and propranolol (1 mg/kg) infusion. To examine
force-length and pressure-length relationship, isometric tension gages were
sutured to the deep layers adjacent to segment lengths measurements.
Dogs which exhibited pulsus alternans after induction of coronary artery
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Figure 1. Simultaneously measured hemodynamic parameters at the onset of occlusion of the left
anterior descending coronary artery (left) and during reperfusion (right) after 15 minutes ofocclusion.
Time marks in seconds. Tracings from top: Electrocardiogram (ECG), ischemic zone segment length
(LI), ascending aortic flow (AOQ), flow acceleration (dQ/dt), femoral arterial pressure derivative
(FA dp/dt) , femoral pressure (FAP) , left ventricular end-diastolic pressure (LVEDP), first derivative
of left ventricular pressure (LV dp/dt), aortic pressure (AOP) and left ventricular pressure (LVP).

occlusion were grouped to determine the responsible mechanism, i.e. the Frank
Starling mechanism or the alternating contractile state theory.

Results

Figure 1 shows simultaneously measured hemodynamic parameters during con
trol, coronary occlusion and reperfusion. It is clear that segment length in the
ischemic region is the most sensitive parameter at the onset of ischemia. Global
measurements of pressures and flow are much less sensitive. Left ventricular end
diastolic pressure (LVEDP) increased, indicating the utilization of the Frank
Starling mechanism. Negative dp/dtmax is sharply reduced. Preload compensation
and slowed ventricular relaxation are apparent. Ischemic segment length in
creased, both end-systolic and end-diastolic, more rapidly during the first 5 sec,
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Figure 2. Endocardial muscle segmentlengths measured in the normal (LN) and ischemic (LI zones at
control (left) and after 10 minutes of coronary artery occlusion. Isovolumic and ejection phases are
identified by heavy vertical lines.

gradually thereafter. Peripheral femoral arterial pressure decreased slightly,
f()llowing ventricular and aortic pressures. Femoral negative dp/dt however, did
not follow - LV dp/dt since the aortic valve is closed and the arterial system is
decoupled from the ventricle. Segment length morphology following reperfusion
differed from that following the onset of occlusion. Negative LV dp/dt did not
return to control as rapidly after reperfusion as it decreased during occlusion.
LVEDP returned to about control level. Premature ventricular contraction beats
were present and coupled to post-extrasystolic potentiated beats.
Figure 2 shows the normal zone (LN ) and ischemic zone (L,) segment lengths
measured during control and at 10min post occlusion. The hyperactivity i.e.
supranormal shortening in the normal segment and the passive lengthening in the
ischemic segment during the isovolumic phase are evident. Notice also the
akinetic motion of the ischemic segment during the ejection phase. The time
courses of indices of diastolic compliance (EDLIEDP) and regional contractility
(ESP/ESL are shown in Fig. 3.
Pressure-length loops constructed for control and various interventions are

shown in Fig. 4. Loop area increased during digitalis (p<.OOl) and descending
thoracic aorta occlusion (p<.01). In the former it is accompanied by an increased
shortening and in the latter by a decreased shortening. Coronary ligation pro
duced negative loop area (clockwise) with a negative shortening (lengthening).
Propranolol reduced loop area, with a concurrent reduction in shortening. The
P-L loop is shifted to the right with a reduction in ESP/ESL ratio, opposite to that
observed for digitalis.

In coronary occlusion induced pulsus alternans (Fig. 5), the R-R intervals and
end-diastolic lengths are constant, while end-systolic lengths alternates between
strong and weak beats.
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Figure 3. Regional contractility (ESP/ESL; circles; mm Hglmm squares) and diastolic compliance
(EDUEDP; mm/mmHg; circles) indices plotted as a function of time. Closed symbols: occlusion.
Open symbols: reperfusion. Time in min.
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Figure 5. Illustrating coronary artery occlusion induced pulsus alternans (right). End-diastolic lengths
are constant (dotted line)., while end-systolic lengths alternate between strong and weak beats.
Acronyms as identified in Fig. 1.

Discussion

Regional ventricular response to acute occlusion of a coronary artery is charac
terized by paradoxical systolic bulging in the ischemic zone, as first observed half
a century ago [6]. Differential mechanical responses of myocardial layers and
zones defined by ischemia have been documented by studies of segment muscle
contraction, wall thickness and blood flow measurements in these regions. These
studies reported segmental lengthening, thinning of the myocardium and reduced
myocardial oxygen consumption in the ischemic zone, reduced shortening, wall
thickness and blood flow in the border zone, and the utilization of the Frank
Starling mechanism [7, 8] and increased systolic shortening and wall thickness in
the normal zone. Such initial changes however, do not persist. Some investigators
reported depressed systolic function and diastolic dilatation can persist pro
gressively with repeated occlusion without histochemical or ultrastructural evi
dence of myocardial necrosis [9]. Others found that repeated ischemia caused
cumulative histochemic injuries to the myocardium [10]. It is found here that
although diastolic compliance has returned close to control, regional contractility
remained somewhat depressed afterl5 minutes of reperfusion. The time courses
of mechanical alteration during ischemia and reperfusion differ. I\is not yet clear
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how the time course of hemodynamic parameters during reperfusion is correlated
to the length of occlusion or the number of repeated occlusions. There are
however, evidences that there is delayed metabolic resynthesis at the cellular
level after even a brief period of reversible ischemia [11, 12J.
Pressure-volume loop is also termed the 'work-loop', because it represents the
external mechanical work generated during ventricular ejection. The similarity of
pressure-length loop and pressure-volume loop has been recognized by several
investigators. Thus, segment work was used and taken to represent mechanical
performance of the local myocardium [13, 14J. It is shown here that the P-L loop is
sensitive to regional changes in inotropic states, e.g. during digitalis and pro
pranolol administration. Even in the case of coronary occlusion, the passive
lengthening is reflected in the negative segment loop area. However, during
descending thoracic aorta occlusion, afterload was greatly increased, the ventri
cle attemps to compensate by developing a higher pressure and increasing the
end-diastolic length by the Starling mechanism. The effective shortening was
nevertheless reduced, in a similar fashion seen in the force-length relation in
cardiac muscle mechanics [15J. In this case,changes in segment work did not
parallel changes in muscle shortening.

It must be cautioned however, that pressure length relation does not exact
force-length relation. According to Laplace's law [16], pressure is linearly related
to tension if the wall thickness to radius ratio stay constant. For the mammalian
heart, pressure is only linearly proportional to force during the isovolumic
contraction and relaxation phases (Fig. 6).
Two major mechanisms have been postulated to be responsible for the occur
rence of pulsus alternans: the familiar Frank-Starling mechanism and the alter
nating contractile state theory. It is not uncommon to observe coronary artery
occlusion precipitated pulsus alternans. It may exist in the normal, border or
ischemic zones. The frequency is the highest in the ischemic zone, however. The
constant end-diastolic lengths (Fig. 5) between strong and weak beats effectively
eliminated the Frank-Starling mechanism as responsible. If alternating con
tractile state is the responsible mechanism and since ischemic segment length
does not contract, the ischemic zone must still contain active contractile units
which do not contribute to the overall shortening process, but resist lengthening.
Consequently, a decreased end-systolic length is observed in the strong beat (Fig.
5), although no active shortening is present. Pulsus alternans is therefore a
depressed ventricular regional phenomenon [17]
To improve the impaired ventricular function during myocardial ischemia, two
general approaches have been taken: pharmacological intervention and mechan
ical assistance. The common aims are to unload the heart, to improve perfusion
and myocardial oxygen supply/demand ratio. Some investigators have reported
infarct size reduction with beta-blocker propranolol [18]. Others, however, do
not attest to this finding [19J and suggest that beta-blocker may delay but not
prevent ischemic cell death i.e. ischemia can be limited with propranolol only if
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Figure 6. Simultaneously measured left ventricular chamber pressure and endocardial tension (arbi
trary units). Notice the responses parallel each other only during isovolumic (contraction and
relaxation) phases. The two differ markedly during the ejection phase.

occlusion is followed by reperfusion [20]. Mechanical assistance of the failing
heart with intra-aortic balloon pump is common, particularly if ischemia is
recurrent. It reduces systolic extra-vascular compression by reducing afterload. It
also increases coronary perfusion through diastolic augmentation. Its beneficial
effects, however, depend critically on proper timing of balloon inflation and
deflation [21, 22]. Often there is a compromise to be made between increasing
coronary perfusion and afterload reduction. This latter indicates the importance
of incorporating analysis of the heart-arterial system interaction in the assessment
and improvement of regional ventricular function during ischemia.
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Discussion

Lab: You have said that the pressure-length loop is not identical to the force
length loop. Surely, the comparison is not a true one since you have to simulate a
small section of isometric contraction before ejection. So, if you did the simula
tions carefully, you will be able to produce a force-length loop in a papillary
muscle to look the same as a pressure-volume loop.
Li: I have measured the tension simultaneously with the pressure, but only in the
isovolumic phase can one see the parallel relationship.
Sideman: What are the physical implications of the medication? Does it affect
vasodilation or more oxygen extraction?
Wiess: Propranolol primarily reduces myocardial oxygen demand, though less in
the ischemic zone. There it may help to redistribute oxygen supply and demand
more efficatiously and potentially improve the efficiency of oxygen consumption
there.
Beyar: I believe that when you give an adenergic drug you cause the shortening to
increase, but, paradoxicaly, the end-diastolic length increases. This leads you to
think that this is more of a preload effect than a contractility effect.
Li: Yes. The data actually indicates this phenomenon. However, propranolol is a
l3-adrenergic blocker. It decreases myocardial contractility and the pressure
length loop is shifted to the right.



30. Simulation of the mechanics of an infarcted
left ventricle

M. PERL and A. HOROWITZ

Abstract

An immediate infarction occurring in a canine left ventricle at the beginning of
the ejection phase is simulated, employing a recently developed comprehensive
finite element model. The analysis assumes an instantaneous loss of contractility
in the infarcted region, whereas the passive mechanical properties of the tissue
are yet unaltered. The results indicate a progressive deterioration of the cardiac
performance, as well as considerable geometrical changes in the kinematics of the
whole ventricle, with increasing infarct size. Due to the reduction in the stroke
volume, the simulation predicts a degradation of up to 33% in the ejection
fraction for an infarct consisting of 43% of the myocardium volume. Further
more, moderate bulging of the infarcted region is noticed as well as a decrease of
the apex to base twist angle. At the border zone between the infarcted and the
intact tissue high stress gradients develop while the stresses within the infarcted
zone are considerably lower, as compared to the intact state.

Introduction

Various pathological conditions of the heart may often have direct expression in
terms of its mechanical behavior. A pathology that may have a significant
mechanical effect is ischemic heart disease, including the acute condition of
infarction of the myocardium. The initial manifestation of an ischemic state is in
the deterioration of contractility of the affected tissue, furthermore, histological
changes may induce a considerable alteration of the passive mechanical proper
ties of the myocardium.
The extension of mechanical models to the simulation of such pathological
conditions is a direct option, once the models have been formulated and assessed
for the normal state. Swan et al. [1] have employed a lumped two compartmental
model in which they examined the effect of infarcts of various sizes on the left
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ventricle (LV) stroke volume and pressure-volume relations. Janz and Waldron
[2J, Yettram et al. [3J and Bogen et al. [4, 5J have implemented various finite
element (FE) models in which they introduced infarcts of several sizes and
material properties. Janz and Waldron [2J have simulated a stiffened apical
aneurism using a two-dimensional axi-symmetric model. Yettram et al. [3J imple
mented a three-dimensional model in order to examine the effect of infarcts at
various locations in LV walls of either increased or decreased stiffness, relatively
to the intact tissue. Bogen et al. [4,5), using a spherical membranous model, have
simulated regions of reduced contractility in conjunction with altered inotropic
conditions of the LV, in addition to various sizes of infarcts. All these models do
not allow to account for the loss of contractility separately from the changes in the
passive mechanical properties of the ischemic or infarcted tissue, since no active
contraction of the LV can be simulated by them.

In the present work, the effects of infarcts of various sizes on the deformation,
stress pattern and mechanical performance of the LV during the ejection phase
are considered. Following a short description of the mechanical model and the
simulation procedure, results regarding several infarcts are presented and dis
cussed. Finally, prospects for future applications of the present model to patho
logical states involving changes in the mechanics of the LV are suggested.

The mechanical model

A comprehensive three dimensional model for the simulation of the LV mechan
ics has been recently suggested by Perl et al. [6, 7J. This model, which is based on
the finite element method, is the sole one, simultaneously accounting for all the
main parameters affecting the LV kinematics: the real irregular in vivo measured
3-D geometry of the ventricle, the anistropy of its walls, the large deformation it
undergoes during the cardiac cycle, the material nonlinearity of the myocardium
and the mechanical activation of the heart muscle. Unlike most existing models,
the present model describes the entire cardiac cycle in a continuous manner,
incorporating the active forces developing in the myocardial fibers, which play an
important role throughout most of the cyde. Due to these particular characteris
tics, this model is notably suitable for simulating partial or total loss of con
tractility of any given portion of the ventricle as well as of regional changes in the
myocardium passive properties. The main features of this model are hereafter
presented, a more detailed description being given in [6, 7J.

The L V geometry

The 3-D reconstruction of the LV is based on data provided by Ritman et al. [8J,
obtained by computerized tomography. This data is reduced into a finite element
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grid, consisting of two layers of 3-D isoparametric elements, arranged into eight
stacks vertically, each consisting of 24 elements (Fig. 1). The total number of
degrees of freedom in the resulting mesh is 1391.

The anisotropy of the L V wall

The direction-varying anisotropy of the LV induced by its fibrous structure [9, 10]
is modelled by superimposing a system of truss elements upon the 3-D elements
mesh. These are grouped into 5 layers each with a different fiber orientation,
which approximately describes the direction of the myocardial fibers at the
corresponding wall [10]. The truss elements have two roles:
a. To increase the stiffness of the wall in the fiber direction, relative to the
direction normal to the fibers. The fibers are ascribed the same form of exponen
tial stress-strain relation attributed to the whole muscle strip [11],

c
(J =T [exp(kc) - 1], (1)

but with different values of the experimental constants c and k.
b. To define the direction of the active forces which develop within the fibers, and
thus coincide with the truss directions.

The geometric nonlinearity

The large deformation analysis required by the significant changes of shape that
the LV undergoes during the cardiac cycle is performed by an incremental
approach, applying relatively small loading steps and assuming that the resulting
displacements are small enough to consider the problem as geometrically linear.
The geometry of the structure is adjusted at each step by an updated Lagrangian
scheme.

The material nonlinearity

In the absence of quantitative data for the multi-axial mechanical properties of
the muscle, the values of the uniaxial experimental constants (c and k) in (1) [11]
are adopted for the description of the material behavior of the 3-D finite el
ements. The exponential material law is implemented in the model in a piecewise
linear manner. This approach necessitates defining a single parameter for each
element in order to characterize the stress state and consequently to ascribe the
appropriate instantaneous Young modulus to this element. As the axial stress
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Figure 1. Breakdown of the LV into finite elements. The LV wall consists of two layers of three
dimensional elements, combined with five layers of truss elements.

serves for this purpose for the truss element, for the 3-D element Von Mise's
effective stress is used. Since the myocardium, as most of the other soft tissues, is
nearly incompressible, Poisson's ratio is chosen to be 0.45.

The active forces

The active forces developing within the myocardial fibers are evidently the
dominant factor affecting the deformation and the stress level in the LV during
the systole. As for the diastole, the common approach treats the ventricle as a
strictly passive material expanded by the rising cavity pressure. However, if the
myocardium is ascribed the experimentally measured passive mechanical proper
ties [11], the given increase in the cavity pressure is too small, at least in the early
filling phase, to produce the measured change in the cavity volume. This discre
pancy may be accounted for in the present model by the release of fiber strains
induced by the active forces. The active forces are applied through the truss
elements, and their magnitude is determined so as to be proportional to the truss
element cross sections.
With the absence ofquantitative information regarding the activation function,
it is taken as the independent variable of the simulation. Its value is chosen so that
the numerically simulated pressure-volume loop coincides with in vivo measured
one. Thus, the ventricular volume is maintained constant durig the isovolumic
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stages by counteracting the contraction effects of the active forces with the
expansion effect of the internal pressure. Similarily, the ventricular contraction in
the ejection phase is induced by overcoming the rising cavity pressure by increas
ing the active forces, while the ventricular expansion in the filling phase is
produced by the combined effect of the cavity pressure rise and of the release of
active strains.

The boundary conditions

The quantitative information required to express actual constraints imposed on
the LV by the other parts of the heart and the adjacent organs in terms of
kinematic boundary conditions is still unavailable. Nevertheless, such boundary
conditions are necessary in order to prevent rigid body displacements and rota
tions. The appropriate conditions satisfying these requirements while causing
only minimal and local distortion of the deformation field chosen here are
clamping two adjacent nodal points on the LV base and prevention of the vertical
movement of all the nodal points on the LV base.
The normal pressure applied by the blood volume contained in the LV is as
sumed to be uniform at any given instant and its time variance is based on experi
mental measurements acquired simultaneously with the ventricle geometry.

The simulation procedure

In a previous paper by the authors [7] an entire cardiac cycle based on in vivo
measured time sequential, canine heart data was simulated. Within the present
work it is intended to simulate the first stage of an infarct, commonly termed [4] as
an immediate infarction, occuring at the beginning of the ejection phase. The
immediate infarction is characterized by an instantaneous total loss of con
tractility of a certain region of the myocardium, while the passive mechnical
properties of the tissue are yet unaltered. Therefore, the simulation consists of
two parts:
a. simulation of the intact canine heart, as from the QRS through the systolic
isovolumic stage;

b. instantaneous introduction of an infarct, and simulation of the ejection phase,
until the end systolic pressure is reached.

Simulation of the systolic isovolumic phase

The onset of the electrical activation (QRS) is chosen to be the starting point of
the simulation since at this state the LV is almost stress and strain free, i.e. no
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active strain prevails in the fibers and only a small intramural pressure exists. The
simulation proceeds by applying an increment of intraventricular pressure as well
as a tentative increment of active forces on the initial given 3-D geometry at QRS.
The FE analysis is performed, yielding the deformed configuration of the LV due
to the above applied loads. The new cavity volume is compared to the experimen
tally measured one. If the numerical value deviates from the experimental finding
by more than 1%, the present step is repeated with adjusted incremental active
forces until it converges. Once the above requirement is fulfilled, the geometry of
the LV and the stresses are updated. Then the effective stress in each element is
calculated and an appropriate Young modulus is assigned to it. The process is
repeated until the systolic isovolumic stage is terminated. Prior to simulating the
ejection phase of the infarcted heart the same phase is simulated for the intact
heart. This is done in order to evaluate the active forces during this phase that will
serve in part as input for the infarcted case.

Simulation of the ejection phase

Once the systolic isovolumic phase is completed the ventricle is instantaneously
infarcted by completely deactivating a certain portion of the myocardium, sim
ulating an immediate infarct. Furthermore, the ejection phase is simulated em
ploying the intraventricular pressure increments and the active forces (only for
the non damaged part of the ventricle), previously evaluated for the intact case.
This procedure enables a direct assessment of the ventricular functional changes
resulting from this particular pathology.

Results

In order to examine the effect of the infarct size on the mechanics of the LV, the
simulation of the ejection phase was repeated three times, for infarcts comprising
16.6%,27.1% and 42.7% of the LV wall volume. The infarcts cover a zone which
extends longitudinally from the basal region of the LV to its apical one, not
including the base and apex themselves, and circumferentially, the infarcts oc
cupy about 60°, 120° and 240° of the ventricle (see Figs 2-4).
For each of the three cases, the results are presented in terms of the deforma
tions of the LV, the stresses which develop in its walls and the ejection fraction it
produces. Subsequently, these parameters are compared with the corresponding
ones for the intact case.
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Figure 2. Comparison of transverse and longitudinal contours of an intact LV (broken curves) versus
those of an infarcted one. Small infarct.

o 2 em

Figure 3. Comparison of transverse and longitudinal contours of an intact LV versus those of an
infarcted one (medium infarct).
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Figure 4. Comparison of transverse and longitudinal contours of an intact LV versus those of an
infarcted one (large infarct).

Effect of infarction on L V deformations

The global deformation of the infarcted LV is compared to that of the intact one
by referring to the transverse and longitudinal contours of the ventricle. A small
infarct results in a local indentation of the wall, with almost no alteration of the
overall dimensions and global shape of the LV (Fig. 2). A medium sized infarct
induces a smaller overall contraction of the whole ventricle, almost without
altering the pattern of the transverse and longitudinal contours (Fig. 3). The large
infarct significantly affects the contraction mode of the ventricle, causing larger
bulging out of the infarcted regions (Fig. 4). However, in neither of the three
cases does an extreme blowing out of the infarcted wall area occur. This seems to
be in agreement with the conclusions ofBogen and McMahon [12J, which indicate
that aneurysms do not blowout unless the passive properties of the myocardium
have been altered.
Occurence of an infarct also affects the apex to base twist angle of the ventricle.

Though the maximal reduction in the twist angle caused by the largest infarct is
only about 10%, the presence of even a smaller infarct already induces a con
siderable decrease in the twist angle (Fig. 5)
The distribution of the fiber strains through the wall thickness in the infarcted
region is by far different from that in the intact parts of the ventricle. In the intact
wall, the midwall fibers undergo the highest shortening, while the endocardial
and epicardial fibers shorten to a lesser and closely similar extent. In the infarcted
portion, where no contraction prevails, the fiber strain distribution progressively
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Figure 5. The variation in the apex-to-base twist angle as a function of infarct size.
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Figure 6. Fiber strain as a function of LV wall thickness for an intact LV (i), and for three cases of a
small (a), medium (b) and large (c) infarct.

changes with the infarct size. showing the largest strains in the endocardial fibers
and decreasing towards the epicardium (Fig. 6). This distribution is typical to a
thick walled vessel acted upon by an internal pressure, and is expected to appear
once the active forces are detracted.
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Figure 7. Effective stresses on the midwall surface for an intact LV (i) and for three cases ofa small (a),
medium (b), and large (c) infarcts.
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Figure 8. Stress maps resulting from the detraction of the effective stresses on the midwall of the three
infarction cases considered from the corresponding one in the intact state.

Effect of infarction on L V wall stresses

The stress distribution in the LV wall is considered here in terms of the Von
Mise's effective stress, which is related to the cartesian stress tensor components
by

(2)

and which gives a general notion of the stress state. For purposes of comparison
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Figure 9. Pressure-volume loops of an intact LV and of three cases of a small (a), medium (b) and large
(c) infarct.

with the intact LV, these stresses are visualized by maps of isostress lines for the
midwall surfaces of the intact as well as the three infarcted states (Fig. 7). In order
to accentuate the differences between the intact and the infarcted ventricles, the
corresponding effective stresses are detracted for each of the three infarcts
considered, and similarly visualized on isotress maps (Fig. 8). The results show
that for all the three cases, there are sharp stress gradients at the boundaries of the
infarcted region, while the stress at the center of this region is significantly lower
that the one in the surrounding tissue. This may be caused by the disappearance of
compressive stresses which would have been exerted by the presently nonexistent
active forces. Except for the boundaries, the stress distribution in the infarcted
region seems to be relatively even, slightly decreasing towards the center. The
stress pattern in the intact parts of the LVwall does not appear to be considerably
affected by the introduction of the infarct, except for increased stresses in the
apical and basal strips adjacent to it.

Effect of infarct on L V ejection fraction

The introduction of infarcts results in progressively lower end systolic volumes,
for increased infarct sizes (Fig. 9). As a result the ejection fraction (EF) is linearly
decreasing as the infarct size increases (Fig. 10). Similar relations were reported
by Swan et al. [I) and by Bogen et al. (4). The amount of decrease in EF relative to
the intact state is somewhat lower than the relative size of the infarct.
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Figure 10. The ejection fraction of the LV as a function of infarct size.

Concluding remarks

Using a recently developed comprehensive model for the mechanics of the LV,
immediate infarcts of various sizes have been simulated. The model predicts
various geometrical and functional changes in the ventricle that occur due to the
total loss of contractility of the infarcted region, which are found to be in good
agreement with physiological observations.
Due to the model's distinct feature, that enables the treatment of contractility
separately from the passive mechanical properties of the myocardium, various
additional pathologies involving mechanical alterations of the ventricle, may be
simulated in the future. The first category consists of pathologies in which
contractility is partially or entirely lost such as in ischemic disease. The second
category involves states in which the passive mechanical properties of the tissue
are altered as in fibrosis or scarification that is part of the degenerative processes
following infarction. Any pathology belonging to one or both categories can be
readily simulated using the present model.
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Discussion

Marcus: It is known that if you infarct only half of the thickness of the left
ventricular wall, from the endocardium to the mid-wall, you get a transmural
mechanical effect. I believe that Jim Weiss at Hopkins has shown that. Also,
many investigators have shown that if you produce an infarction in the anterior
wall, you get hyperfunction in the posterior wall. I wonder if you tried anything
like that in your model simulations.
Perl: No, we have not reached this point as yet.
Arts: You simulated a transmural ischemia. However, most of the ischemias are
subendocardial. One of your conclusions was about the decrease of twisting. But
in subendocardial infarction twisting will increase, and contraction will decrease.
This is the clinical situation.
Perl: That is a good test for the model and I thank you for the advice.
Baan: How do you have the fibers mechanically interact with each other? This is
especially important, in the case of infarct particularly, from layer to layer.
Perl: The fibers are not allowed to move separately. They are connected to the
nodal points of the 3-D elements.



31. Nonischemic dysfunction at the lateral
margins of ischemic myocardium

K.P. GALLAGHER, R.A. GERREN, A.J. BUDA and W.R. DUNHAM

Abstract

To determine the lateral extent of dysfunction in nonischemic myocardium
adjacent to ischemic muscle, we measured systolic wall thickening during circum
flex coronary occlusion in two groups of anesthetized, open-chest dogs. In one
group (n = 12), wall thickening was measured with sonomicrometers arrayed on
both sides of the perfusion boundary (PB) between ischemic and nonischemic
myocardium. The location of the PB and the distances of the sonomicrometers
from the PB were determined from full circumference maps of myocardial blood
flow (microspheres) distribution constructed from multiple, small tissue samples.
Sigmoid curves were fitted to the data to model changes in wall thickening as a
continuous function of distance from the PB. Using this approach, the average
extent of dysfunction (defined as wall thickening less than control condition
values) was approximately 4-5 mm (or 15-18 degrees) of endocardial circum
ference. In the second group (n =18), cross-sectional two-dimensional echocar
diograms were obtained to measure regional function. Wall thickening was
measured at 22.5 degree intervals around cross-sections of the left ventricle and
myocardial blood flow distribution in the corresponding 16 sectors was measured
with microspheres or autoradiography. Circumferential maps of wall thickening
and blood flow distribution during circumflex coronary occlusion were con
structed. By superimposing the maps, the difference between the size of the
hypofunctional zone (174 ± 4 degrees) and ischemic zone (125 ± 26 degrees) was
estimated. Consistent with the results obtained with sonomicrometry, the extent
of nonischemic dysfunction averaged approximately 25 degrees (or 8-9 mm of
endocardial circumference) at each lateral border of the ischemic area. We
conclude that a 'functional border zone' (defined as nonischemic muscle exhibit
ing abnormal function) exists adjacent to acutely ischemic myocardium. Because
its lateral extent is relatively limited, however, it is possible to estimate the size of
the ischemic zone with reasonable accuracy using functional measurements
alone.
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Introduction

Potential preservation of 'border zone' myocardium at the lateral margins of an
ischemic area has received considerable attention. Recent studies, however, have
demonstrated that the lateral borders of an infarcted area are sharply delineated
[1-9J and are unlikely to be substantially altered with different interventions [2].
Several lines of evidence suggest that the damaged myocardium is surrounded by
a zone of normally perfused but functionally impaired muscle [10-20J. This type
of border zone, defined in terms of contractile performance rather than perfu
sion, may begin at the relatively abrupt perfusion boundary between ischemic
and nonischemic muscle and extend laterally into myocardium with normal blood
flow. The circumferential distribution of impaired wall motion has been reported
to overestimate infarct size by most investigators, but the amount of overestima
tion varies considerably [17, 21-27J.
Given the existence of a functional border zone, its dimensions and the
potential for altering them are important issues for the correct interpretation of
most methods used clinically and experimentally to measure regional myocardial
function. Therefore, the objective of the studies reviewed in this article was
characterization of the functional border zone in order to answer the following
question: Does mechanical dysfunction extent beyond the boundary between
ischemic and nonischemic myocardium into normally perfused muscle, and if so,
how far does it extend and how severe is the dysfunction? The microsphere
technique was used to precisely delineate the ischemic-nonischemic interface and
the distribution of functional changes across the perfusion boundary was mea
sured with sonomicrometers [28J or two-dimensional echocardiography [29J.

Materials and methods

Two separate but related studies were performed in open-chest, anesthetized
dogs. In one of the studies, halothane (end-tidal concentration 0.5-0.7%) anes
thesia was used and sonomicrometers were implanted to measure regional wall
thickening [28J. In the second study, pentobarbital (30 mg/kg) anesthesia was
used and regional function was measured as wall thickening with two-dimensio
nal echocardiography [29].

Experimental preparation in sonomicrometer studies

After performing a left thoracotomy, a Millar high fidelity micromanometer was
passed into the left ventricle via the carotid artery and aorta for measurement of
left ventricular pressure. Tygon catheters were placed in the left ventricle (via the
apex to verify calibration of the Millar micromanometer in mm Hg), left atrium
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(for injection of microspheres), and femoral and carotid arteries to obtain two
simultaneous reference arterial samples for calculation of myocardial blood flow.
Around the proximal circumflex artery, a screw clamp occluder was positioned to
produce total coronary occlusion.
Regional myocardial function was measured in 12 dogs with sonomicrometers

arrayed to measure wall thickness [30, 31). One crystal of each wall thickness pair
was inserted tangentially to the subendocardium and the other crystal was at
tached to the epicardium over the position of the inner crystal. The epicardial
crystal was attached to a dacron patch, enabling us to sew it to the epicardium
with shallow sutures after locating the position of least distance between the two
crystals while monitoring the signals with an oscilloscope [31). Data were not used
if the crystals were improperly aligned or if the inner crystal was not contained
within the inner third of the myocardium [32).
Regional myocardial blood flow was measured with tracer labelled micro

spheres (15/A-m diameter, New England Nuclear) using the reference withdrawal
method [33). Two or three injections of microspheres were made in each experi
ment, utilizing one of six available isotopes (Ce-141, Sn-113, Cr-51, Ru-103,
Nb-95, Sc-46) for each flow determination. Approximately 1-2 million micro
spheres were injected into the left atrium for measuring blood flows. Arterial
reference samples were obtained simultaneously from the femoral and carotid
arteries at a constant rate with a Harvard withdrawal pump. The withdrawals
were started before injecting the microspheres and they were completed 2
minutes later. The microspheres were thoroughly mixed before injection to
ensure that adequate mixing would be achieved.
Blood flow measurements were made during control conditions and five to ten

minutes after abruptly occluding the circumflex artery, while continuously rec
ording hemodynamic and dimensional data on strip chart and FM tape recorders.
We waited for at least five minutes after coronary occlusion to make certain that
steady conditions were achieved before injecting microspheres or obtaining
dimensional data for analysis. Longer periods of ischemia were not evaluated in
this experimental series.
At the end of the experiments, the dogs were euthanized with intravenous KCI.

The heart was removed and placed in formalin to make it easier to section. The
sonomicrometers were left in the heart to allow careful assessment of their
position and alignment within the myocardial wall. Full thickness sections were
obtained around the circumference of left ventricular rings as shown in Figure 1.
In the vicinity of the perfusion boundary, the sections (designated A through N in
Figure 1) were approximately 3 mm wide, similar to the approach for delineating
perfusion boundaries described by Murdock et al. [9]. Each transmural section
was divided into three pieces of approximately equal thickness from the endocar
dial to epicardial surfaces. The location of each piece of tissue and the positions of
the sonomicrometers were recorded. Then the tissue samples were weighed and
placed in counting vials for assay of radioactivity in a Tracor (Model 1185)
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Figure 1. Schematic depiction of the manner in which transverse slices of the left ventricle were
sectioned. In the upper left is shown the left ventricle alone with one transverse ring indicated. In the
upper right is shown the technique for sectioning the transverse slice. Small samples (Samples A
through N) were obtained in the vicinity of the perfusion boundary and larger samples were obtained
remote from the perfusion boundary. In the lower portion of the figure is shown an actual circum
ferential 'map' of myocardial blood flow (MBF) from one of the experiments in this study. For the
sake of clarity, only subendocardial blood flow is presented in the graph. Control (C) condition blood
flow is depicted with solid symbols; blood flow during coronary occlusion (TCO) is shown with open
symbols. A sharp demarcation between ischemic and nonischemic areas is evident, with only one
sample demonstrating an intermediate flow value.

y-scintillation counter. The output of the gamma counter was recorded on a
floppy disk for subsequent calculation of myocardial blood flows using standard
techniques [33].
Myocardial blood flow 'maps' around the circumference of the left ventricle
were generated in which the position of the dimension measurements could be
located. The perfusion boundary was identified by the position of the flow
gradient in the circumferential blood flow map (Figure 1). Because the samples
delineating the perfusion boundary were quite small, we could successfully
localize the boundary in most of the experiments. When a sharp boundary was
not evident, however, the data from such experiments were not used. The
locations of the wall thickening measurements were superimposed on the perfu
sion maps and the distance from each measurement to the perfusion boundary
was determined.
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The main parameter of systolic function we concentrated on was the extent of
wall thickening, defined as the difference between end-diastolic and end-systolic
wall thickness. End-diastole was identified as the point corresponding to the
onset of the positive dP/dt signal and end-systole was defined as the point 20msec
prior to peak negative dP/dt [34]. The dimensional and hemodynamic data were
analyzed from recordings made at 100mm/s or were analyzed by digitizing the
recorded data from analog tape with a DEC Micro PDP 11 computer system. Ten
to 20 cardiac cycles were averaged at each condition, using the beats occurring
during the microsphere injection.

Experimental preparation in echocardiographic studies

Eighteen dogs were studied as part of this experimental series. Although pen
tobarbital anesthesia was used, the preparation was similar to the sonomicrome
ter studies described above. A left thoracotomy was performed to allow place
ment of left atrial and arterial catheters. The circumflex artery was exposed by
dissection and a hydraulic occluder was placed around it to produce coronary
occlusion. Thereafter, the left thoracotomy was partially closed and the dog was
turned over. A small right thoracotomy was performed to allow placement of the
two-dimensional echocardiographic transducer over the right ventricle. This
approach minimized distortion of the left ventricle by the echocardiographic
transducer and maximized image quality of the echocardiograms [29].
The two-dimensional echocardiograms were obtained with a Diasonics 3400R
scanner and 2.25 MHz transducer. Full cross-section (short axis) views were
obtained at the level of the mid-posterior papillary muscle. After this location was
identified, the transducer position was fixed with clamps to make certain the same
cross-section of the left ventricle was visualized throughout the study.
Echocardiograms were obtained during control conditions and 60 minutes
after circumflex coronary occlusion. In seven of the 18 dogs, standard tracer
labeled (15 J.Lm diameter, New England Nuclear) microspheres were injected to
measure myocardial blood flow before and after coronary occlusion. The same
procedures for using the microspheres were followed as those described for the
sonomicrometer study. In 13 dogs (of which five overlapped with the standard
microsphere studies), microspheres labeled with technetium-99m (20 J.Lm diame
ter, 3M Co.) were injected for subsequent autoradiographic analysis to define
the location of the perfusion boundary [35].
After completing the measurements at 60 minutes following coronary occlu

sion, the dogs were euthanized with intravenous KCI. The hearts were removed
and placed in formalin to facilitate sectioning (for studies in which microspheres
were used) or were immediately sliced into cross-sections (5 mm thick) and
placed in X-ray cassettes to perform autoradiography. The slices were exposed
for 18 hours on 8 x 10 inch sheets of high speed X-ray film and developed.
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Normally perfused tissue was obvious as the area with high radiographic density.
The ischemic area was characterized by much lower or no radiographic density.
Tracings of the slices (made on clear plastic sheets) were superimposed on the
autoradiograms to identify the boundaries between ischemic and nonischemic
myocardium. For comparison with echocardiograms, the midpapillary slices
were used. In the five animals in which standard microspheres were injected, as
well as technetium microspheres, the midpapillary slices were sectioned (as
described previously) for determination of blood flows. Excellent correspon
dence between the perfusion boundaries delineated with the two techniques was
observed.

Results

Group 1: systolic wall thickening, measured with sonomicrometry, across the
perfusion boundary

After abrupt circumflex coronary occlusion, heart rate increased from 107 ± 15
(mean ± SO) beats/min to 111 ± 18 beats/min (p<O.03). Peak systolic pressure in
the left ventricle decreased significantly from 114 ± 10mm Hg to 96 ± 11 mm Hg
(p<O.OI) and end-diastolic pressure increased from 8.2 ± 1.5 mm Hg to 13.3 ±
2.8 mm Hg (p<O.OI). In the cross-sections of left ventricle containing dimension
gauges, the size of the ischemic area averaged 42 ± 6% of total cross-sectional
area, or 149 ± 21 degrees of circumference.
Wall thickness and blood flow data were evaluated in four locations:

1. the central ischemic area,
2. the ischemic border zone,
3. the nonischemic border zone, and
4. central nonischemic or control area.
The average distances from the perfusion boundary in these four categories were
13 ± 3mm (central ischemic area), 5 ± 3 mm (ischemic border zone), 4 ± 2mm
(nonischemic border zone), and 15 ± 4mm (nonischemic area).
During control conditions, myocardial blood flow was similar in the four
locations defined to analyze wall motion. As shown in Figure 2, blood flow was
markedly reduced in the ischemic area and ischemic border zone during circum
flex coronary occlusion. There were no significant differences between blood
flow values in these two locations. In the nonischemic area, there were no
significant differences between blood flow in the nonischemic border zone (im
mediately adjacent to the perfusion boundary) and the central nonischemic area
(Figure 2). The relative abruptness of the perfusion boundary is demonstrated in
Figure 3, which shows the circumferential perfusion map (subendocardial and
subepicardial blood flow) after coronary occlusion in one of the experiments from
this study.
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Figure 2. Average myocardial blood flow data in four locations where regional wall thickening was
measured. Blood flow is shown in three layers across the myocardial wall: Subendocardium (1),
midmyocardium (2), and (3) subepicardium. Blood flow during control (C) conditions is shown with
solid symbols and blood flow during total coronary occlusion (TeO) is presented with open symbols.
Blood flow was similar in all four locations before occlusion. After coronary occlusion, blood flow was
drastically reduced in the two ischemic locations but there was no significant change in the non
ischemic area. Blood flow in the central ischemic area (IS AREA) was not significantly different from
flow in the ischemic border zone (IS BZ). Likewise, blood flow in the nonischemic border zone (NIS
BZ) was not significantly different from flow in the central nonischemic area (NIS AREA).

Examples of wall thickness waveforms are presented in Figure 4. During
control conditions, wall thickening was not significantly different among the four
location categories, averaging 3.00 ± 0.61 mm (n = 9) in the ischemic area, 2.84
± 0.83mm (n = 10) in the ischemic border zone, 2.72 ± 0.80mm (n = 12) in the
nonischemic border zone, and 2.56 ± 0.57 mm (n =12) in the central non
ischemic area. After coronary occlusion, thickening was replaced by systolic
thinning in the ischemic area. The wall thickness gauges in the ischemic border
zone also exhibited paradoxical motion (Figures 3 and 4) that was not signifi
cantly different from that in the central ischemic area.
As demonstrated in Figure 5, ischemic and nonischemic border zone wall
thickening were markedly different. These gauges were separated by approx
imately 1em, on the average, yet a striking disparity in the extent of wall motion
was evident (Figure 4). Systolic thinning averaged -0.24 ± 0.40mm in the
ischemic border zone gauges whereas nonischemic border zone wall thickening
was well maintained at 2.44 ± 0.79 mm. This constituted a small (10%) but
significant reduction from control condition values. In the nonischemic area,
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Figure 3. Example of a blood flow map in the vicinity of the perfusion boundary from one experiment
in which wall thickening was measured with sonomicrometers. The locations of the sonomicrometers
are shown with the stippled bars. The height of the bars indicates the percentage of control condition
thickening evident after the circumflex artery was occluded. The relative abruptness of the perfusion
boundary as delineated with this microsphere technique (modified from that described by Murdock et
at. [9]) is evident and there is a striking difference between the extent ofwall thickening on each side of
the perfusion boundary (PB). The distance measurements are referenced to the position of the
perfusion boundary which was designated as zero. Abbreviations: ENDO, subendocardial; EPI,
subepicardial; MBF, myocardial blood flow.

approximately 1.5 em from the perfusion boundary, wall thickening increased by
27% to 3.24 ± 0.72 mm (p<O.01).
In addition to the categorical analysis (Figure 5), wall thickening data were

evaluated as a continuous function of distance from the perfusion boundary in
order to determine the distribution of wall thickening impairment across the
ischemic-nonischemic interface. By using sonomicrometers to monitor wall
thickness, we obtained high resolution, discrete regional measurements of trans
mural function at different locations relative to the perfusion boundary. Sono
micrometers have the disadvantage, however, of allowing limited functional
sampling in each experiment. By applying sigmoid curve fits to the data, we
attempted to minimize the sampling problem as much as possible.
To mathematically model the distribution of wall thickening change across the
ischemic-nonischemic interface we assumed that the nonischemic tissue had a
wall thickening asymptote, N, and that the ischemic tissue had a wall thickening
asymptote, I. A mathematical function with these asymptotes and that changes
monotonically between them is a form of the Normal Distribution Function [36]
shown below:
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Figure 4. Examples of recorded analog tracings from the same experiment shown in Figure 3. Wall
thickness (WT) waveforms are presented during control (C) conditions on the left and during total
coronary occlusion (TeO) on the right. The solid lines indicate end-diastole (ED) and end-systole
(ES). Percentage wall thickening (averaged over ten consecutive cycles during the microsphere
injections) are superimposed on the tracings. The ischemic (IS) and ischemic border zone (IS BZ) wall
thicknesses were characterized by systolic thinning after coronary occlusion. Although separated
from the ischemic border zone wall thickness by only 8 mm (see Figure 3). nonischemic horder zone
(NIS BZ) wall thickening increased post-occlusion. Nonischemic (NIS) or control wall thickening.
however, increased more substantially after coronary occlusion consistent with its location at a greater
distance from the perfusion boundary.

The value JL is equal to the position on the x-axis of the midpoint of the change
between the asymptotes and 0 is a value (analogous to the standard deviation)
that discribes how rapidly the change is made. A change in x from JL - 20 to
JL + 20 means that the function y changes over 95% of its range (N to I). A low
value of 0 implies that the transition between asymptotes occurs over a short
distance; a high value of 0 indicates that the transition between abnormal and
normal wall thickeriing occurs over a broader distance. Computerized nonlinear
minimization techniques [37-39] were used to fit the modeling function to the
data from each dog and to the pooled data from all of the dogs.
Regional function is plotted on the y-axis as a decimal fraction or percentage of

control condition wall thickening in Figures 6 and 7. The position of each data
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Figure 5. Wall thickening data during coronary occlusion from all of the sonomicrometry experiments.
The data were normalized as percentages of control condition wall thickening (dWT). Individual data
are shown with the small symbols; average data (± SO) are shown with the large symbols and
standard deviation bars. The relative changes in the central ischemic (IS) area and ischemic border
zone (IS BZ) were not significantly different. Both were characterized by dyskinesia or wall thinning
after coronary occlusion. In the nonischemic border zone (NIS BZ) a small (10%) but significant
reduction in wall thickening was observed. The relative change in the NIS BZ was significantly
different than the change in central nonischemic (NIS) wall thickening which increased significantly
after coronary occlusion.
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Figure 6. Individual example of a sigmoid curve fit (to wall thickening data from the same experiment
shown in Figures 3 and 4). Wall thickening (on the y-axis) is expressed as a percentage of control
condition values. Distance on the x-axis is in mm of endocardial circumference, with the position of
the perfusion boundary designated as zero. The lateral extent of nonischcmic dysfunction (defined as
wall thickening less than 100%) was approximately 5 mm or 18 degrees.
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Figure 7. Composite graph of wall thickening data from all 12 of the sonomicrometry experiments
relative to the position fo the perfusion boundary. The x and y-axes (with wall thickening expressed as

a decimal fraction of control values) are arranged in the same manner as Figure 6. The solid line

represents the composite sigmoid fit. Although from different experiments. the data points are

distributed closely around the composite fit. A continuum of dysfunction is evident. demonstrating

that reduced contractile performance extends beyond the boundary of the ischemic area but the

average extent of dysfunction (defined as wall thickening less than 100%) was restricted to approx

imately 4 mm or 15 degrees.

point relative to the x-axis corresponds to the distance of the measurement from
the perfusion boundary, designated as zero, with positive numbers indicating
nonischemic myocardium and negative numbers indicating ischemic myocar
dium. In Figure 6, an individual example of a sigmoid surve fit is presented from
the same experiment shown in Figures 3 and 4. The solid line represents the
sigmoid curve for the data set. The composite data set and composite sigmoid
curve fit (dashed line) are shown in Figure 7. A continuum of functional change
was apparent extending across the perfusion boundary. Nonischemic dysfunc
tion, defined as wall thickening less than the control value, extended only 4-5 mm
(measured in mm of endocardial circumference) beyond the perfusion boundary.
The entire transition zone from dyskinetic to normal wall thickening was re
stricted to approximately 10mm.
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Group 2: two-dimensional echocardiographic evaluation of wall thickening across
the perfusion boundary

In this experimental group, hemodynamic changes after circumflex coronary
occlusion were not significant due to the different anesthetic that was employed
(pentobarbital). Heart rate was 141 ± 25 beats/min before occlusion and 137 ± 34
beats/min after occlusion. Likewise, mean arterial blood pressure was not altered
(100 ± 17 mm Hg to 107 ± 21 mm Hg, NS). Sustantial effects of coronary occlu
sion on left ventricular end-diastolic area were documented, however, which
increased significantly from 12.4 ± 3.0 cm2 to 15.4 ± 4.2 cm2 (p<O.01). Area
ejection fraction decreased from 49 ± 9% to 29 ± 7% (p<O.01). Despite large
changes in ejection fraction and regional wall thickening secondary to circumflex
occlusion, the cross-section of the left ventricle remained symmetrical. The ratio
of anterior-posterior diameter to septal-lateral diameter was 1.04 ± 0.08 at base
line and did not change (1.03 ± 0.06) after occlusion.
Circumferential maps of regional left ventricular function were derived by
measuring systolic wall thickening at intervals of 22.5 degrees around a cross
section of the left ventricle at the mid-papillary muscle level. End-diastolic and
end-systolic frames were selected for analysis using a minicomputer based video
digitizing system. An observer traced the endocardial and epicardial borders
from the video display for three consecutive beats using the largest cavity area as
the end-diastolic frame and smallest cavity as the end-systolic frame. Percent wall
thickening was calculated with a radial contraction model and fixed diastolic
center of mass for 16 sectors over the full circumference of the cross-section [40).
Myocardial blood flow distribution was also measured in the 16 sectors of the
left ventricular cross-section imaged with two-dimensional echocardiography. In
this manner, maps of blood flow distribution and wall thickening were produced
from the same cross-section of the heart before and during circumflex coronary
occlusion. By combining the information from the two types of 'maps', it was
possible to calculate the amount of lateral nonischemic dysfunction as the dif
ference between the circumferential extent of ischemia (defined as blood flow
reduced to less than 50% of control levels) and the circumferential extent of
dysfunction (defined as wall thickening less than the mean control condition
value minus two standard deviations).
An example of a blood flow and a function map from one of the experiments is
presented in Figure 8. The distribution ofsubendocardial and subepicardial blood
flow during occlusion demonstrates, again, that an abrupt perfusion boundary
was produced by circumflex coronary occlusion, similar to the observations made
in the other group of experiments (Figure 3). The circumferential distribution of
wall thickening was characterized by intense dysfunction in the center of the
ischemic area and normal wall thickening in the nonischemic area less than two
22S sectors from the perfusion boundary (lower graph, Figure 8). The extent of
nonischemic dysfunction (or functional border zone), using the definitions de-
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Figure 8. Examples of a circumferential perfusion and circumferential function map from one of the
experiments in which two-dimensional echocardiography was used. In the upper graph, subendocar
dial (ENDO) and subepicardial (EPI) blood flow 60 minutes after circumflex coronary occlusion are
plotted relative to position around a full circumference cross-section of the left ventricle. In the lower
graph, the corresponding functional data are plotted in terms of percentage wall thickening. The
heavy line represents the distribution of wall thickening after coronary occlusion; the cross-hatched
area represents mean wall thickening ± 2 standard deviations during control conditions. The size of
the ischemic zone is indicated with the solid vertical lines, which represent the perfusion boundaries.
The dysfunctional zone, indicated with the dotted lines, is larger than the ischemic area by approx
imately 30 degrees at each lateral margin. The areas between the solid and dotted lines represent the
'functional border zone'.

scribed above, was approximately 30 degrees at each lateral border.
In all of the experiments, the dysfunctional zone detected by two dimensional
echocardiography extended over 174 ± 4 degrees (48% of cross-sectional circum
ference). The ischemic zone was significantly smaller, encompassing 125 ± 26
degrees (35% of circumference), which means that a functional border zone
existed averaging 49 ± 34 degrees. This corresponded to dysfunction in 8-9 mm
or 25 degrees of nonischemic myocardium (measured at the endocardium) at
either lateral border, a result that agrees well with results based on the sono
micrometric measurements (Figure 7). The reduction in wall thickening in myo
cardium that constituted the functional border zone (Figure 8) averaged 56%,
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although no significant reduction in myocardial blood flow was evident in the
muscle where those measurements were made.

Discussion

The goal of the studies reviewed here [28, 29] was to determine the distribution of
functional change across the lateral margins of acutely ischemic myocardium. In
so doing, we attempted to define the extent and severity of dysfunction in
normally perfused muscle adjacent to ischemic myocardium. Several previous
studies have demonstrated that nonischemic dysfunction exists lateral to an
ischemic or infarcted area, but the reported dimensions of the 'functional border
zone' varied considerably.
Our findings, obtained with two different modalities for measuring regional
myocardial function, support the existence of a significant but narrow functional
border zone. As shown in Figures 6, 7, and 8, a gradient in contractile perform
ance was present adjacent to and across the perfusion boundary. Although not as
abrupt as the interface defined in terms of perfusion, the transition from abnor
mal to normal contractile performance was achieved over a relatively small
distance.
The lateral extent of the functional border zone, measured with sonomicrome
ters, was approximately 4-5 mm or 15-18 degrees of endocardial circumference at
one lateral margin. In the experiments using two-dimensional echocardiography,
the corresponding values were 8mm or approximately 25 degrees of circum
ference. Given the differences between echocardiography and sonomicrometry
in terms of resolution (and the associated difference in how 'dysfunction' was
defined), we consider the disparity between the echocardiographic and sono
micrometric results remarkably small. The complementary results strengthen our
confidence in the conclusions on the dimensions of the functional border zone and
also suggest that the results may be useful clinically. Because marked dysfunction
was restricted to only a few mm immediately adjacent to the perfusion boundary
(Figures 7 and 8), the circumferential extent of severe dysfunction corresponded
closely to the size of the ischemic area. Consequently, if severe dysfunction is
used to define the boundaries of an acutely infarcted zone, our findings indicate
that ischemic area size can be estimated with reasonable accuracy using imaging
techniques based on functional measurements.
Although earlier studies reported that dysfunction extended beyond an in

farcted area into surrounding (normally perfused) myocardium, only recent
investigations included quantitative data on the relationship between position of
the perfusion boundary and the location of functional measurements. For exam
ple, Homans et al. [24] used two-dimensional echocardiography and subendocar
dial segment lengths to measure regional function in anesthetized, open-chest
dogs. Contractile performance was evaluated as endocardial wall motion in eight
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(45 degree) sectors around the circumference of the left ventricle and as segment
shortening, measured with sonomicrometers, close to the perfusion boundary.
Like us, they concluded that dysfunction extended beyond the ischemic area but
that the degree of nonischemic dysfunction was relatively mild and that the extent
of severe dysfunction was comparable to the size of the ischemic zone. An
average of 10mm from the perfusion boundary (delineated with post-mortem dye
injections), wall motion was reduced only 24% from control. Simultaneously
measured segment shortening, less than 9mm from the boundary, decreased 19%
after coronary occlusion, a relatively small difference compared with our own
results. There are several differences between the study of Homans et al. [24] and
ours, reviewed here, but the results complement one another and the conclusions
are the same.
Sakai et at. [27] measured epicardial segment shortening parallel to the perfu
sion boundary (delineated with dye injection) in open-chest, anesthetized pigs.
They observed that dysfunction extended approximately 15 mm into nonischemic
myocardium at the epicardium. The relationship could be described with a
exponential equation which documented that proximity to the perfusion bound
ary was associated with significantly greater reductions in systolic shortening. By
9mm from the perfusion boundary, however, shortening was 75% of that evident
during control conditions. Reductions in function greater than 50% were appar
ent only within 5mm of the ischemic-nonischemic interface, in close agreement
with our findings. In a recent preliminary report, Prinzen et al. [41] made similar
observations on the distribution of epicardial functional changes after coronary
occlusion.
The experimental results of Homans et at. [24], Sakai et at. [27], and Prinzen et
at. [41] support our conclusion that nonischemic dysfunction is limited to a short
distance. Theoretical proposals by Bogen et at. [42, 43] also support this con
clusion and may provide a means of rigorously explaining the mechanism of
lateral nonischemic dysfunction. They calculated the degree of stress amplifica
tion at the interface between infarcted and noninfarcted myocardium based on
modeling of the left ventricle as a sphere composed of isotropic material. Stress
amplification was highest at the interface between infarcted and noninfarcted
myocardium, then recovered logarithmically to control levels over approximately
45 degrees of circumference in the presence of an acute, extensible infarct. The
lateral extent of stress amplification decreased with elevated infarct stiffness but
was relatively unaffected by infarct size over the range 15-41% of the left
ventricle. Given that stress amplification can be equated with restriction of
normal motion, the distribution of stress amplification may describe (approx
imately) the distribution of dysfunction. Although this has yet to be verified, the
predictions of Bogen et al. [42,43] correspond closely to the observations we and
others [24, 27, 41] have made on the lateral extent and severity of nonischemic
dysfunction. The predictions are even closer if the assumptions made by Bogen et
at. [24] on the relativeness stiffness of an acute infarct prove to be in error. We
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suggest this may be the case, given the reports by Hess et at. [44] and Edwards et
at. [45] that acutely ischemic myocardium is much stiffer than what Bogen et at.
[42,43] assumed. This would mean the lateral extent of stress amplification was
restricted to a narrower zone (approximately 30-35 degrees of circumference)
that is more in line with our results. Although we think stress amplification may
explain the mechanism of nonischemic dysfunction, it remains a theoretical
possibility only until additional experiments are performed to rigorously test this
hypothesis.
The term 'tethering' has been used in the context of nonischemic dysfunction,
as well. Tethering implies some sort ofmechanical constraint or 'resistive loading'
of motion in normally perfused muscle. As such it is intuitively appealing but no
definition of tethering exists as yet. We have used the term ourselves but must
acknowledge that it is a concept with limited usefulness until it can be defined
rigorously. Because stess amplification can be defined and because its distribu
tion appears to resemble that of regional dysfunction near the perfusion bound
ary, we think stress amplification should be considered the most likely mecha
nism of nonischemic dysfunction at the lateral margins of ischemic or infarcted
myocardium.

Methodologic considerations

Several earlier studies, using myocardial blood flow distribution [1, 5, 9J, NADH
fluorescence [4], histology [2, 7J or metabolic indices [3, 6] to focus on the size of
the junction between ischemic and nonischemic tissue demonstrated that it is a
relatively narrow zone, characterized by quite limited overlap of perfusion beds.
Recently, Murdock et al. [9] analyzed the distribution of myocardial blood flow
(measured with microspheres) during acute coronary occlusion. Using post
mortem angiograms as a guide to identifying occluded and nonoccluded regions,
serial 3mm tissue samples were obtained to define the ischemic-nonischemic
interface. Overlapping perfusion zones, which resulted from an admixture of
ischemic and nonischemic tissue in these samples, were limited to one sample
width (3 mm). Thus, the junction between ischemic and nonischemic tissue
appeared to be a relatively abrupt interface which was resolveable to approx
imately 3 mm, using myocardial blood flow 'maps' [9].
Our observations were quite similar in that one 3mm tissue sample was usually

characterized by a level of blood flow intermediate between that in the ischemic
and nonischemic areas (Figures 1, 3, and 8). Using the microsphere technique, as
described here [28, 29] or by Murdock et at. [9), means that a potential error of
1-2 mm (4-8 degrees) at the endocardium exists in the position of the perfusion
boundary as we defined it. The actual perfusion boundary is not a straight line,
rather it is irregular, with considerable interdigitation of ischemic and non
ischemic muscle [2, 7]. The tissue samples with intermediate blood flow probably
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represent the muscle with mixed perfusion, where two vascular beds meet and
interdigitate [9]. Because we assigned such tissue samples to the ischemic area,
we may have overestimated the size of the ischemic zone and underestimated the
lateral extent of the functional border zone by 1-2 mm. This approach, however,
allowed us to characterize regional contractile performance adjacent to the
perfusion boundary with greater confidence that the tissue was perfused at
normal levels and was not contaminated by the presence of ischemic muscle. The
extent of lateral nonischemic dysfunction remains less than 10 mm even with the
addition of 2 mm to adjust for the potential error.

Conclusions

The studies reviewed in this article demonstrated that a functional border zone
exists. It may constitute an important feature in the overall impact on the left
ventricle of acute regional ischemia. Although statistically significant, the lateral
extent and severity of the functional border are limited during acute ischemia and
several questions remain to be addressed. The results obtained thus far apply only
to myocardium in the basal half of the left ventricle. Whether comparable results
would be obtained in the apical left ventricle (rendered ischemic by occlusion of
the left anterior descending rather than circumflex artery) remains to be deter
mined. Likewise, the effects of altered loading conditions, changes in con
tractility, and replacement of infarcted muscle with scar tissue will require
additional investigation.
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Discussion

Li: Does wall thickening parallel muscle segment shortening even though they
are orthogonal to each other?
Gallagher: Two answers. Under normal conditions if you measure a deep (suben
docardial) segment length and wall thickness with sonomicrometers in adjacent
locations, you will find that changes in one parallel changes in the other. If they
are both in the middle of an ischemic area, they will act in the same manner but
provide mirror images. However, trying to apply segment shortening to the
question of what happens at the border zone is a potential problem. Because the
zone of nonischemic dysfunction is relatively narrow, if you use a standard
segment length you have a good chance of missing it.
Li: Did you observe muscle shortening at the ischemic border zone boundary?
Gallagher: This is a tricky question, particularly in light ofCox and Vatner's study
from 1982 (Circulation 66: 1154-1158,1982) suggesting that segment length short
ening is entirely dominated by ischemic muscle if the segment spans both ischemic
and nonischemic muscle. Our view is that segment shortening in that situation
represents an integral of normally functioning and dysfunctional muscle, i.e. it is
not governed solely by the ischemic muscle. Consequently we would predict that
substantial, albeit somewhat reduced, shortening should be evident in non
ischemic muscle adjacent to the perfusion boundary when conventional segment
lengths are used.
Marcus: Did you use data from gauges implanted in myocardium with mixed
sources of perfusion? This might represent a problem because you can not be sure
how much normal and how much ischemic tissue is in the muscle subtended by the
sonomicrometers.
Gallagher: We tried to be as rigorous as we could. If we could not define the
perfusion boundary within the limits stated, we discarded the data. We proceeded
on the assumption that the flow boundary is a perpendicular line between the
epicardium and endocardium. In fact it is actually somewhat irregular. The
manner in which we sectioned the heart meant that we observed a very poorly
defined perfusion boundary if the true boundary was particularly irregular or
oblique. In this case, the crystals would cross muscle with normal flow and
abnormal flow. For the time being we have kept data derived from those
sonomicrometers out of the analysis. We hope to be able to deal with irregular
flow boundaries in the future.
Sideman: We have a combination of low perfusion, low mechanical stress, less
oxygen demand in the border of the ischemic region. How would the electrical
activation be affected?
Bassingthwaighte: My question is almost related. Did you examine the zone
thickness with respect for fiber direction? The reason for my question is that in
the injured area you have depolarization and dysfunction, and the time length
constant may be longer in the direction of the fiber than perpendicular to it. You
then may see a longer border zone along the fibers than across the fibers.
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Gallagher: We did the wall thickening studies because it gave us a relatively
discrete measurement. We tried to categorize what happens in cylinders 3mm in
diameter parallel to the perfusion boundary. The other reason for wall thickening
studies is to avoid the fiber orientation problem completely so we do not have to
worry how it affects our measurement. It is thus difficult to draw solid conclusions
from wall thickening data as to what happens in the direction of the fibers,
whether in terms of depolarization of velocity of conduction.
Sonnenblick: You may be going at a fine question with a sledge hammer. You are
trying to look at fine edges and anticipated a wide border but you showed that
there was a narrow border. But what you found may have been due to artifacts
from anatomical irregularities. The fine precision that you postulate is impossi
ble, given the method you use to measure wall thickness. The dilemma is that you
want to find details about a fine edge, but you use something that by its very
nature had a width that does not let you to define the area that you want to look
at.
Gallagher: From where we stood, this was the best technique to attack the
problem. We actually expected that the functional border zone would be larger
than what we found. We still think it is worthy of study in more detail, using these
methods.
Arts: I would like to relate to data I got from our laboratory, from Dr Frits
Prinzen. We plotted blood flow in the inner myocardial layers, across the border
zone area. We also measured segment length shortening at the epicardium and
superimposed these data onto the 'map' of blood flow data. Percent shortening
was low in the central ischemic area and was normal in the central nonischemic
area. Of course, it is not ideal, but is is the best we could do. These are the raw
data. The functional border zone, in the data of Kim Gallagher is quite steep. If
you take the average of our curves then you see on average a wider border of
functional impairment in nonischemic muscle. The distance between each point
on the slide is about 4 mm so the length of the zone of nonischemic dysfunction is
about 8-10 mm.
Gallagher: Using the average data from all the dogs we had, assuming that the
distribution of functional changes are the same at both lateral border created by
circumflex occlusion, we constructed this figure which describes the extent of the
ischemic area and extent of dysfunction in a cross-section of the left ventricle. The
functional border zone is about 4 millimeters wide when measured at the endo
cardium but about 8-9 millimeters measured at the epicardium because of the
difference in endocardial and epicardial circumferences. The measurements of
Prinzen were made at the epicardium and we are in pretty close agreement.
Because my measurements were at the endocardium and Prinzen's at the epicar
dium, the larger epicardial than endocardial circumference explains the apparent
difference.



32. Assisted circulation as a tool for the study of
cardiac models and cardiac performance

W. WELKOWITZ, J.K.-J. LI and J. ZELANO

Abstract

The intraaortic balloon pump (IABP) is a cardiac assist device used for pre- and
postoperative support of patients undergoing cardiac surgery. The device exerts
its hemodynamic effects by synchronously removing a fixed volume of blood from
an aortic compartment out of phase with the natural heart. Balloon inflation
during diastole increases systemic and coronary perfusion pressures. Balloon
deflation triggered just prior to isovolumetric systole causes a reduction of
myocardial afterload leading to increased cardiac output. These hemodynamic
parameters may be altered by varying the phasing of the device relative to the
cardiac cycle which changes the mechanical interaction between IABP and the
cardiovascular system. This allows one to perturb the operating state of the heart
and provides a means of studying cardiac function under a variety of pathological
conditions.
A number of experiments were performed on anesthetized open chest infarcted
dogs. Device phasingwas varied by changing the timing of inflation and deflation.
Helium and nitrogen were interchanged as balloon shuttle gases to alter inflation/
deflation rates. Simultaneous recordings of aortic and left ventricular pressures,
coronary (QC) and aortic (SV) flows, ECG, and muscle segment lengths in both
normal and ischemic border zones were taken. Changes in tension-time index
(TTl), endocardial viability ratio (EVR), hemodynamic power output (Wlv) and
aortic input resistance (Rin) were computed from these parameters. The percen
tage change from control was computed for QC and SV. Pressure-length loops for
the ventricular normal zone were plotted for several timing conditions.
Results indicate that greater enhancements in hemodynamic parameters occur

for rapid balloon inflation/deflation rates. SV, QC, and Wlv displayed definite
maxima as a function of inflation and deflation timing. Rin showed a distinct
minimum as a function of deflation timing. Strong correlation was observed
between changes in QC and EVR while TTl became larger as Rin was increased
for different timing conditions. Enhanced Wlv was apparent as EVR increased,



502

indicating augmented power output as a function of increased myocardial oxygen
supply/demand ratio. The intrinsic contractility of the ventricular normal zone
was determined from the end systolic pressure-length relationship obtained for
different timing conditions.
The results indicate the viability of IABP as a probe of physiological function.
The ability of IABP to alter cardiac performance provides a useful tool for the
study of myocardial function.

Introduction

In general we would like to describe the structure and function (anatomy and
physiology) of the heart in both normal and abnormal states and in greater and
greater detail. In order to arrive at this description, it has been found useful to
perturb the heart (for example by the use of drugs) to obtain quantitative
information concerning the physiological performance. Pharmacological agents
have been frequently used to alter the physiological determinants of myocardial
oxygen demand. These include vasodilators, beta blockers, and diuretics. Simi
larly, positive inotropic agents have been used to reduce cardiac volume. While
pharmacological agents permit the study of cardiac physiology under much
variation, it has now been found useful in animal studies to artificially induce
ischemic and infarcted regions into the myocardium (by blocking some coronary
arteries) in order to study the responses of both the ischemic tissue and the
remaining normal tissue. In addition to pharmacolgical and surgical interventions
being used to study the performance of the heart under widely varying conditions,
it has been shown (1] that mechanical interaction in the form of mechanical
cardiac assistance (or more specifically, intraaortic balloon pumping) when cou
pled with surgical intervention can radically alter the cardiac state.
The intraaortic balloon pump is a counterpulsation device which removes
blood from an intravascular region synchronized with the cardiac cycle. The
balloon is inflated during diastole and deflated during systole. The deflation
causes a rapid decrease in aortic pressure thus the left ventricle ejects blood
against a lesser load, improving ventricular performance. The inflation during
diastole causes a rise in aortic pressure which results in increased coronary artery
perfusion pressure and flow [2]. It is important to note that the intraortic balloon
cannot produce forward flow in the aorta as does a bypass pump. The entire
cardiac output must pass through the left ventricle. The effectiveness of the
device comes about by altering hemodynamic parameters and improving ven
tricular performance by decreasing afterload and oxygen consumption and by
increasing coronary flow, cardiac output and myocardial energetics.
Some of the effects of balloon pumping can be analyzed in terms of the
endocardial viability ratio [3, 4], the ratio of diastolic pressure time index to
tension time index. The tension time index is a measure of myocardial oxygen
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demand and is the time integral of aortic pressure during systole. The diastolic
pressure time index is a measure of the myocardial oxygen supply and is the time
integral of the aortic pressure minus the left ventricular pressure over diastole.
Balloon pumping increases the difference between aortic and ventricular pres
sure during diastole and also reduces systolic pressure. Thus it is a technique to
decrease oxygen demand and increase oxygen supply. Additionally, the resultant
systolic unloading produces improved cardiac performance at reduced myocar
dial energy requirements.
Besides its effects on the oxygen supply and demand, balloon pumping pro

duces direct hemodynamic effects (particularly in ischemic animals). These in
clude increased cardiac output, reduced end diastole pressure, reduced systolic
pressure, and reduced end diastolic volume. Thus, the balloon pump is clearly a
tool that can be used to study the heart under varying metabolic conditions as well
as varying hemodynamic (or mechanical) conditions.

Description of the balloon pump as an experimental tool

It has been suggested above that the balloon pump could be a tool to study the
heart under various conditions of oxygen supply and demand and of hemo
dynamic state. In order to be of great use in this regard, it must be possible to vary
the control parameters over a reasonably wide range in order to assess the
sensitivity of cardiac characteristics to such changes of control variables. The
following material describes the balloon pump as such a tool and discusses the
technique for varying the controls by modifying the rate of rise and fall of the
balloon inflation and deflation and by altering the time of inflation and time of
deflation.
The hardware used was a Datascope Model 80 System modified to permit
timing control from an MC68000 microprocessor. The physiological input signals
used to control the timing were the R-wave of the electrocardiogram, the second
heart sound (S2)' and the atrial P-wave. The systolic time interval was calculated
from the R-wave and the second heart sound on a beat to beat basis. The second
heart sound and the computed systolic time interval were used to control and vary
balloon inflation time. The P-wave and the calculated P-R interval were used to
control and vary deflation time. The hemodynamic parameters that were mea
sured were the coronary blood flow, the aortic blood flow, the aortic pressure,
and the left ventricular pressure. Segmental muscle shortening was monitored in
the normal and ischemic border zones of the myocardium.
Two series of timing experiments were performed. In the first, the deflation
time was held constant while the inflation time was varied by fixed amounts in the
period prior to the second heart sound. In the second, inflation time was held
constant and deflation time was varied from isovolumic systole into late systole.
A series of experiments was also performed varying inflation and deflation rates
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by using two different driving gases of different densities, nitrogen (N2) and
helium (He). Since the changes in the dependent variables were almost always
greater in the He experiments as compared to the N2experiments, He was used in
all timing variation experiments.

Experimental procedures

The experiments that demonstrate the capability of the balloon pump as a device
to produce variations in hemodynamic state were performed on anesthetized
dogs on a positive pressure respirator. Myocardial ischemia was induced by
occluding the left anterior descending coronary artery just distal to the first major
branching. For pumping, a single chambered pediatric intraaortic balloon was
placed in the descending aorta 2-4 cm below the aortic arch. Balloon counter
pulsation was initiated one hour after occlusion using a Datascope Model 80
System with modified pressure and vacuum modules to minimize balloon infla
tion and deflation time. Ten dogs were tested in the inflation-deflation rate
studies. Ten more dogs were studied in the timing experiments. One hour after
occlusion, control data was taken for eight to ten heartbeats and then the balloon
pump was activated for ten to fifteen heartbeats. Pumping was terminated for at
least fifty beats to allow the cardiovascular system to return to its control state.
For data evaluation each assisted data set was paired with the immediately
preceding control data set. For the assisted set the second and third heart cycles
following the control set were analyzed and averaged. In all cases the effects of
balloon pumping were expressed as percent changes between the assisted and
unassisted hemodynamic measures.

Experimental results

Varying inflation and deflation rates

The first set of experiments demonstrated the possibility of parameter variation
using different inflation and deflation rates. Fig. 1 shows the pressure tracings
during inflation of the balloon with aortic occlusion using a non-traumatic clamp.
The oscilloscope was triggered simultaneously with the pressure solenoid. For He
the rise time was 45 msec and for N2 it was 100msec. The delay times after
triggering are also different for the two gases, however this was compensated for
in the experiments so that initiation of inflation and deflation occured at the same
time. Typical hemodynamic measurements taken during the experiments are
shown in Fig. 2. Tables 1 and 2 show the different effects of the varying rise and
fall rates on a number of hemodynamic parameters. The timing settings were for
normal inflation-normal deflation, early inflation-normal deflation, and normal
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Figure 1. Balloon rise times measured in vivo.
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Table 1. Hemodynamic results of intra-aortic balloon pumping using He or N~ as the driving gas;
percent changes from control during IABP.

QC SV EDP VPP LN LB

He NI-ND 31.0 32.3 10.93 -3.8 6.5 8.7
N~ NI-ND 12.0 18.0 17.1 -1.0 2.57 1.8
He EI-ND 37.0 45.0 9.7 -6.3 8.5 9.6
N~ EI-ND 16.0 25.0 12.6 -4.0 3.89 2.1
He NI-LD 26.0 21.0 12.0 7.5 2.6 5.0
N~ NI-LD 7.0 -1.3 14.9 3.0 -6.25 -12.7
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Figure 2. Typical experimental data.

inflation-late deflation. Normal inflation was chosen so that the rise in aortic
pressure due to pumping occurred at the second heart sound.
In almost all cases the faster rate of rise and fall (He data) appeared to produce

greater changes than the slower rates. The hemodynamic changes were most
marked for coronary blood flow and stroke volume. The results in Table 2 for
aortic input resistance (afterload) and for left ventricular hemodynamic power
output were calculated for the case of normal inflation-normal deflation. Clearly
with helium, sizeable afterload reduction and reasonable power output reduction
were obtainable.

Varying inflation times

While varying inflation and deflation rates is one way of obtaining varying
hemodynamic parameters, it is clearly a limited method since obtaining a wide
variation in these rates requires the use of different pumping gases, a cumber
some procedure. An alternate method that can be used for wider control is to vary
the timing of inflation and deflation from the approximately normal inflation at
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Figure 3. Percentage change from control of hemodynamic parameters vs time delay of balloon
inflation (TD) following the R-wave.

the dichrotic notch and deflation at the R-wave. The first set of such data was
taken with balloon deflation time kept constant at the end of isovolumic systole.
The initial run was done for inflation at S2' while in subsequent runs inflation was
started earlier in increments of 15 msec. Fig. 3 shows the changes obtainable in
hemodynamic variables as a function of this timing variation, while Fig. 4 shows
the changes in average term ventricular power and in aortic input resistance. For
a somewhat different fixed deflation time, Fig. 5 shows the variation in tension
time index (oxygen demand) and, in endocardial viability ratio (ratio of oxygen

Table 2. Percent changes during assistance in Zin and Wlv as a function of balloon driving gases, He
and N1.

Harmonic

O(DC)
I

Zin

-9.6
-12.8

Wlv

9.16
2.10

He

Zin

-31.7
-45.7

Wlv

13.9

11.5

Normal deflation was chosen so that balloon collapse was initiated at the R-wave. Early inflation was

initiated 30msec before S1. Late deflation started 30 msec after the R-wave.
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supply to oxygen demand) as a function of varying inflation time. It is apparent
from Figures 3, 4, and 5 that induced ischemia plus counterpulsation is a reason
able tool for modifying hemodynamic parameters, controlling ventricular pres
sure, reducing afterload, and varying oxygen supply and demand.

Varying deflation times

The next set of data taken looked at variations in balloon deflation timing. In this
set of data, inflation was held constant at the second heart sound and deflation,
which was initially at the end of isovolumic systole, was delayed in 30 msec
increments. In a manner comparable to the variable inflation time data, Fig. 6
shows the changes in hemodynamic variables as a function of the deflation timing
variation, Fig. 7 shows the changes in average term ventricular power and in
aortic input resistance, and Fig. 8 shows the variation in tension time index and
endocardial viability ratio. It is again apparent that the procedure outlined
provides a tool for modifying the physiology of the heart.
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Relating physiological variables

Thus far, it has been demonstrated that either inflation or deflation timing
variations lead to appreciable changes in measurable physiological variables.
However, the usefulness of this procedure as a test tool depends upon the ability
to interpret the data in terms of the interactions among the physiological and
metabolic (or metabolically related) variables. Fig. 9 is one demonstration of this
capability. In this case, using variable deflation timing data, the reduction in
tension time index is plotted against the reduction in aortic input resistance. The
results clearly show the reduction in myocardial oxygen consumption that occurs
when there is a measurable reduction in afterioad. In Fig. 10 the change in
endocardial viability ratio (DPTIITTI) is plotted against the change in coronary
blood flow when inflation timing was varied. As expected, an increase in coro
nary blood flow produces an increase in oxygen supply and a resultant increase in
endocardial viability ratio. Any concomittant decrease in oxygen consumption
due to the balloon pumping would even further increase the endocardial viability
ratio. Finally, in Fig. 11, the change in the average term ventricular power is
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plotted against the change in endocardial viability ratio. These results show that
as the ratio of oxygen supply to demand is improved, the average work that the
damaged left ventricle can perform is increased.

Conclusions

The extensive measurements and the derived interelationships among variables
presented, appear to clearly demonstrate the utility of surgically induced isch
emia coupled with mechanical circulatory assistance as a tool for studying the
physiology of the heart. With simple timing controls and a small number of
hemodynamic measurements, it was possible to carry out this study for a reason
able range of variables and to permit the calculations of sensitivity information as
a function of some metabolically related characteristics.
One question that arises is whether this technique can be used to validate

different ventricular models and to differentiate between models on the basis of
sensitivity to the induced perturbations. Clearly such ventricle models can be
incorporated into systems which include balloon pump models for appropriate
computer analysis. Welkowitz et al. [5] described such a system that includes a
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Figure 12. A left ventricle model coupled to balloon pump and systemic circulation models.

source pressure-source impedance ventricle model and derived the appropriate
equations for exercising the model. A network representation of this system is
shown in Fig. 12.
Another question that should be explored is whether this procedure has any
advantages over pharmacological studies. Clearly there are no chemical side
effects. On the other hand, the combination of surgically induced ischemia and
balloon pumping is certainly a major insult to the cardiovascular system. Possibly
the information obtained with this procedure can be complementary to that
obtained through drug studies.
A final important consideration is whether this approach could be .used to
measure intrinsic contractility. At the same time that hemodynamic measure
ments were made, segmental muscle shortening was monitored by inserting pairs
of piezoelectric ultrasonic dimension gauges in the normal and the ischemic
border zones of the myocardium. Some of the changes obtainable with these
measurements were shown in Table 1. It has been pointed out [6] that a plot of end
systolic pressure vs. end-systolic volume for different loading conditions yields a
linear relationship that is independent of preload and afterload. The slope of this
line is the maximum elastance of the left ventricle. If the heart is given inotropic
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agents, the slope of this line changes. Thus it is a measure of cardiac contractility.
Using the segmental length data from the normal myocardial region while defla
tion timing is varied, it is possible to plot pressure-segment length curves. The
variation in timing produces variations in loading. This leads to the set of
pressure-length curves shown in Fig. 13 and permits one to draw an experimen
tally derived maximum elastance curve as shown in the figure. The slope of this
line is a measure of intrinsic contractility of the myocardium.
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Discussion

Spaan: How was the flow measured? Would it not be wise to measure oxygen
consumption?
Welkowitz: The flow was measured with an electromagnetic flowmeter placed
around the left main coronary artery. It would definitely be better to measure
oxygen consumption rather than to infer it from the calculated tension time index.



33. Modulation of coronary autoregulatory
responses

J.M. CANTY Jr and F.J. KLOCKE

Abstract

A number of studies of the coronary circulation in anesthetized animals have
established the general features of the autoregulatory relationship between mean
coronary pressure and flow and have documented vulnerability of the suben
docardium to ischemia as coronary pressure is reduced. Although reductions in
subendocardial flow and inner-outer flow ratio have been interpreted to indicate
maximal vasodilation of the subendocardial vascular bed, recent studies have
confirmed that reductions in resting subendocardial perfusion can occur in the
face of vasodilator reserve recruitable by infusion of pharmacologic agents. These
findings suggest that factors other than local metabolic mechanisms importantly
modulate or potentially limit coronary autoregulatory responses. Interactions
among regional myocardial performance, metabolic demand and flow remain
incompletely characterized. In addition, although various extrinsic factors influ
encing coronary flow have been studied at normal coronary artery pressures,
their potential influence on coronary autoregulation and subendocardial flow at
reduced coronary pressures has been difficult to define. This article reviews
limitations of intrinsic coronary autoregulatory responses, modulation of these
responses by extrinsic factors, and possible chronic adaptations to reduced coro
nary artery pressure.

Introduction

Previous studies have demonstrated that coronary blood flow is autoregulated
during acute changes in coronary perfusion pressure as metabolic demand and
contractile function remain constant[l, 2]. In contrast to the strong autoregula
tion of flow which has been characteristic of skeletal muscle and kidney, coronary
flow is less perfectly controlled within the autoregulatory pressure range, which
has usually been considered to be between 70 and 140mm Hg [3].
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The characteristics of coronary autoregulation are complicated by significant
transmural variations. These are the result of increased subendocardial metabolic
demand and a greater importance of time-averaged compressive effects gener
ated on the subendocardial vascular bed during cardiac contraction [4]. Studies by
Rouleau et at. have demonstrated that subendocardial flow begins to fall at a
critical diastolic pressure-time index:systolic pressure-time index (DPTI:SPTI)
ratio [5]. Their results established that subendocardial vasodilator reserve is
exhausted before subepicardial vasodilator reserve in a preparation in which
compressive effects on subendocardial vasodilator reserve are relatively great
due to high resting heart rates. Similar reductions in subendocardial flow with
progressive reductions in coronary pressure distal to a stenosis have been re
ported by Guyton et at. [6]. Below a coronary pressure of70 mm Hg, subendocar
dial flow began to fall, while epicardial flow remained constant to coronary
pressures of 40 mm Hg. The possibility of vasodilator reserve at a time when
subendocardial flow was reduced was not examined in either study.
The consequence of a reduction in subendocardial blood flow is a concomitant
reduction in regional myocardial function as measured by subendocardial circum
ferential systolic shortening or systolic wall thickening. Downey demonstrated a
close correlation between myocardial function measured by an isometric force
gauge and mean coronary flow in an anesthetized preparation in which auto
regulation was present [7]. Gallagher et at. related systolic wall thickening
obtained by sonomicrometry and regional subendocardial flow in anesthetized
animals [8]. Moderate reductions in mean coronary pressure to 55 mm Hg re
duced subendocardial flow significantly and resulted in -50% reductions in wall
thickening. Weintraub et at. found significant reductions in both subendocardial
flow and subendocardial segment shortening at diastolic coronary pressures
below 50mmHg [9]. Studies by Vatner [10] and Gallagher et at. [11] in conscious
animals also documented a close correlation between subendocardial flow and
function. The relationship between coronary pressure and subendocardial func
tion during autoregulation in individual animals has not been studied sys
tematically in anesthetized or awake animals.
Although severe reductions in regional subendocardial function are associated
with metabolic evidence of myocardial ischemia [12, 13], it is currently not clear
whether mild reductions in subendocardial flow and function may represent a
new balance between myocardial supply and demand when inflow is limited.
Such a mechanism would suggest that local mechanisms are capable of regulating
regional myocardial function in response to reductions in coronary inflow which
are not severe. Such a phenomenon was originally suggested by Gregg in the late
1950's [14]. The 'Gregg Phenomenon' was studied in numerous laboratories with
various preparations and has recently been reviewed by Feigl [15]. The general
finding was that an increase in coronary flow from low values to those present
during spontaneous autoregulation was associated with an increase in myocardial
oxygen consumption of 10-20%. The mechanism of this response remains un
clear.
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Limitations of intrinsic autoregulatory responses

The generally held concept of coronary autoregulation has been that metabolic
stimuli are the predominant factor underlying coronary flow regulation [1, 2, 15].
Although their importance has been difficult to demonstrate and/or quantitate,
neural and/or myogenic influences have also been thought possibly to playa role.
When autoregulatory mechanisms fail to maintain flow constant, the reduction in
flow has usually been interpreted to indicate that some portion of the distal
vascular bed is maximally vasodilated (since oxygen extraction is near maximal
under resting conditions). However, until recently, transmural vasodilator re
serve at a time when coronary flow is reduced during spontaneous autoregulation
had not been examined.
Four laboratories have now reported that reductions in subendocardial flow

occur regularly in anesthetized animals during spontaneous autoregulation at a
time when vasodilator reserve recruitable by intracoronary infusion of adenosine
is present. Canty and Klocke studied coronary autoregulation in anesthetized
dogs which were paced at a heart rate of 60bpm after producing AV block [16].
Coronary artery pressure was reduced from 90 mm Hg to 35 mm Hg resulting in a
reduction in subendocardial flow of -40% to a mean value of 0.35 mi· min- J •
g-l. Despite a substantial reduction in the autoregulated flow value, subendocar
dial flow was able to increase to 1.1 mi· min-I. g-I during intracoronary infusion
of adenosine while heart rate, systemic pressure and coronary artery pressure
remained constant. When coronary pressure was reduced to 25 mm Hg, suben
docardial flow fell further and subendocardial vasodilator reserve was no longer
demonstrable but epicardial reserve was still present. These data established that
reductions in resting coronary flow do not necessarily indicate that the distal
vascular bed is maximally vasodilated. They also indicated that, despite a low
resting heart rate (and correspondingly reduced time-averaged compressive
effects), subendocardial vasodilator reserve was exhausted before subepicardial
vasodilator reserve but at lower pressures than previously reported in anesthe
tized animals, i.e., between 25-35 mm Hg.
Similar findings have been reported by Aversano and Becker in an anesthe
tized preparation in which heart rate and compressive effects were substantially
greater [17]. They found that subendocardial flow was regularly reduced at a time
when adenosine-recruitable reserve was present. They provided limited mea
surements of subendocardial function using sonomicrometry and showed an
improvement in segment shortening after vasodilation when the reduced coro
nary pressure was held constant. The overall extent of improvement in suben
docardial flow was greater than that in myocardial function. Pantely et at.
observed a similar phenomenon in swine using a hydraulic occluder to reduce
pressure in the left anterior descending artery [18]. Although adenosine-recruita
ble vasodilator reserve was always observed at a time when coronary flow and
regional function (as determined by wall thickening) were reduced, there was, in
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contrast to the results of Aversano, no significant improvement in regional
function during infusion of adenosine. It is difficult to reconcile the difference in
functional response. One possibility is that regional wall thickening is a less
sensitive index of myocardial ischemia than segment shortening. In addition,
neither study reported control values of myocardial function after the period in
which coronary pressure, subendocardial flow and myocardial function were
reduced. Many laboratories have reported that brief periods of myocardial
ischemia result in prolonged periods of regional myocardial dysfunction or 'stun
ned myocardium' [19J. Preliminary studies in conscious animals from our labora
tory document that this phenomenon occurs regularly when regional function is
reduced more than 25% below control levels. It therefore seems necessary to
compare functional responses before and after vasodilation, allowing a prolonged
period for regional myocardial function to return to baseline levels. This, how
ever, is difficult to accomplish in anesthetized preparations.
Grattan et at. [20J have utilized a canine preparation in which the left main
coronary artery rather than one of its branches is cannulated (thereby obviating
possible effects of collateral flow at low pressures in the cannulated bed). Radio
active microsphere flow measurements documented that pharmacological vas
odilation increases flow in all transmural layers at low coronary artery pressures.
The authors concluded that exhaustion of flow reserve is not the mechanism by
which subendocardial ischemia occurs in this preparation.
Each of the above studies is in agreement that reductions in subendocardial
flow during spontaneous autoregulation occur regularly in the anesthetized ani
mal at a time when adenosine-recruitable vasodilator reserve persists. The signifi
cance of recruitable vasodilator reserve in a model employing a fixed coronary
stenosis is complicated by effects on distal coronary pressure following vasodila
tion. The increased pressure drop across the stenosis during vasodilation has,
under many circumstances, been demonstrated to result in a transmural steal due
to a reduction in post-stenotic coronary pressure [21]. The effects of less intense
vasodilatory stimuli, which may potentially result in preferential subendocardial
vasodilation (i.e., submaximal adenosine, a-adrenergic blockade or calcium
channel blockers), remain to be elucidated.
Grover and Weiss have recently demonstrated that a reduced level of regional
myocardial metabolism is able to increase in response to stress despite a signifi
cant reduction in resting coronary flow [22J. They measured subendocardial
oxygen consumption using a micro-Fick technique. Coronary flow was restricted
to 50% of baseline in a group of animals paced at their control rate and in a group
of animals subsequently paced 50% above the control rate. Subendocardial
oxygen consumption was reduced after partial occlusion but increased during
pacing despite the same level of coronary stenosis. These results indicate that
although coronary flow and oxygen consumption were reduced distal to the
stenosis, metabolic reserve resulting in an increase in oxygen consumption could
be recruited. Thus, a reduction in resting flow was accompanied by metabolic
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evidence of reduced oxygen utilization, with the latter then being able to increase
during the additional stress of atrial pacing. The detailed metabolic responses to
milder levels of subendocardial functional impairment remain to be elucidated.
Three additional studies have documented reductions in regional perfusion at a
time when adenosine-recruitable reserve is present. Gorman and Sparks ob
served a progressive flow impairment after three hours of regional myocardial
ischemia obtained by holding coronary pressure constant at 50 mm Hg during
atrial pacing at 180 bpm [23]. Despite a reduction in flow and lactate production
indicating subendocardial ischemia, intracoronary adenosine infusion resulted in
improved subendocardial flow. Gold and Bache demonstrated reductions in right
ventricular subendocardial flow during acute right ventricular pressure overload
in sedated dogs at a time when vasodilator reserve could be demonstrated during
intravenous infusion of adenosine [24]. In 1980. our laboratories reported reduc
tions in regional flow in the face of adenosine-recruitable vasodilator reserve in
an animal model simulating a coronary artery 'muscle bridge' [25].
In summary, there is substantial evidence to suggest that intrinsic autoregula
tory flow responses during coronary pressure reduction may be limited in the
sense that coronary vasodilation is not always maximal. Extrinsic vascular factors
may be responsible for this limitation. Alternatively, it may relate to the intrinsic
autoregulatory stimuli available at any given level of metabolic demand.

Modulation of coronary autoregulatory responses

Factors modulating intrinsic autoregulatory flow responses have only recently
begun to be clarified and are important with regard to the issues outlined above.
If flow regulation is less precise under certain circumstances and reductions in
regional flow occur at a time when vasodilator reserve exists, reductions in
regional myocardial metabolism and function may represent an important adap
tive response. Preliminary studies by Dole et al. [26] have examined the influence
of coronary venous oxygen content in determining the steady-state gain [27] of
the autoregulatory response at normal coronary pressures. When coronary ven
ous oxygen saturation increased following a reduction in heart rate. the gain of
the autoregulatory response was near zero, indicating large changes in coronary
blood flow with changes in coronary artery pressure. Increasing heart rate
resulted in a reduction in coronary venous oxygen content and an improvement in
steady-state flow regulation, manifest by an increase in autoregulatory gain to
approximately 0.5. These data suggest that the intrinsic level of myocardial
oxygen demand may importantly modulate autoregulatory flow responses. They
also support the hypothesis that flow regulation at basal levels of myocardial
oxygen consumption may be less precise than during states characterized by
elevated metabolic demand. The importance of this regulation on a transmural
basis and the functional and metabolic consequences of a reduced autoregulatory
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response have not been examined.
The importance of arterial oxygen supply on coronary autoregulation also
remains unclear. Weisfeldt reported that increasing arterial P02 improved the
characteristics of flow regulation in terms of maintaining flow constant [28J.
Although coronary venous P02 was not measured, it seems likely that it was
increased during hyperoxia. The results seem at odds with those outlined above
suggesting that coronary venous P02 is an important determinant of the adequacy
of flow regulation [26J. Previous studies [15, 29J have suggested that oxygen is a
coronary vasoconstrictor and are supported by recent in vitro experiments on
excised vascular rings [30J. Vasoconstrictor effects, however, are difficult to
separate from appropriate metabolic constriction due to the increased oxygen
supply without determining the adequacy of subendocardial oxygen delivery or
the characteristics of steady-state autoregulation. Surjadhana et aI. studied the
effects of polycythemia on coronary autoregulation by examining the relation
between DPTI and SPTI [31J. Their results showed that despite an increased
oxygen carrying capacity, polycythemia resulted in vulnerability of the suben
docardium to ischemia at a higher diastolic pressure-time index, indicating an
important effect of viscosity on transmural vasodilator reserve. Direct effects of
arterial oxygen content on autoregulation have been difficult to separate from
effects on resting coronary flow and vascular resistance due to changes in viscosity
when hemoglobin is manipulated.
Studies of extrinsic vascular factors affecting coronary vasomotor tone have
generally been conducted at resting levels of coronary pressure. Since most
pharmacologic agents have been infused systemically, it has been difficult to
separate direct effects of the agents on coronary vasomotor tone from reflex
effects on coronary vascular resistance secondary to changes in systemic hemo
dynamics. Interventions which do not affect resting coronary blood flow may
alter flow regulation at reduced coronary pressure during spontaneous auto
regulation. This is due to the fact that relatively small changes in coronary
vascular resistance become proportionately more important when the vascular
bed becomes progressively vasodilated as coronary pressure is reduced.
Mohrman and Feigl demonstrated the ability of sympathetic vasoconstriction
to modulate coronary flow during intracoronary norepinephrine infusion and
carotid sinus hypotension [32J. Their studies established the importance of
a-adrenergic tone competing with intrinsic metabolic vasodilation to produce
reductions in coronary flow while maintaining oxygen delivery by increased
oxygen extraction. Buffington and Feigl studied the transmural distribution of
flow during sympathetic activation at reduced coronary pressure [33J. Their
results demonstrated significant a-adrenergic constriction despite metabolic evi
dence of myocardial ischemia during norepinephrine infusion, with the a-con
striction overriden during severe ischemia. Heusch and Deussen have suggested
that adrenergic constriction distal to a coronary artery stenosis is unmasked at
reduced coronary pressures and mediated by a postjunctional a 2-receptor mecha-
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nism [34]. The consequences of adrenegeric constrictor tone on regional function
at reduced coronary pressure have not been examined.
Recent studies by Khayyal et at. have shown that intracoronary vasopressin can
reduce resting coronary flow and regional contractile performance while the
coronary artery is perfused at a normal coronary pressure [35]. Importantly, their
study also demonstrated that the functional consequences of vasopressin infusion
could be reversed by simultaneous infusion of adenosine. Despite significant
reductions in resting coronary blood flow and regional contractile performance at
the spontaneous coronary pressure, coronary blood flow was autoregulated as
coronary pressure was reduced. They interpreted their results to indicate that
coronary autoregulation may be modulated by extrinsic vasoconstriction which
limits coronary flow. The fact that autoregulation was maintained at a time when
functionally significant reductions in resting coronary flow were produced argues
against a dominant metabolic control mechanism. An alternative possibility
would be that a myogenic mechanism is responsible for pressure-induced auto
regulation. The effects of coronary vasodilators outlined earlier may also be
compatible with this concept [16-18].

Chronic adaptations to reduced coronary pressure

Chronic adaptations to reductions in coronary flow and coronary pressure may be
more complex than adjustments to acute reductions in coronary pressure. Mea
surements of myocardial perfusion in man employing inert gas techniques which
adequately assess heterogeneous perfusion have shown reductions in resting
myocardial flow distal to severe coronary stenoses, as compared to normal areas
at similar levels of myocardial oxygen demand [36, 37]. Similar conclusions have
been reported in studies measuring regional coronary flow using wash-out of
radioactive xenon [38]. Resting myocardial flow has also been shown to be
reduced in collateral-dependent myocardium distal to total anterior descending
artery occlusions [39]. The mechanisms responsible for these chronic reductions
in resting coronary flow remain unclear. They generally occur in the absence of
clinically detectible myocardial ischemia and do not appear to be the result of
myocardial scarring. Chen et at. [40] have suggested that myocardial hypertrophy
in the area of the perfused segment could playa role. It is currently uncertain
whether vasodilator reserve exists in these areas of reduced perfusion, although a
recent preliminary report has shown that some patients may have significant full
thickness vasodilator reserve as measured in response to radiographic contrast
administration [41]. These findings suggest that states of reduced perfusion at
coronary pressures encountered chronically distal to severe stenoses may repre
sent limitations and/or modulation of autoregulatory flow adjustments having
similarities to those which have been demonstrated in response to acute pressure
reduction.
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The functional performance of myocardium distal to high-grade coronary
artery stenoses may be depressed on a chronic basis. St. John Sutton and
colleagues measured fractional wall thickening and rates of systolic and diastolic
thickening and thinning in patients with significant disease of the left main or
anterior descending coronary artery [42]. Although only the rate of diastolic
relaxation distinguished patients with >90% stenosis from those with lesser
degrees of stenosis, all three parameters were depressed in coronary patients
without prior myocardial infarction when compared to normal controls. Studies
by TiIlisch et al. have documented improvement in wall motion following re
vascularization by coronary artery bypass surgery in myocardial regions having
reduced resting blood flow and increased glucose uptake as assessed by positron
emission tomography [43]. These studies support the possibility that chronic
reductions in regional function represent an adaptation to chronically reduced
coronary pressure and flow and are not always the result of myocardial necrosis.
Metabolic and biochemical responses to chronic pressure and flow reductions
may be more involved than those present during acute reductions in pressure and
flow. Recent studies by Schwaiger et al. have demonstrated this to be the case in
myocardium salvaged by reperfusion [44]. Regional myocardial metabolism in
viable myocardium was shifted from the utilization of free fatty acids to the
aerobic metabolism of glucose as measured by positron emission tomography.
The functional consequences of such changes in metabolism and substrate utiliza
tion remain unclear but the end result may be a more efficient oxygen utilization.
Other adaptations could include alterations in myosin ATPase which have been
demonstrated to occur in myocardial hypertrophy and during changes in thyroid
hormone level [45]. Alternatively, changes in sympathetic responsiveness which
have been demonstrated following acute myocardial ischemia [46] and in viable
myocardium following myocardial infarction [47] may playa role in the adaptive
response to chronic reductions in regional coronary pressure and flow.
Our knowledge of chronicaIly reduced states of myocardial perfusion remains
hampered by the lack of an appropriate animal model. Most investigators have
characterized coronary dynamics in a collateral-dependent zone produced by an
ameroid occluder [48] or multiple brief coronary artery occlusions [49]. Differen
ces in resting myocardial function have not been observed before or after total
coronary occlusion in either model. When either model is employed in the canine
circulation, collaterals develop rapidly and result in vasodilator reserve in the
collateral-dependent zone which is only modestly reduced from that present in
the normal zone. Other laboratories have attempted to use animal models in
which the development of collateral vessels is less complete than the dog. Studies
using ameroid occluders in pigs have resulted in a high incidence of sudden death
at the time of occlusion and an extremely high frequency of nontransmural
myocardial infarction [50]. Thus, at one extreme in the dog, collateral vessel
development is so great that it is sometimes difficult to demonstrate relative
myocardial ischemia during stress and at the other, in the pig, it is so poor that
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myocardial infarction nearly always develops. The state of the collateral bed in
man likely lies between the two extremes under most circumstances [51].
Our laboratory has recently undertaken studies in a modified ameroid prep
aration in the hope of obtaining a more suitable animal model for studying
functional adaptations to chronically reduced pressure [52]. At the time of initial
instrumentation, the usual ameroid occluder is implanted on the proximal cir
cumflex artery. In addition, visible epicardial connections between the circumflex
and other arterial beds are ligated. The latter procedure is intended to limit
collateral flow into the circumflex artery during and following ameroid occlusion.
Distal circumflex pressure, aortic pressure and left ventricular pressure are
measured chronically. In addition, regional subendocardial function is monitored
using wall thickness crystals implanted in the circumflex and anterior descending
beds. In initial studies, serial measurements have been made before and after
ameroid occlusion in the conscious state in seven animals. Resting circumflex wall
thickness became depressed relative to that in the anterior descending bed as a
resting aortic-circumflex gradient began to develop. Circumflex function reached
a nadir near the time of total ameroid occlusion, falling to 68 ± 7 (SEM) percent
of that in the anterior descending bed at the time of total occlusion. Circumflex
function then gradually returned toward normal over 1-4 weeks. These findings
are taken to indicate that collateral-dependent myocardial function can be re
duced at rest when collateral flow is limited.

Conclusion

Knowledge of factors which control coronary autoregulatory responses remains
limited. Previous studies of coronary autoregulation have been conducted in
anesthetized animals. Substantial reductions in subendocardial flow have re
cently been observed in the face of pharmacologic vasodilator reserve, challeng
ing the widely held notion that reduced resting flow implies the presence of
maximal regional coronary vasodilation. The functional and metabolic signifi
cance of these responses are unclear. The presence of a chronic state of reduced
regional flow and function in patients with ischemic heart disease remains contro
versial, with further understanding of chronic adaptations to reduced coronary
pressure and flow needed.
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Discussion

Beyar: It has been shown in the past that endocardial layers show a greater
reduction in flow as a function of coronary pressure. Now you have shown that at
the middle of your experiment you have a reduction in wall thickening to 73% of
the control level, yet an equal decrease in endocardial and epicardial flows. I
would expect the endocardial decrease to be more than the epicardial decrease.
Can you explain this?
Klocke: Although we think our wall thickness measurements represent function
in the inner half of the wall reasonably well, we have only limited data on
subendocardial segment shortening and flow.
Downey: The coronary pressures were not really that low and I am surprised
there was that much dysfunction. Is there a possibility that something about this
preparation is causing the tissue in that region to 'take it easy' for a while?
Klocke: We agree this is a possibility. We have begun to make observations in a
sham-operated animal in which the ameroid constrictor is removed just before
closing the chest. In thinking about myocardium which is 'taking it easy' , we have
suggested the term 'idling' myocardium rather than 'ischemic' or 'stunned' myo
cardium. The presence of a flow reduction clearly cannot be taken to reflect
exhaustion of vasodilator reserve.
Hoffman: I am not sure that your sham operation is going to answer the question.
I would rather look at myocardial norepinephrine level and response to nerve
stimulation, because the chronic ameroid occlusion might cause more damage to
nerves than the acute ameroid placement and removal.
Sonnenblick: Another possible factor is that when the contractile behavior of one
portion of the heart is altered chronically, reactive hypertrophy occurs in other
areas. You then have a problem affecting the total heart arising out of a segmental
change and it can get very interesting.
Klocke: I agree with both comments. We are initially trying to look at pathology
to make sure we are not dealing with subendocardial fibrosis, but will need also to
consider these points.
Marcus: Do you have flow measurements?
Klocke: We are just beginning to collect these systematically. We take the flow in
the circumflex area and relate it to simultaneous flow in the anterior descending
area. The ratio on the initial day of study is taken as our control value. Ratios on
subsequent studies are evaluated in relation to this control value.



34. Is stunned myocardium energy deficient?
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Abstract

Prolonged myocardial dysfunction following a brief period of ischemia has been
termed 'stunned myocardium' since no permanent tissue damage can be identi
fied, and function eventually returns to normal. Tissue ATP levels are reduced in
stunned myocardium and recover slowly along with function. The delayed restor
ation of ATP has been attributed to a loss of purine precursors, and energy
deficiency has therefore been thought to represent the underlying cause of
stunned myocardium. To evaluate the energy deficiency hypothesis further, we
produced two models of stunned myocardium:
1. regional stunning in the dog caused by repetitive occlusions of the anterior
descending coronary artery for 5 minutes, interrupted by 10 minutes of reper
fusion, and

2. global stunning in the buffer perfused rabbit heart caused by 20 minutes of
hypothermic total global ischemia.

In both models electron microscopy revealed essentially normal ultrastructure.
Despite reduced function at rest, regionally stunned myocardium responded
promptly to maximal doses of intravenous epinephrine and maintained aug
mented function during 60 minutes of continuous infusion, without any evidence
of post-stimulation depression. The response to post-extrasystolic potentiation
also appeared to be normal. The globally stunned myocardium demonstrated
moderately reduced ATP levels, as measured by 31p nuclear magnetic resonance,
but despite a doubling of the rate-pressure product during isoproterenol stimula
tion, tissue ATP levels were maintained constant, indicating an ability of stunned
myocardium to increase ATP turnover. Infusions of adenosine induced globally
stunned hearts to accelerate repletion of ATP, producing a 50% restoration of
ATP levels, but this was not accompanied by an improvement in function. Our
results are consistent with normal functional and metabolic reserve in stunned
myocardium and do not support the concept that energy deficiency is the basis for
post-ischemic myocardial dysfunction.
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Introduction

Myocardial dysfunction following brief coronary artery occlusions, persisting
long after blood flow has been restored, has been recognized in the experimental
laboratory for over 10 years [1-3]. Heyndrickx et al. [3] found that after occlusions
of only 5 minutes in the dog, function remained depressed for up to 3 hours
despite rapid normalization of the intramyocardial electrogram and blood flow.
Kloner et al. [4] reported that after a 15 minute coronary occlusion, systolic
shortening remained abnormal at 72 hours but returned to normal by 1week.
Because function eventually returned to normal and no permanent myocardial
injury could be identified, Braunwald and Kloner [5] coined the term 'stunned
myocardium' to describe the prolonged but reversible myocardial dysfunction
following brief periods of ischemia. Important in the definition of stunned
myocardium is that post-ischemic reperfusion is complete. 'Stunned' myocar
dium refers to dysfunction in the face of normal blood flow, and not merely to
acutely or chronically ischemic myocardium.
Interest in 'stunned myocardium' has heightened with the increasing use of
thrombolytic therapy and coronary angioplasty to achieve reperfusion in patients
with acute myocardial infarction. Despite successful opening of an occluded
artery, the return of function may be delayed, obscuring the true benefit of
reperfusion [6]. In addition, the presence of stunned myocardium may seriously
compromise left ventricular function and lead to heart failure despite a relatively
small area of truly irreversible myocardial damage [7].

What is known about the causes of stunned myocardium?

Ultrastructurally, remarkably few abnormalities have been found in dysfunc
tional stunned myocardium [4, 8-10]. Although major structural changes are
absent, the findings, consisting of scattered mitochondrial swelling, glycogen
loss, and accumulation of lipid, are consistent with some degree of membrane
damage, particularly to the mitochondria [2]. Damage to the myofibrillar pro
teins is unlikely to be the cause of post-ischemic dysfunction since even prolonged
episodes of ischemia do not alter myosin [11], actin [12], or actomyosin [13]. Early
impairment in the uptake and release of calcium by sarcoplasmic reticulum has
been shown to occur within 15 minutes of ischemia [14, 15] and could contribute to
abnormal myocardial function. Longer periods of ischemia, especially with re
flow, are associated with an increase in intracellular calcium content and pre
cipitation of calcium in the mitochondria. Although increased cellular calcium
may occur in stunned myocytes, gross calcium precipitates are not characteristic.
Most previous attention has focused on impaired energy production as the
cause of stunned myocardium. Functional depression following an ischemic
episode apears to parallel reduced tissue ATP levels in several regional and global
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animal models [4, 8, 9, 16, 17]. During ischemia, ATP is degraded to ADP and
AMP via myokinase to support energy requiring reactions within the cell. AMP is
subsequently converted by 5-nucleotidase to adenosine, which diffuses across the
sarcolemmal membrane [18], resulting in a decrease in the total purine pool.
Following reperfusion, ATP repletion is markedly delayed [4, 8, 9,16,17,19-21),
and recovers with a time course similar to the recovery offunction [4]. In short
term reperfusion studies, Reibel and Rovetto [17] reported that tissue ATP
content and ventricular function were closely correlated in post-ischemic and
post-anoxic isolated rat hearts. Vial et al. [20] found that regional ATP and
function were both depressed following 45 minutes of coronary artery occlusion
in the dog, but that the correlation between function and ATP content in
individual animals was poor. Similarly, Vary et al. [22] also found little correla
tion between post-ischemic mechanical recovery and tissue energy levels in the
perfused rat heart.
ATP repletion is thought to be limited in the post-ischemic myocardium by the
loss of precursors. Through 'salvage pathways' ATP is regenerated from adenine
nucleotides and nucleosides: adenosine is converted to AMP by adenosine kinase
and inosine is converted to inosine monophosphate (IMP) via hypoxanthine
phosphoribosyl transferase [23]. De novo synthesis is much slower and costlier in
terms of energy requirements: IMP is manufactured from the precursor ribose
5-phosphate [24]. Several days are required to fully replace a 50% loss of ATP by
this mechanism [16]. Zimmer [24] has measured the rate of de novo synthesis of
ATP from labelled glycine to be only 1.3 nmol/g wet weight/hr in perfused hearts
and approximately 6 times this rate in situ. In contrast, Reibel and Rovetto [25]
found that ATP synthesis through salvage pathways from adenosine was 300
nmol/g/hr in the post- ischemic rat heart, or approximately 200 times the de novo
synthesis rate. This amounted to a replacement of 10% of the total ATP pool per
hour.
The concept that ATP repletion is limited by loss of critical precursors is
supported by several studies in which ATP repletion after reflow has been
accelerated by administration of purines, including 5-amino-4-imidazole carbox
amide riboside (AICARiboside) [26,27]; adenosine, alone and in combination
with an adenosine deaminase inhibitor (erythro-9-2-hydroxy-3-nonyl) adenine
hydrochloride, (EHNA) [25, 27-30] and inosine [31, 32]. Ribose has been a less
effective agent for ATP repletion with a much longer time required for ATP
normalization [27, 33]. However, Hoffmeister et al. [34] showed that adenosine
did not improve post-ischemic function despite a restoration of half of the
depleted ATP.
Thus, although there is considerable evidence to support a reduction of high
energy phosphate content in stunned myocardium, it is not yet clear that inade
quate energy production actually underlies the phenomenon. The steady state
tissue levels of ATP represent the net balance between ATP synthesis and
utilization, and therefore do not necessarily reflect the rate of ATP production.
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The studies described below from my laboratory were designed to provide further
evidence for or against energy deficiency as a cause of stunned myocardium.

Experimental preparations

We have used two different experimental models to study stunned myocardium.
In collaboration with Drs Lloyd Stahl, Joseph Levine, Thomas Aversano, John
Nicklas and Mr Anthony DiPaula, regionally stunned myocardium has been
produced in the dog by repetitive 5 minute occlusions of the anterior descending
coronary artery [35, 36J. A global model of stunned myocardium has also been
created in the isolated buffer perfused rabbit heart in collaboration with Drs
Giuseppe Ambrosio, William Jacobus, Harlan Weisman, and Andrew Bergman
[37, 38J.
In the dog studies, following pentobarbital anesthesia and left thoracotomy,
pairs of sonomicrometer crystals are inserted into the anterior and posterior LV
walls, at mid-wall depth, 10--15 mm apart, oriented parallel to the minor axis
to measure regional left ventricular function. A pneumatic occluder is placed
around the proximal anterior descending coronary artery to create 5min periods
of ischemia, separated by 10min periods of reperfusion. Up to 16 repetitive cycles
of ischemia/reperfusion are performed in order to create maximal post-ischemic
dysfunction without producing necrosis. Ultrastructurally, most tissue samples
taken from the stunned region are entirely normal (Figure 1). Although the first
ischemia/reflow cycle typically produces the greatest amount of dysfunction, a
cumulative effect on post-ischemic dysfunction is regularly seen with additional
ischemic periods (Figure 2). Generally the effect plateaus after the 6th-8th
episode, but significant variability is seen in this pattern and also in the amount of
myocardial stunning that can be produced. After 12-16 repetitive ischemic epi
sodes, no significant recovery of function is usually seen with reperfusion of up to
2 hours (Figure 2).
In this model, stunned myocardium exhibits an interesting and characteristic

shortening pattern: early systolic lengthening is followed by late systolic shorten
ing, which continues into diastole (Figure 3). The shortening curve appears to be
shifted to the right, i.e., into diastole. This could represent delayed or prolonged
electrical activation [39J or an inability to shorten against a normal systolic load,
with passive recoil occurring in diastole.
In the isolated rabbit heart studies, perfusion is carried out at constant pressure
(80 mm Hg) within the bore of a superconducting magnet. Non-blood containing
perfusate is used, consisting of 117mM sodium chloride, 6.0mM potassium
chloride, 2.5 mM calcium chloride, 1.0 mMmagnesium sulphate, 0.5 mM EDTA,
16.7mM glucose, and 24 mM sodium bicarbonate, pH 7.4, at 270 C, bubbled with
a gas mixture of 95% oxygen and 5% carbon dioxide. To measure function, a
latex balloon is inserted into the left ventricle through the left atrium and filled
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Figure 1. Electron micrograph of myocardium stunned by repetitive 5 minute occlusions in the dog.
Ultrastructure is essentially normal, without mitochondrial swelling or calcium precipitates, abnormal
fiber architecture or edema.

with saline to produce an end diastolic pressure of 10mm Hg. 31-Phosphorus
nuclear magnetic resonance (NMR) spectra are obtained at 4.2 Tesla every 10
minutes and the amounts of phosphocreatine (PCr) , inorganic phosphate (Pi) and
ATP are obtained by integrating the areas under the appropriate peaks (Figure
4). Myocardial stunning is created by temporarily cross clamping the perfusion
line for 20 minutes. During global ischemia there is cessation of contraction and a
gradual fall in myocardial temperature to ambient levels. Function after reperfu
sion, measured by developed pressure (systolic minus end diastolic), returns on
the average to only about 80% of baseline. Myocardial ATP also remains reduced
by about 20% while pH and PCr return rapidly to normal (Figure 4). In most
hearts, ultrastructural analysis by electron microscopy reveals no abnormalities.
The regional and global models of myocardial stunning we have developed are
different but complementary. In the canine regional model, post-ischemic dys
function is marked and full recovery may require hours to days of reperfusion
[3-5]. The global model has only a modest reduction in function, but the potential
effects of nerves, circulating hormones and blood products, as well as repeated
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Figure 2. Mean systolic segment shortening measured by sonomicrometry in 9 dogs (18 crystal pairs)
after repetitive 5 minute coronary occlusion/lOminute reflow cycles. The greatest decrease in function
occurs after the first occlusionlreflow period, but the functional depression is cumulative. No recovery
is seen during 2 hours of reperfusion after the 12th ischemic period.

systolic stretching of the ischemic region, are eliminated. Myocardial necrosis is
absent in both. The global model has the advantage that high energy phosphate
metabolism can be monitored continuously by 31-PNMR, but the extent of long
term functional recovery cannot be determined because of the inherent instability
of the isolated buffer-perfused preparation.

Is stunned myocardium energy deficient?

We undertook 3 series of experiments, one in the regional and two in the global
stunned model,to explore the ability of stunned myocardium to produce suf
ficient ATP for normal contraction. We reasoned that if stunned myocardium
were energy deficient and unable to supply high energy phosphate rapidly enough
to the myofibrils, it should be unable to respond normally to inotropic interven
tions. Furthermore, if it were unable to generate sufficient energy, a decline in
tissue levels of ATP (representing the balance between production and utiliza
tion) should occur during inotropic stimulation. Finally, if the stunned myocar-
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Figure 3. Abnormal shortening patlern characteristic of stunned myocardium is seen in 'apex' and
'mid' sonomicromeler crystal pairs after repetitive occlusions and 60min recovery period (middle
panels). The crystal pair located at the 'base' is outside the ischemic region. The response to
intravenous dobutamine is rapid and dramatic with reversal of the 'stunned' shortening panern.

dium were energy deficient due to lossofprecufsors, enhancement of the adenine
nucleotide pool should result in improved function.

Response of regionally stunned myocardium to inotropic stimulation

In the first series of experiments we found that there was an essentially normal
response ofstunned myocardium to inotropic stimulation f36]. Figure 3 illustrates
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Figure 4. Pooled 3IP-NMR spectra from perfused rabbit hearts. The abscissa represents the resonance
frequency (relative units). Note the almost complete fall of phosphocreatine and the large increase in
inorganic phosphate during the last 10min of ischemia (Panel B). Both findings normalize during the
second 10min of reflow (Panel C). No changes occurred during isoproterenol stimulation (Panel D).
Peaks are labelled as follows: Sug-P = phosphated surgars; Pi = inorganic phosphate; per = phos
phocreatine; PPi = pyrophosphate (internal standard); <x, 13, y-ATP =resonance of each of the three
phosphates of the ATP molecule.

the results in one experiment in which intravenous dobutamine was infused in the
dog after production of stunned myocardium by the repetitive occlusion tech
nique described above. Despite an increase in left ventricular pressure, systolic
segment shortening increased dramatically and the time to minimum segment
length decreased so that minimum length occurred at end systole, as defined by
peak negative LV dp/dt, instead of in diastole.
The effect of a 60 minute continuous infusion of IV epinephrine was studied in
a series of 11 dogs [36J. As a result of myocardial stunning, systolic segment
shortening decreased from 21.8% to 4.3% and recovered to only 7.9% after 1
hour of reperfusion. Intravenous epinephrine, titrated to produce a maximal
inotropic response, caused segment shortening to increase to 21.6% after 10
minutes and to 24.8% after 1 hour of infusion, despite a 20mmHg increase in
systolic pressure. The same dose of epinephrine given before ischemia had
increased segment shortening to 30.5%. The higher level of shortening achieved
with epinephrine before ischemia could reflect an inability of stunned myocar-
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dium to mount a normal maximal responce. However, control non-ischemic
segments demonstrated the same response pattern: 14.5% shortening at baseline,
22.1% during epinephrine (before ischemia), 12.3% after stunning of the op
posite wall, 16.7% after 10minutes and 17.0% after 60 minutes of IV epinephrine.
The lesser response to epinephrine after stunning, in both stunned and control
segments, was probably due to a gradual increase in systolic pressure during the
experiment, so that during epinephrine, systolic pressure averaged 125 mm Hg
before stunning and 140mm Hg afterwards.After discontinuing epinephrine,
there was a decline of shortening toward the 'stunned' level but no post-stimila
tion depression occurred (i.e. no decrease below the pre-epinephrine level).
In six of the dogs, post-extrasystolic potentiation (PESP) was used to elicit the
maximal inotropic response from stunned and normal myocardium, independent
of f)-adrenergic receptors. Using programmed atrial stimulation, the shortest
premature stimulus was applied that did not result in atrioventricular block or
arrhythmias, followed by a compensatory pause. Before ischemia, PESP in
creased segment shortening from 21.8 to 31.1%, while after stunning the increase
was from 7.9% to 24.8%. As with epinephrine, control segments showed the
same response pattern.
Other investigators had demonstrated that stunned myocardium was capable
of at least a short term response to catecholamines [40-42]. Our results extended
these observations by showing that
1. stunned myocardium could continue to respond maximally during a 60 minute
continuous infusion of epinephrine,

2. the response did not depend on f)-receptors since it was equally good to PESP,
and

3. the maximal response was probably 'normal' since stunned and non-ischemic
segments behaved similarly and the response to epinephrine and PESP was
equivalent.

Are high energy phosphates maintained in stunned myocardium during inotropic
stimulation?

The globally stunned perfused rabbit heart was used for these studies, with
measurement of tissue high energy phosphate levels by 31-P NMR. After reperfu
sion following 20 minutes of total global ischemia at room temperature, de
veloped pressure returned to 77.8% of baseline, while ATP was reduced to
80.9% of baseline (n = 8 hearts). Isoproterenol (5 x 1O-8M for 10 minutes)
caused large increases in developed pressure and rate pressure product (to
134.1% and 195.0% of baseline, respectively) (Figure 5). However, there was no
decrease in ATP content (80.7% of baseline) (figure 4, 6). PCr content was
increased following reperfusion (103% of baseline) and remained constant during
isoproterenol stimulation. Control hearts (n = 8) not subjected to ischemia re-
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tracing.

•• p<.Ol

WASH-OUT
PERIOD

ISOPROTERENOL
5 x 10-eM

REFLOW
PERIOD

120

0-
t- 100<l:

lI.J
Z 80.....
...J
lI.J
Ul

60oct
CD

lL.
a 40
~

20

0

o CONTROLS In-el ",••n!SO
~STUNNEO In-el m••ntSO

Figure 6. Mean levels ofATP, expressed as a percentage of the baseline value, after stunning (hatched
bars) or after a similar period of normal perfusion (open bars) before, during. and after isoproterenol
in perfused rabbit hearts. Stunned myocardium is associated with a significant decrease in ATP, but
no further decrease is seen during isoproterenol.

sponded similarly to isoproterenol: developed pressure increased to 142% and
rate-pressure product to 194% of baseline, while ATP and per were maintained.
Interestingly, intracellular pH decreased slightly but significantly in both stunned
and control hearts during isoproterenol (7.18 to 7.11 and 7.16 to 7.09, respec
tively). This finding is compatible with a stimulation of anaerobic glycolysis.
Neither group of hearts demonstrated functional or metabolic deterioration after
discontinuation of the isoproterenol.
Our results appear to rule out a primary deficit ofmitochondrial function as the
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limiting factor for the recovery of ATP and function in stunned myocardium. The
myocardial content of PCr was higher than baseline in stunned hearts suggesting
that the phosphorylation capability of mitochondria was intact. In addition, the
PCr/Pi ratio, an index of the energy supply/demand balance [43], was also
increased. The finding of stable tissue ATP levels during isoproterenol stimula
tion suggests that stunned hearts were able to cope with the large increase in the
rate of ATP turnover by proportionally increasing the rate of ADP rephos
phorylation.

Does accelerated repletion of ATP improve function in stunned myocardium?

In these experiments in the globally stunned rabbit heart, we investigated
whether accelerated repletion of ATP induced by administration of nucleotide
precursors would be translated into improved myocardial function [38]. Follow
ing production of stunned myocardium by 20 minutes of hypothermic total global
ischemia, hearts were perfused with normal perfusate (n =6 hearts) or perfusate
containing 100 JA-M/l adenosine (n =6) or 100 JA-M/l 5-aminoimidazole-4-carbox
amide riboside (AICAR) (n =6) for 2 hours. Tissue levels of ATP, PCr and Pi
and intracellular pH were monitored every 10 minutes by 31p NMR.
After stunning, developed pressure was reduced to approximately 84% of
baseline, and ATP to about 80% of baseline, while PCr increased above normal
to about 120% of the control value. Over an additional 120minutes of reperfusion
with normal buffer, developed pressure, ATP, and PCr all gradually declined to
about 70%, 65%, and 95% of baseline, respectively. However,during reperfu
sion with adenosine, ATP content increased in every heart and, on the average,
returned about 50% of the way of baseline; the PCr overshoot was also blunted,
perhaps a reflection of increased phosphorylation of ADP. Despite the increased
ATP levels, however, there was no improvement at all in developed pressure.
Perfusion with AICAR produced no measurable improvement in either ATP
content or function. Recent data suggests that ATP repletion proceeds about 10
times more rapidly during intracoronary infusion of adenosine compared to
AICAR [27].
Thus, although post-ischemic dysfunction is associated with reduced tissue
ATP content, more rapid restoration of ATP induced by infusion of purine
precursors does not result in improved function. This suggests that although the
two findings occur together, they are not causally related.

Conclusion

Despite the striking temporal relationship between recovery of function and
myocardial ATP levels, our results do not support the concept that stunned
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myocardial is energy deficient. Based on its ability to respond normally to
maximal inotropic stimulation in two different animal models, along with evi
dence for preservation of high energy phosphates in the face of intense inotropic
stimulation, stunned myocardium appears to be capable of synthesizing ade
quate, if not normal, amounts of ATP to support contractile activity.
What, then, is the mechanism ofmyocardial stunning? More research is clearly
needed to answer this question, but perhaps the two most intriguing possibilities
involve a disturbance in excitation-contraction coupling. Recent studies have
shown depressed action potential parameters and reduced excitability in myocar
dial tissue after 15 minutes of ischemia [39), consistent with the hypothesis that a
primary impairment in excitation may result in defective electro-mechanical
coupling. Alternatively, the defect may involve intracellular calcium handling. It
has been demonstrated that periods of global ischemia as short as 7.5 minutes are
sufficient to produce an impairment in sarcoplasmic reticulum calcium transport
[15], characterized by a significant depression and a shift of the calcium sensitivity
curve of Ca2+Mg2+ ATPase activity. The observation that depression of function
in stunned hearts can be partly reversed by interventions which increase intra
cellular calcium [44] is consistent with this finding and lends support to a disturb
ance in calcium transport as the basis for stunned myocardium.
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Discussion

Sonnenblick: It is a very beautiful story. The type of left ventricular dysfunction
you describe is somewhat similar to the myopathy we have talked about occurring
with microvascular spasm or small vessel disease. What happens when you stop
the epinephrine? Does it maintain recovery after epinephrine or does it always
just go back to how it was before epinephrine? does it ever say 'Thanks Doc' and
go on its way normally, or is stunning independent of that inotropic support which
nicely corrects it?
Becker: I think the inotropic support only corrects the dysfunction while it is
ongoing. In our experience when we stop the epinphrine the function always
returns to where it was before the epinephrine. It does not go below it, but it does
not demonstrate long-lasting improvement either.
Sonnenblick: You do not produce any extensive damage to the myocardium by
supporting it for this time?
Becker: I do not think that we do, based on the lack of post-epinephrine
depression of function.
Sonnenblick: It could be useful when you need it.
Beyar: Are there any data regarding the oxygen consumption of the stunned
myocardium, independent of the flow or the level of metabolites?
Becker: We have measured oxygen consumption in the perfused rabbit heart and
have found that it is reduced after the heart is stunned. However, the rate
pressure product is reduced proportionally even more, so that the oxygen con
sumption is actually inappropriately high relative to the 'work' being performed.
These results are similar to findings by Dr John Nicklas of the University of
Michigan in the regionally stunned dog heart.
Beyar: Will this generate a situation where you have a low efficiency of protein
synthesis?
Becker: There appears to be oxygen wastage. The oxygen may be going into
supporting processes other than contractile function, such as membrane repair.
Bassingthwaighte: Your story suggests that a very large fraction of adenosine
infused intravascularly was taken up by endothelial cells. This fits some other
data. Our analysis of these data indicate that the endothelial cells with take up
some 90%-95% of the infused adenosine and which would not reach the myo
cyte.
Becker: Do you think that the elevated ATP we measured in these perfused
hearts could be in the endothelial cells rather than in the myocytes?
Bassingthwaighte: That is a possibility since ATP is very rapidly formed from
adenosine in endothelial cells. One could examine this on isolated cells by NMR
or chemistry.
Becker: With NMR we measure the total amount of a substance present and
cannot differentiate where it is in the sample.
Bassingthwaighte: Do you think that free radicals may be playing an important
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role in causing stunned myocardium?
Becker: Free radicals should not be taken too lightly since administering the free
radical scavengers superoxide dismutase and catalase partially prevented stun
ning in 3 different studies. I agree that free radicals may be important here. We
are focusing on very short periods of ischemia, and it may be the reperfusion that
occurs after each episode of ischemia that is really injurious.



35. Concentric left ventricular hypertrophy:
a simulation study of mechanics related to
transmural oxygen demand and perfusion

R. BEYAR and S. SIDEMAN

Abstract

A comprehensive model which incorporates the local instantaneous and global
time dependent cardiac mechanics, perfusion and energetics is used to study
related parameters in concentric left ventricular hypertrophy (LVH) due to
pressure overload. The mechanical aspects are analyzed with special attention to
the effect of hypertrophy on Emax and on the source resistance of the LV. The
local balance between mechanics, oxygen demand and coronary flow are studied
and compared to experimental data taken from the published literature. The
model presented here represents an attempt to develop a quantitative tool for the
study of some phenomena related to LVH.

Introduction

Left ventricular hypertrophy (LVH) due to pressure overload is not a primary
disease of the heart but rather an adaptive response to a pressure stimulus. In
view of the large prevalence of this problem, major research efforts were carried
out attempting to characterize the mechanical and metabolic aspects of this
phenomenon. The effect of LVH on the global LV function [1-7] and its relation
to fiber properties [1, 5, 8] are well documented. The effect of LVH on the
coronary circulation is also well recognized [9-16]. It seems that LVH is ac
companied by a decrease in coronary reserve especially at high heart rates [12, 13,
16]. In view of the intensity of the research in this area, an integrated picture of the
cardiac behavior due to LVH is highly required.
The present analysis utilizes a recent model of LV mechanics which accounts
for LV geometry and structure, fiber properties, electrical activation velocity, the
twist of the LV over its long axis, and the typical arterial parameters [17],
extended to include the transmural oxygen demand based on a local 'stress
length-area' (SLA) method, which is a modification of the pressure-volume-area
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(PVA) approach of Suga et al. [18-19]. Further extension of the model includes
coronary hemodynamics and perfusion [20], limited to a simplified algorithm of
coronary autoregulation based on the oxygen demand and supply balance [21].
The comprehensive model thus developed can describe the interrelation between
transmural and global mechanics, energetics (oxygen demand), and perfusion in
the normal heart.

It is the purpose of this presentation to utilize this model for the analysis and
description of a relatively symmetric disease of the heart, the pressure overload
hypertrophy. It is hoped that this attempt may enhance the understanding of the
important parameters effecting the cardiac function and provide a semi-quantita
tive tool which may help analyze the sequence of events associated with the
development of related cardiac diseases.

General description of the simulation model

A brief summary of the assumptions used in the construction of the comprehen
sive model is given in Table 1. The mechanical model predicts the global LV
function as well as the transmural mechanical characteristics as a function of the
LV geometry and structure, the fiber properties, the velocity of the transmural

Table 1. A summary of the major assumptions used in the construction ofthe comprehensive model of
LV function.

Mechanical model

Geometry: spheroidal nested
shell. Fan-like fibrous
structure. Reference state:
unpressurized passive state.

Fiber characteristics: typical
active and passive sarcomere
stress length relationship.

Laws of mechanics: forces are
transmitted along fibers;
pressure gradient across each
layer is calculated based on
Laplace's law.

Electrical propagation: radial
(endo to epicardium).

Arterial model: simple
windkessel.

Oxygen demand model

Oxygen demand is
proportional to the local
sarcomere stress-length area
(SLA).

SLA is defined as the 'active'
area of the stress-length loop
drawn by the sarcomere plus
the area between this loop and
the maximum sarcomere stress
length line (Fig. 1).

Coronary perfusion model

Multilayered.

Distributed intramyocardial
resistance.

Distributed arterial,
intramyocardial and lumped
epicardial compliance.

Back pressure is the sum of
the local intramural pressure
and the microcirculatory
critical closing pressure, Per.

Autoregulation occurs locally
to account for local oxygen
supply demand balance and
affects both resistance and Per.
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electrical propagation and the major parameters of the arterial tree. The refer
ence state volume V0 is defined in the passive state at zero transmural LV
pressures. LV volumes greater than the reference volume result in extension of
the sarcomeres and the thinning of the wall. The sarcomere length at the refer
ence state is assumed to be evenly distributed across the wall, and equals to
1.9Mm, except for the endocardial sarcomeres at Vo which, based on physiologi
cal data [22] are taken to be somewhat shorter than 1.9Mm.
The oxygen demand is evaluated by a 'local' analogy [18] to Suga's global PVA
approach to predict LV energetics. The sarcomere stress-length area (SLA) (the
dashed area in Fig. 1) links the local mechanical and metabolic parameters. When
the SLA is normalized by the unstressed sarcomere length, the resulting param
eter SLAn(y) has the units of pressure (energy per unit volume) which relates
linearly to the local oxygen demand per beat, V02(y), by:

(1)

where K, and K2 are constants.
The coronary circulation model assumes a distributed 'small vessel' resistance
which decreases linearly from the epicardium to the endocardium [20]. The flow
across this resistance is proportional to the input pressure minus the local back
pressure, Pzf(Y, t). The latter is assumed to be the sum of the critical closing
pressure, Pc.(y) (typical of microcirculation), and the 'external' local intramural
pressure Pim(y). A distributed intramyocardial capacitance Cim(y) and a global
epicardial arterial capacitance, Ccp , are also included in the model. Local auto
regulation modifies the microcirculatory resistance and is introduced by utiliza
tion autoregulatory function, Twf(y), which equals zero at maximum vasodila
tion and unity at maximum vasoconstriction. Twf(y) may also be viewed as an
approximate expression for local coronary reserve. The autoregulation of the
local resistance is adjusted by a balance of oxygen demand and supply. This is
achieved by relating to the hemoglobin dissociation curve and assuming that the
myocardial tissue extracts oxygen from the blood, until a venous POz of 20
mm Hg is achieved, but the extraction can increase to yield a venous POz not
lower than 15mmHg.

Application of the simulation model to LV hypertrophy

Geometrical aspects

Concentric hypertrophy is associated with an increase in the end diastolic (ED)
wall thickness. If no decomposition of cardiac function has occurred, the LV
cavity may be normal, or even smaller than normal, in the hypertrophic case. The
geometrical parameters of the ventricle can be introduced into the model via the
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Figure 1. Left: Endocardial view of the 'axial' (along the fibers) sarcomere stress (top) and length
(bottom) distribution vs. time (bottom). Right: The sarcomere stress-length loop for the endocardial,
middle and epicardial layers for two loads (top). The dashed area (bottom) is the area defined as SLA
and used to calculate the local oxygen consumption.

'reference dimensions' which, by definition, are load-independent. However, no
conclusive evidence as to the value of the reference volume at compensated LVH
is presently known. Thus, LVH can be simulated either by assuming a constant
reference semi-minor axis (and thus a constant Yo) and an increased reference
wall thickness, ho ' or, alternatively, by relating to a constant reference midwall
position, which is associated with a decreased Vo and bo (Fig. 2).

Fiber mechanics

The fiber mechanical properties are usually studied based on their force-length
and force-velocity relationship. Experimental studies of the evolution of hyper
trophy indicate that at the early LVH stages, the force generated by the fibers is
maintained, or even increased, while the maximum velocity of shortening is
reduced [1, 5]. This is related to changes in the biochemical properties of the
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myosin type [23, 24J and is not associated with an impaired function of the
myocardium but is rather viewed as an improved economy of force generation
[24J.
A decrease in myocardial contractility may occur at a later stage of hypertrophy
[I, 7, 14J leading to the development of the congestive heart failure associated
with hypertrophic cardiomyopathy [25, 26J.

Energetic aspects

The simple SLA approach used here for the prediction of transmural oygen
demand requires the estimation of the two constants K) and K2• Changes in the
value of these parameters with isotrophic changes [27, 28J are being investigated
using the PYA approach. However, the possible effect of the changes in the
myosin type, or the force velocity relationships, on the constants K) and K2 are
neglected here for lack of data concerning the human heart (although some yet
unmeasurable changes in the myosin type may affect sarcomeres efficiency and
have an effect on K) and K2).

Coronary circulation aspects

Some experimental data [11, 12J indicate that the coronary minimal resistance
increases in LV", although the flow distribution at rest may be normal [16J.
Bache et at. [12J have calculated an increase of about 5~O% in the minimum
resistance, from 16.5 to 22.6 mm Hg . sec/ml, in LVH as compared with normal
dogs. Okeefe et at. [11J showed an 80% increase in the minimum resistance. For
lack of a better value it is assumed here that the LVH resistance increased 1.5
times the normal value in coronary circulation. Note that this assumption is the
only coronary-related parameter which is taken in this simulation model to be
different in the LVH as compared to the normal heart.

Results and discussion

Mechanical aspects

The reference state is used here to define changes in LV geometry during LVH.
Two possible simulations of LVH are depicted in Fig. 2. One is based on an
increase in the LV wall thickness while the reference cavity volume, Vo ' remains
unchanged. The other possible geometry relates to a constant midwall dimension
at the reference configuration, resulting in a decreased Vo value. As shown in Fig.
3, the En"" line in both cases is shifted to the left, thus allowing the ventricle to
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REFERENCE STATE IN LVH

A. Constant Vo

NORMAL HYPERTROPHY

B. Constant midwall surface

MIDWALL

Figure 2. The reference state, defined as the geometry at the passive state for zero transmural
pressure. bo' ho and V0 are the semiminor axis, wall thickness and cavity volume at the reference state.
Two types of possible hypertrophy models are iIlustrated: (A) increase in ho with constant Vo' and
(8) constant midwalllocation.

A - Constant Vo
B- Constant midwall locati

Volume
Figure 3. Em'" line for the normal case compared to hypertrophy simulated by (A) a constant V" and
(8) a constant midwalliocation.
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eject against higher loads. As seen in Table 2, all the contractile parameters are
enhanced during LVH simulated by an increased wall thickness (constant Yo).
Interestingly, the Em"x slope does not increase in this case of a constant Yo' but
increases in the case of an assumed constant reference midwall thickness.
It is noted that published data [6] indicate that Em"x increases during hypertro
phy. It is also suggested that hypertrophied hearts without decompensation may
be smaller than normal comparable hearts. This information indicates that the
simulation of the LVH with a constant midwall and a decreased V0 relative to the
normal case is the more appropriate model. However, more data are needed
before final conclusions can be drawn on this point.
The effect of changes in the force velocity relationship (FVR) can now be
studied. As shown before [29], the dynamic FVR (Fig. 4) can be translated to a
dynamic LV internal resistance, Rs' by:

R = 2,P(t)
s Q(t)'

(2)

where 2,P(t) is the instantaneous difference between the theoretical isovolumic
pressure at that instant and the measured LV pressure, and Q(t) is the simul
taneous time dependent aortic flow. As shown in Fig. 4 [29], assuming a fan-like
dynamic FVR (wherein the maximum shortening velocity at zero stress develops
very fast, and the force acts as a slow time dependent function) yields a linear
pressure resistance relationship with a slope a similar to that reported by Shroff et
al. [30].
Table 3 represents a simulation of some stages in the evolution of hypertrophy.
Chronic hypertension, and compensated hypertrophy leading to normal ejection
fraction, does not significantly affect either Rsor the Rs vs Po slope a. However, a
marked increase in both Rs and a is noted if one reduces the maximum unloaded
fiber velocity to half its normal value. Interestingly, a decrease in the fiber force

Table 2. The effect of different degrees of LVH at the same LV pressure on different indices of
contractility. Hypertrophy is simulated by an increase in wall thickness ho while Vo (= 57 ml), Ved
(= 102ml) are hel" constant. End diastolic aortic pressure is kept constant at 70 mm Hg.

ho holbo hed (hIb)ed Vm EF (dP/dt)m.. Vcf Ema•
[em] [em] [ml] % [mmHg· [sec]-l] [mmHg/ml]

sec-I]

Normal 1.2 0.63 0.99 0.43 44 65 1833 1.33 4.8
LVH 1.6 0.73 1.16 0.50 179 69 1954 1.43 5.0
LVH 1.8 0.84 1.34 0.58 219 73 1947 1.61 4.2

bo = reference semi-minor axis; Vm=muscle volume. V cf = average circumferential shortening rate
(at endocardial level), Em.. = maximum elastance representing slope of end systolic pressure-volume
points.
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results in the reversal of Rs and a towards the normal values. Thus, it seems that
the Rs reflects the ratio between the fiber force and the unloaded velocity. The
high slope generated by a decrease in the fmax value is important for optimal
ventricular-arterial impedance matching during hypertension. When the myocar
dial function deteriorates and the fiber force decreases, this ratio decreases and a
normal Rs may be noted. Some evidence supports the theoretical prediction of
increased Rs during the early stages of LVH (Shroff, personal communication).
However, more experiments are needed to elucidate this point.

Oxygen demand and coronary flow

The effect of LV mechanics during hypertrophy on the transmural oxygen
demand and perfusion was studied by a simulation based on experimental data of
Bache et at. [12]. LVH was generated by chronic aortic banding and the mechan
ical as well as perfusion parameters were compared to normal dog values at a
variable heart rate.
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The following assumptions were used in deriving the model parameters.
a. The LV mass increases as hypertrophy develops.
b. End diastolic (ED) LV volume remains constant throughout.
c. The (average) sarcomere length at ED in both the normal and LVH cases is
equal to 2.07 J,Lm. Normal fiber force is assumed.

d. The arterial parameters and the constriction area are derived based on the
contraction is assumed to be given by:

p_ 1 2- T Q Vjet'

where Q = specific gravity and Vjel - velocity of the blood jet.
The geometrical, structural (fibers) and arterial system parameters used in the
simulation are shown in Table 4. For very rapid heart rates LVH may be
associated with ischemia (and decreased contractility). In both cases, rapid heart
rates have probable effects on the LV end diastolic volume.
The comparison between the general mechanical parameters of the normal and
hypertrophic cases is shown in Table 5. Note the high transtenotic pressure
gradients generated in the hypertrophic dogs at HR =100. Note that a marked
decrease in the gradient is observed for HR =240. However, an isolated increase
of the heart rate in the model does not predict a decrease in the gradient, as
observed experimentally. Thus, either a decrease in contractility or a decrease in
the ED volume, or both, may explain the observed decrease in the peak LV
pressure in LVH at HR =240. In order to explain the decrease in the transtenotic
pressure gradient as the HR increases, a decreased ED volume was assumed for

Table 3. The effect of different stages of hypertrophy (LVH) and hypertension (HT) on LV source
resistance and other contractility indices. Human parameters are used.

Ved Vm Blood EF (dP/dt) Uc! Rs a
(ml) (ml) pressure (%) (mmHg· (sec-I) (mm Hg' (sec ml- I

(mmHg) sec-I) sec'ml- I) x 10-3)

l. Normal heart 102 179 122/82 66 2008 1.37 0.60 0.84
2. LVH & HTwith
normal fiber
parameters 102 337 205/114 66 2474 1.30 0.18 0.90

3. As above but with
Emax reduced from
3 to 1.5 sec-I 102 337 1911114 65 2774 1.21 0.42 1.50

4. Same as (3) but
with decreased
contractility
(0,,: 1140-+840) 102 337 1841114 54 1841 0.95 0.33 1.05

Ved = end diastolic volume; Vm = LV muscle volume; Uri = average circumferential shortening
velocity.
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both the normal and the hypertrophic cases and an additional decrease in con
tractility was assumed for the LVH. This is based on evidence that some suben
docardial hypoxia was generated here (to be discussed below).
Table 6 presents the principal parameters of energetics and perfusion used in
the simulation. The SLA constants of (1) are based on Suga's [27] experiments
(K, =1.710-5ml O/mmHg . gr· beat, K2 =3.0 10-4 O/gr· beat) and are assumed
to be the same in the normal and the hypertrophic hearts. As indicated above, the
minimum coronary resistance in LVH is assumed to be 1.5 times the normal
resistance.

Table 4. Parameters related to LV mechanics used in the simulation of perfusion in LVH.

LV geometry

LV muscle volume [ml]
bed - ED semiminor axis [em]
hed - ED wall thickness [em]
bo - reference seminimor axis [em]
(h/b)ed

Fiber properties
Max. stress at optimal sarcomere length - [mm Hg]
ED sarcomere length [ILm] average

Arterial parameters
Peripheral resistance [mm Hg . sec/ml]
Arterial capacitance [ml/mm Hg]
Banded aortic orifice [cm2]

Normal
heart

83
1.8
0.9
1.51
0.5

1000
2.07

2
0.6
4

Hypertrophic
heart

127
1.8
1.2
1.45
0.66

1()()()a

2.07

2
0.4
0.22

• HR = 100 bpm. Value goes to 700mm Hg at HR = 240 bpm.

Table 5. Comparison of calculated results with experimental hemodynamic data (dogs).

HR= loobpm HR=240bpm

Normal Hypertrophy Normal Hypertrophy

Exp Calc. Exp Calc. Exp Calc.' Exp Calc.b

LV systolic pressure [mmHg] 126 116 241 238 117 104 163 165
Aortic pressure [mm Hg] 126/79 117/85 109/76 96/83 106/76 104/87 96/67 90/85
Average transtenotic pressure
gradient [mm Hg] 0.46 72 2.09 35
Vcr [sec-I) 1.76 1.34 2.17 0.99

Vcf = average endocardial circumferential shortening rate
• Ved = 34 ml assumed for a normal heart at HR = 240.
b bed = 1.65 em; Ved = 34ml; 00= 700mmHg for LVH.
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The autoregulation function Twf(y) [20] is allowed to adjust so that the venous
oxygen tension is set at 20 mm Hg. Whenever, if the oxygen demand is not
supplied in spite of maximum vasodilation, the venous oxygen tension may go as
low as 15 mm Hg, thus reflecting higher oxygen extraction. The hemoglobin
concentration in the blood is taken as 12 gr%.
The experimental and simulated transmural flow distribution in the normal
heart at two heart rates for an autoregulated and a maximum vasodilated heart
are shown in Fig. 5. Note that the flow at HR =l00bmp is almost equally
distributed throughout the wall. Note also that at HR =240, with maximum
autoregulation, the endocardial layers have only a slight coronary reserve and the
flow is much higher at the epicardial than endocardial layers. Evidently, the
compressive forces acting on the endocardial layers are much more effective at
high heart rates than at low heart rates. Note that a decreased preload case (as
detailed in Table 5) is only slightly different from a constant preload case.
The comparable plots for the hypertrophic heart are shown in Fig. 6. The
experimental studies show close to normal perfusion distribution at HR = 100,
but the autoregulated flows are higher than in the normal hearts. However,
pacing at HR = 240 bpm causes a transmural decrease in the flow rate at max
imum vasodilatation, although the subendocardial decrease in flow is most
prominent. Flow in the autoregulated case is increased so as to supply the
increased demand in the outer LVwall, but fails to increase in the subendocardial
layers.

Table 6. Parameters related to perfusion and energetics.

Local oxygen demand by SLA
approach

Coronary perfusion

Minimum coronary resistance

Maximum coronary resistance

Autoregulation
Twf(y) is adjusted so that venous
oxygen pressure varies between
set 1 and set 2
Hb concentration
Hb dissociation curve const.:
Pso
Cooperation constant

Normal heart

K] =1.74 X 10-5
[ml] Oibeat . gr . mm Hg]
Kz= 3 X 10-4

[ml 0ibeat· gr)

Linear:
Rmin (0) = 600 [mmHg· sec/ml)
Rmin (h) = 900 [mmHg' sec/ml]
5 x Rmin

Set 1 = 15mmHg
Set 2=20mmHg

12gr%

26(mmHg)
2.3

Hypertrophic heart

same as for normal

Rmin = 1.5 Rmin of normal
same as for normal

Set 1 = 15mmHg
Set 1 = 20mm Hg

12gr%

26(mmHg)
2.3
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Figure 5. Comparison of experimenlal and calculated transmural nows in Ihe normal LV. The
experimental measurements (A) are compared 10 model simulation with a conSlanl end diastolic
volume V«!. (8). and a decreased V.... (C).

The calculated results, assuming no change in preload or contractility, shown in
Fig. 6b indicate an increase in the maximum vasodilation flow in the subepicar
dium. This is a result of the highly increased aortic preconstriction pressure which
seems to affect mostly the epicardial layers. This is obviously not a real situation
and panel 6C was calculated to represent a more realistic simulation which is
consistant with experimental data. The autoregulatory function Twf(y) repre-
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HYPERTROPHIC LV
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Figurl' 6. Comparison of ex.perimental and ulculated transmural flows in the hypertrophic LV. The
model simulation for a constant V.... is compared to a simulation assuming decreased V«' and
contractility (see Table 5).

sents the vasodilatory capacity of each layer. Thus, Twf(y) "= 0 corresponds to
zero vasodilatory capacity and Twf(y) = 1denotes maximum vasodilatory capac
ity. A plot of the transmural Twf(y) for the above cases is shown in Fig. 7 for 4
(epicardium to endocardium) layers. Note that the vasodilatory capacity de
creases from the epicardium to the endocardium, both for HR = 100 bpm and
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Transmural coronary reserve
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0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

~.1 .L---r---------.--------,r--------,-...

IZZI N100 lSSI

2

H100

3

N240 ~ H240

4

Figure 7. Comparison of the transmural (epicardium to endocardium) autoregulatory function which
corresponds to the coronary reserve of normal and hypertrophic LV at two heart rates. N1oo: normal,
HR = 100bpm. H1oo: hypertrophy, HR = 1oobpm. N240: normal, HR = 240bpm. H240: hypertro
phy, HR = 240bpm.

HR =240bpm. The negative endocardial value of Twf(y) shown in Fig. 7 for the
hypertrophic case, at HR = 240 bpm, is only an illustrative aid to emphasize the
fact that the autoregulatory capacity was exhausted at these conditions and that
the subendocardial layers are hypoxic.

Discussion

A comprehensive model which combines transmural mechanics, perfusion and
energetics was applied here to analyze and describe LVH due to pressure over
load. Such a comprehensive model, which depends on a large number of param
eters, requires that appropriate assumptions be made wherever knowledge is
lacking. However, a continuous comparison between the calculated model re
sults and experimental data is needed in order to verify the assumptions and
elucidate various questions raised during the simulation process.
LVH was shown to be accompanied by many mechanical changes which help
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the heart to function and eject blood against a higher afterload. The few studies
which examine the elastance during hypertrophy show an increased elastance and
a leftward shift of the P-V relationship [6]. Such behavior may reflect either an
increased fiber contractility, a decrease in the reference volume, or both. Al
though some data may suggest a decreased LV volume with compensated hyper
trophy [14]. More experiments are needed to quantify this point.
An increase in LV source resistance is predicted by the model, based on data
reporting a decrease in the unloaded shortening velocity of the fibers [1, 5], which
evidently reflects a change in the myosin composition [23], at least in animals if
not in humans [24]. May this change in resistance be used as a clinical parameter
to evaluate myocardial function? More experiments are needed to answer this
and other questions.
Inspection of the oxygen balance within the LV wall seems to indicate that
hypertrophy tends to affect the endocardial flow more than the epicardial flow.
This is evident only at high heart rates where the relative duration of the diastole
is smaller. In addition to the increased compressive forces, the minimal coronary
resistance is known to be higher in LVH [11, 12] and this fact may affect arterial
changes related to hypertension. The oxygen demand distribution is opposite in
direction to the coronary flow distribution. Higher rates of oxygen utilization is
needed by the endocardial layer due to higher loads (and higher SLA's) of these
layers. Thus, a chronic mismatch in oxygen demand and supply may lead to a
chronic hypoxia and to the development of subendocardial fibrosis - a well
known feature of long standing hypertension [31-33].

Conclusion

An analytic semiquantitative comprehensive approach was applied to a common
disease of the LV. Mechanical energetical and perfusion aspects of the disease
were simulated by utilizing a simulation model and the specific questions raised
by the model were discussed. The model analysis may help in understanding the
complex interaction within the cardiac system in health and disease and lead to
better mathematical definition of the physiological laws which affect the cardiac
system.
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Discussion

Arts: Concerning the stress distribution in your model; you showed that at the
start of the ejection phase there was a high stress in the subendocardial layers and
a low stress in the subepicardial layers. In my study I do not see as large a
difference as you have shown. I believe that this is due to the fact that the apex in
your model is fixed and is not free to rotate, and thus you prevent torsion. The
transmural distribution will then be different.
Beyar: We include torsion as an input parameter in the model and it greatly
affects the transmural sarcomers length distribution as well as the stress distribu
tion. In spite of this torsion, the endocardial sarcomere lengths at end-diastole are
higher than the epicardial sarcomere lengths. Thus by local Starling law the
endocardial layers will have a higher stress developed at the early stages of the
cycle. Another factor contributing to the higher initial endocardial stress is the
electrical activation velocity which starts at the endocardium and spreads to the
epicardium. Thus, at the very beginning of the activation, the endocardial fibers
are activated while the epicardial fibers are yet passive. Consequently, you have
the 'endocardial kick' which then decreases due to the higher shortening of the
endocardial layers throughout the ejection.
Sonnenblick: One of the most profound changes in hypertrophy is the prolonga
tion of contraction and delayed relaxation that makes tremendous problems of
early diastolic filling. Is your model going to deal with diastolic dysfunction? This
is probably the primary limitation in many cases of cardiac disability.
Beyar: Very late relaxation can indeed impede the diastolic filling as well as the
coronary circulation in hypertrophy more than in a normal heart, since you have
less time left for both diastolic coronary flow and diastolic filling of the LV and
more time for the systolic compression of the endocardial flow. We have started
to model the effect of the rate of relaxation on the filling patterns in a normal
heart. However, we have not as yet dealt with the problem of LV filling in
hypertrophy.



36. Coronary reserves in myocardial hypertrophy

H.R. WEISS and G.J. GROVER

Abstract

The purpose of the present investigation was to determine the effects of thyroxine
(T4) induced myocardial hypertrophy on coronary flow reserve, 02 extraction
reserve and the reserve of unperfusedcapillaries. Studies were conducted in
anesthetized open chest New Zealand white rabbits. One group had blood flow
determined with radioactive microspheres and O2 extraction determined micro
spectrophotometrically. Reserves were tested with hypoxia. In the other group,
FITC-dextran was injected to label the perfused microvessels. An alkaline phos
phatase stain was employed to locate the total microvascular bed. O2 consump
tion increased 280% in the 16-day T4 group and this was accompanied by signifi
cant increases in coronary flow and O2 extraction. Blood flow further increased
101% for the hypoxic 16-day T4 group. Venous 02 saturation also decreased
significantly in hypoxia. There were 2544 ± 210 capillaries/mm2 and 5 ± 1 ar
terioles/mm2 in control subendocardium. These decreased significantly to 1457 ±
65/mm2 and 1± lImm2 respectively after 16 days ofT4• In controls, 59 ± 2% ofthe
capillaries and 56 ± 9% of the arterioles were perfused in the subendocardium.
This increased significantly to 88 ± 3% and 79 ± 8% respectively by 16 days ofT4
treatment. Thus, the physiological response to the increased work and decreased
capillary density is to increase the proportion of the capillary bed perfused to at
least maintain physiological diffusion distances. The T4 hypertrophied hearts
were also able to increase their blood flow and decrease their venous O2 satura
tion in response to further stress.

Introduction

Hyperthyroidism is associated with increases in heart work, heart rate, cardiac
output, blood pressure and cardiac contractility [1, 2]. As we have previously
shown this leads to an uniformly increased left ventricular 02 consumption [3].
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This increase in heart work can lead to cardiac hypertrophy [4-6J. Thyroxine (T4)
also leads to an increase in coronary blood flow [3, 6, 7). Cardiac hypertrophy is
often associated with a loss of flow reserves [8-10J. There can be decreased
venous 02 saturation and increased O2 extraction [3J. This can cause a loss of O2
extraction reserves [11). One issue addressed in this report is the degree of flow
and O2 extraction reserves remaining in a T4 hypertrophied heart. HYl'ertrophy
also leads to a thickening of muscle fibers and cells although the number of
microvessels providing 02 to these fibers does not increase greatly [12-18J. This
leads to a decrease in the number/mm2 of capillaries in hypertrophy [12, 13, 15, 16,
18J compared to control [19, 20).
There is much evidence from both direct and indirect observations that a
reserve of unperfused capillaries exists in the control state [21-25J although some
contrary evidence exists [26, 27J. We have found that approximately half of the
capillaries are perfused in control rabbit hearts [24). This reserve can be utilized in
various forms of O2 supply stress [24, 28). One purpose of this study was to
determine whether a greater proportion of the capillaries were perfused under
the stress induced by T4 which leads to hypertrophy. In addition, we wished to
determined the degree of loss of flow and O2 extraction reserves during T4
induced cardiac hypertrophy.

Methods

In this study New Zealand white rabbits (1-3 kg) were divided into three groups.
One group served as control (saline control), one received 0.5 mg/kg I-thyroxine
(T4) subcutaneously daily for 3 days (3-day T4 group), and another received this
dose of T4 daily for 16 days (16-day T4 group).
The animals were anesthetized with 30mg/kg of sodium pentobarbital via the
circumflex ear vein. Polyethylene catheters were inserted into a femoral artery
and vein. The venous catheter was employed in some animals for injection of
100mg/kg of 150,000MWdextran labeled with fluorescein isothiocyanate (FITC)
and/or for supplemental anesthetic. The trachea was cannulated and artificial
respiration was instituted using a Harvard respirator. A left thoracotomy was
performed at the 5th intercostal space, and the pericardium was cut to expose the
heart. In those animals in which blood flow was determined a catheter was placed
in the left atrium.
In the animals in which blood flow was determined, a series of control measure
ments of hemodynamic and blood gas parameters was performed along with a
coronary flow measurement using radioactive microspheres (7.5 x lOS, 15 ± 3 JLm
in diameter). After these measurements, half of the hearts were rapidly removed
by cutting the heart and dropping it into liquid N2• The rest of the animals were
subjected to 10-20min of 8% O2 in N2• A second flow measurement was obtained
and the hearts were then frozen.



569

To measure Oz saturation in frozen arterial and venous blood vessels a three
wavelength microspectrophotometric method was used as described previously
[29]. This technique involves the microspectrophotometric observation of blood
in vessels ranging in size from 20 to 100 J.Lm in diameter. Hearts were cut on a band
saw at -20°C. Sections (20 J.Lm) were cut on a rotary microtome at -20°C in aNz
atmosphere. They were transferred to precooled glass slides and covered with
degassed silicone oil and a coverglass. These slides were placed on a Zeiss
microspectrophotometer fitted with a Nz-flushed cold stage to obtain readings of
optical density at 560, 524, and 507 nm. The slit width was set at 5-nm band pass,
and size of the measuring spot was 8 J.Lm. Readings were obtained to determineOz
saturation in five arteries and veins, 20-100 J.Lm in diameter. Immediately adja
cent areas were prepared for determination of blood flow. By use of the Fick
principle, the paired product of Oz extraction and blood flow was obtained to
determine Oz consumption on a regional basis within the heart.
FITC-dextran (Sigma, 150,000m.W.) was injected into the venous catheter
and flushed with 1ml of saline in the rest of the experimental rabbits. After 14 sec,
the hearts were removed and placed in liquid Nz.
The hearts were cut into wafers on a band saw at - 20°C. The subepicardial and
subendocardial regions of the left ventricular free wall were examined. Each
frozen tissue sample was mounted on a microtome specimen holder and coated
with embedding medium. 2 J.Lm thick sections of tissue containing both regions
were cut on a Slee automated microtome-cryostat set at - 35°C. At least 100 J.Lm
of tissue were cut and discarded before preceding to the next tissue section.
Photographs were taken with a Zeiss fluorescent microscope equipped for
automated photography. The slides were epi-illuminated with violet light by a
100W halogen light source to excite the fluorescence of the FITC-dextran. A
barrier filter was situated in the light path to allow only wavelengths greater than
495 nm to pass, thereby promoting optimal viewing of the fluorescence.
The slides were stained for alkaline phosphatase [24]. The region photo
graphed previously was now relocated and photographed. This field had the total
vessel endothelium stained while the fluorescent photograph exhibited only the
perfused vasculature. Both negatives were matched and the alkaline phosphatase
negative was marked to identify perfused and unperfused microvessels.
The marked alkaline phosphatase negative was projected onto a Weibel ster
eological device with appropriate counting grid for viewing and measurement.
Fundamental principles of morphometry have been reviewed [30, 31]. These
principles were applied to determine the capillary and arteriolar parameters of
interest of the heart [12, 15, 24].
The volume fraction (Vv), in mm3/mm3, of capillaries and arterioles was
calculated using a point counting technique and the following equation: Vv =
Pc/Pt, where Pc and Pt are the number of test points within a profile of the vessel
and the total number of test points in the grid, respectively. A probable error in
Vv of less than ± 5% for capillaries and ± 7.5% for arterioles was accepted [31].
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The number of capillaries or arterioles per mm2, Na, was calculated by the
formula: Na = N/ area photographed, where N is the number of capillary or
arteriolar profiles counted per grid.
Data was subjected to analysis of variance, both one-way and repeated mea
sures to study differences between animals, groups and treatments with respect to
hemodynamic parameters, blood gases, flow, O2consumption and morphometric
parameters. Sources of differences were determined by Duncan's multiple range
test. A value of p<0.05 was accepted as significant.

Results

The hemodynamic and blood gas values for the control, 3-day T4 and 16-day T4

groups are shown in Table lA for the flow group and 1B for the FITC group. T4
significantly increased heart rate and blood pressure when injected for 16 days
and increased 3-day T4 group heart rates when compared to controls. Blood gas
and pH values did not differ significantly between the three nonhypoxic groups.
In the animals made hypoxic, the low 02 gas mixture caused a significant
depression in blood pressure and heart rate. Arterial P02 was significantly
lowered by PC02and pH were unchanged.
Heart weights were 4.21 ± 0.29, 4.10 ± 0.17, and 5.23 ± 0.23 g for controls,
3-day, and 16-day T4 animals, respectively. Only the 16 day-heart weight was
significantly higher than control. Heart weight-to-body weight ratios were 2.59 ±
0.30, 3.69 ± 0.12, and 4.36 ± 0.10g/kg for control, 3-day, and 16-day T4 animals.
Myocardial blood flows are presented in Table 2. Before hypoxia, myocardial
blood flow was higher in the 16-day T4 group compared with the 3-day T4 group,
which was in turn greater than prehypoxic, saline controls. There were no
differences noted between normoxic group animals and hypoxic group animals

Table lB. Sytemic hemodynamic and blood gas parameters in control and thyroxine-treated FITC
rabbits.

Control 3-day T4 16-day T4

Systolic blood pressure, (mm Hg) 96 ± 17 98 ± 9 147 ± 30-
Diastolic blood pressure, (mmHg) 72 ± 19 76 ± 8 100 ± 100
Heart rate (beats/min) 260 ± 47 329 ± 400 458 ± 63b

Pa02 (mmHg) 69 ± 9 70 ± 7 70 ± 7
PaC02 (mm Hg) 33 ± 4 35 ± 3 32 ± 3
pH 7.35 ± 0.05 7.32 ± 0.11 7.33 ± 0.04

Values are presented as mean ± S.D., N = 6.
- and b indicates, respectively, significantly different from control group and from both control group
and 3-day T4 group.
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Figure 1. Arterial and venous O2saturation in the subepicardium (Epi) and subendocardium (Endo)
of saline control and T4-treated rabbits during normoxia and hypoxia. There was an Epi-Endo
difference in venous O2saturation in saline controls during normoxia with Endo have a lower Sv02'
Endo Sv02 was significantly lower than Epi for saline controls, 3-day T4, and 16-day T4 animals when
subjected to hypoxia. Each value is mean ± SE (n = 7-8).

under normoxic conditions (before hypoxia). With hypoxia, the myocardial
blood flow was higher in the 16-day T4 group compared with the 3-day T4 group,
which was in turn greater than hypoxic saline controls. Hypoxia did not alter
myocardial blood flow in saline controls whe'n compared with their respective
normoxia group. Hypoxia did result in a markedly increased flow in 3- and 16-day
T4 animals when compared with the 3- and 16-day T4 normoxia groups, respec
tively.
In saline-treated normoxic control animals, the average left ventricular arterial
O2 saturation (Sa02) was 89.0 ± 2.0%. Hypoxia significantly depressed Sa02 in
all three groups when compared with their respective normoxic group. No
regional differences were observed in Sa02 with hypoxia.
The average venous O2 saturation (Sv02) in the left myocardium of normoxic
saline control animals was 38.7 ± 1.3%. The subendocardial region had a slightly
but significantly lower Sv02 than the subepicardium in the saline-treated nor
moxix controls (Fig. 1). Treatment with T4 significantly decreased average Sv02
only for the 16-day T4 group. With hypoxia, Sv02 was significantly lower for all
treatments compared with their normoxic counterparts. With hypoxia, the 3- and
16-day T4 animals had a significantly lower Sv02 compared with hypoxic saline
controls.
In both the normoxic and hypoxic groups, average myocardial O2consumption
was significantly higher in the 16-day T4 group compared with the 3-day T4 group,
which in turn was greater than saline controls (Table 2). Hypoxia did not alter
myocardial O2 consumption for any treatment compared with their respective
normoxia group treatment. The only subepicardial-subendocardial difference
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observed in O2 consumption was in normoxic saline control animals with the
subendocardium having a higher O2 consumption.
The average values for the volume fraction (Vv) of the myocardium that
contains capillaries or arterioles are presented in Table 3. The mean total capil
lary Vv averaged 0.196mm3/mm3 for the control group and this was significantly
greater than the value determined in the 16-day T4 group. The value for the total
arteriolar bed averaged 0.004mm3/mm3 in controls which was significantly higher
than both T4 treated groups. Regional values are shown in Fig. 2. No significant
subepicardial vs. subendocardial differences were found in either the arteriolar or
capillary network in any group. All regional values for the 16-day T4 group were
lower than control.

Table 3. Average morphometric parameters of the total and perfused arteriolar and capillary network
of control and thyroxine-treated FITC hearts.

Arterioles
Control
Total
Perfused
(%)
3·day T4

Total
Perfused
(%)
16·day T4

Total
Perfused
(%)

Capillaries
Control
Total
Perfused
(%)
3·day T4

Total
Perfused
(%)
16-day T4

Total
Perfused
(%)

Vv (mm3/mm3)

0.00429 ± 0.00236
0.00205 ± 0.00123
51.71 ± 18.34

0.00159 ± 0.001}4a
0.00126 ± 0.00070
87.71 ± 16.113

0.00104 ± 0.000743
0.00093 ± 0.00066
88.62 ± 17.933

0.1956 ± 0.0259
0.1200 ± 0.0248
61.35 ± 8.76

0.1868 ± 0.0365
0.1559 ± 0.3393
83.23 ± 4.893

0.1356 ± 0.02523
0.1228 ± 0.0253
9I.l4 ± 4.92b

Na(N/mm2)

4.1 ± 3.0
2.0 ± I.l
59 ± 21

1.7 ± 1.09
1.6 ± 0.9
91 ± 139

1.2 ± 0.79
1.0 ± 0.59
86 ± 189

2369.37 ± 638.16
1438.58 ± 43I.l8
60.41 ± 5.46

1844.91 ± 444.53
1540.52 ± 475.49
82.61 ± 6.023

1379.52 ± 198.66"
1239.71 ± 208.52
89.69 ± 5.45b

Values are presented as mean ± S.D., N =6.
3 and b indicate, respectively, significantly different from control group and from both control group
and 3-day T4 group.



575

.-.._-------------.,0.28-

0.24·

- 0.20-ee 0.16......
-e
e- 0.12 .

>>
0.08

0.04

O· EPI ENDO
CONTROL

.0070

.0060

.0050

"E
.@ .0040•e
.!

.0030
~

EPI ENDO
CONTROL

EPI ENOO
3 DAY T4

EPI ENDO
3 DAY T4

EPI ENOO
16 DAY T4

EPI ENDO
16 DAY T4

Figure 2. Subepicardial and subendocardial values of the capillary (Top) and arteriolar (Bottom)
volume/mmJ for the total (light bars) and perfused (dark bars) portion of the microvasculature, Vv,
for the control, 3-day T4, and 16-day T4 treated rabbits.
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The percent perfused capillary Vv in controls was significantly lower than
either group ofT4 treated animals (Fig. 3). The 3-dayT4 treated animals also had a
lower percentage of their capillary beds perfused than the 16-day T4 treated
animals. These changes in the percentage of the total bed which were perfused
prevented significant differences in the perfused Vv between the control and
16-day T4 treated group, although 3-day T4 perfused Vv was greater than control.
Similar results were found for the percent of the arteriolar bed perfused in that
the control group had a lower percent of the bed perfused than either T4 treated
group (Fig. 3). This led to a lack of significant statistical difference in the perfused
Vv, Table 3, between the three groups.
The average total number of microvessels/mm2 (Na) in the three groups are
shown in Table 3. There were approximately 2369 capillaries/mm2 in the control
left ventricle and this value was significantly greater than that found in the 16-day
T4 group. The value of Na for the arteriolar bed was 4.1/mm2 and this value was
significantly higher than both T4 treated groups. No statistically significant differ
ences were found for total Na of the arteriolar or capillary network between the
subepicardium and subendocardium.
The percentage of capillaries perfused in the control group (60%) was signifi
cantly less than either T4 group. The 3-day T4 percent perfused capillary Na was
also less than that found in the 16-day T4 group. There were no significant
differences in the perfused capillary Na between the three groups. For the
arteriolar bed, approximately 51% of the vessels were perfused in the control
group, Table 3, and this was less than that found in the 3-day and 16-dayT4 group.
The number of perfused arterioles was less in the control group than either T4
treated series.

Discussion

T4 injection markedly increased myocardial O2 consumption. These results are
similar to O2consumption increases seen in hyperthyroid or thyrotoxic subjects in
other studies [2, 6, 7, 32J. Myocardial 02 consumption was also found to be
slightly higher in the subendocardial region in saline controls; this difference
disappeared with T4 injection. That resting subendocardial 02 consumption is
higher than that for the subepicardium has been reported previously [8, 29J.
The primary response of the heart in meeting increased metabolic needs is to
increase coronary blood flow. With normoxic conditions, T4 increased myocar
dial blood flow in our study. Similar results were also seen in previous studies by
others [6, 7J. In the present study, myocardial O2extraction also increased. This is
similar to previous findings from this laboratory [3J. With cardiac hypertrophy
induced by increased afterload, O2 extraction is often increased, especially in the
active developing stage of hypertrophy development [33J.
Hypertrophy induced by other means also resulted in increases in myocardial
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treated rabbits.

blood flow acutely, although with time the flows return to control values as 02
consumption returns to control values [9, 34].
Talafih et at. [3] showed that T4-injected rabbits had a diminished coronary
flow reserve. Reduced coronary reserves have also been noted in other types of
cardiac hypertrophy [9, 10). Reduced coronary reserves in T4-induced hyper
trophied hearts could diminish the ability of these hearts to handle an O2 supply
and/or demand stress imposed on them. This may be one mechanism for the
increased incidence of cardiac failure or insufficiency observed in thyrotoxic
subjects [1, 6]. We studied the effect of hypoxia on the ability ofT4-treated hearts
to maintain an adequate O2 supply/consumption balance.
To meet the O2 supply deficit caused by hypoxia, coronary blood flow or more
rarely O2 extraction is increased [27,34), despite decreases in blood pressure and
heart rate. The stress of hypoxia if prolonged can lead to cardiac hypertrophy
[35].
The increase in coronary blood flow with hypoxia in the T4-treated animals
occurred despite a marked reduction in vasodilator reserve found with these
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animals [3]. No subendocardial underperfusion was found with hypoxia in these
animals. Vrobel et al. [36] found a normal distribution of perfusion in hyper
trophied hearts but found subendocardial underperfusion with pacing at high
heart rates. In our preparation, hypoxia lowers heart rate, potentially preserving
subendocardial flow. While blood flow in T4-treated animals is near the maximum
found with adenosine [3], it still appears adequate to preserve myocardial O2
consumption. Although hypoxia can produce a stress that can lead to cardiac
hypertrophy, its effect appears less than with other stresses, e.g., exercise induces
more hypertrophy than hypoxia [37].
In addition to the flow response, there was the possibility of increased O2
extraction with hypoxia. T4 leads to an increased O2 extraction and decreased
venous O2 saturation but this response is not maximal. With hypoxia, venous O2
saturations decreased even in the T4 treated animals. Thus not only flow can
increase but venous 02 saturation can decrease in T4 hypertrophic hearts. This
could be due to increased flow and decreased venous O2 saturations in the same
number of vessels or an increase in the number of perfused vessels. The effect of
T4 on the number of perfused capillaries and arterioles was examined and
alteration in capillary reserves studied.
Hypertrophy tends to increase myocyte volume more than vascular volume
leading to a reduction in the density of capillaries [12, 13, 15-18]. This occurs in
many types of hypertrophy, although there are a few reports of relatively full
compensation of the microvasculature during cardiac hypertrophy [12]. Hyper
thyroidism leads to an increase in myocardial blood flow and O2 consumption [2,
3,6, 32, 38]. Thyroxine also causes cardiac hypertrophy [3, 4, 5]. Hyperthyroid
ism should lead to a reduction in the number of myocardial capillaries/mm2•
By 16 days of T4 administration, we found a significant increase in minimal
diffusion distances. This is consistent with reports of increased myocardial cell
size with T4 [4,14]. With T4 administration, O2 extraction, consumption and flow
in the heart were increased [3, 11]. There appears to be a smaller microvascular
bed/mm2 available to meet these increases.
Recently Chilian et al. [39] reported that administration of a lower dose of T4

for three months led to a significant increase in the number of myocardial
capillaries/mm2 in the rat. This difference could be due to the dose of thyroxine or
the species used. It is more likely, however, that the time of administration is
critical. We looked during the early phase of hypertrophy (16 days) and they
looked after 3 months. Thus, the early hypertrophic effects of T4 may be like
other forms of hypertrophy (lower capillary densities), while long-term thyroxine
leads to angiogenesis.
There is much evidence for a reserve of unperfused capillaries in control hearts
both from direct observation and indirect means [21-23, 25]. Recently, however,
there have been some reports of a lack ofcapillary reserve in the rat heart [26, 27].
The question of whether a reserve of unperfused capillaries exists in T4-hyper
trophied hearts has not been addressed previously.
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Under control conditions, studies have shown that approximately half of the
capillaries are perfused at a given time [21-23, 25]. A similar reserve of unper
fused arterioles has also been reported [24J. This reserve of unperfused vessels
can be mobilized under conditions of O2 supply stress [23, 24, 28]. In the present
report, approximately 40-50% of capillaries and arterioles were unperfused in
the control group.
After 3 days of T4 administration, before significant hypertrophy, large in
creases in coronary blood flow and O2 extraction have been reported [3J. From
the present results, it appears that the number of perfused capillaries also
increases by 3 days in compensation for the increased myocardial work. In
addition to an increases in the absolute number of capillaries perfused at 3 days of
T4 administration, there was also an increase in the percentage of the total bed
perfused. The number of perfused arterioles was not significantly different from
control and the percentage of the total bed perfused increased.
With 16 days of T4 administration, the reserve of unperfused arterioles and
capillaries is significantly reduced. 80-90% of the microvessels were perfused in
our 16-day T4 group. In the 16-day T4 group, with significant hypertrophy [3, 11J,
the reserve of unperfused microvessels is also reduced. Since the total micro
vascular bed per mm3 is smaller, the number or volume of the perfused micro
vessels is similar to that found in control rabbit hearts. These changes were found
in both the arteriolar and capillary beds.
In summary, after T4 treatment we found great increase in coronary flow, O2
extraction and O2 consumption. There was, however, a flow reserve which could
be mobilized by hypoxia. In addition, venous O2 saturations could further de
crease with hypoxia in an attempt to maintain O2 consumption. 16 days of T4
administration caused a significant reduction in the size/mm3 of the microvascular
bed. In partial compensation, there was a significant increase in the percentage of
the arteriolar and capillary bed which was perfused. In the 3-day T4 group, this led
to an increase in the number of perfused microvessels. In the 16-dayT4 group, this
led to a similar number of perfused microvessels as in the control group. Thus,
there was an attempt to at least maintain physiological diffusion distances.
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Discussion

Spaan: Are there functional capillaries that are considered non-perfused? You
count capillaries but maybe other capillaries would have shown up if you would
have counted at different times at different places.
Weiss: Yes, we think that the functional capillaries are sometimes perfused and
sometimes not, and that this state changes rapidly. This is sometimes called
'twinkling'; a rapid opening and closing ofthe microvessels. Itwas shown that, in
dog, the cycle time for temporal heterogeneity is about 45 seconds in the heart.
What we are showing is essentially a moment in time. We are looking at spatial
heterogeneity. Obviously, if we waited an additional 10 seconds, injected our dye
and then killed the animal, we would see different microvessels filled. But in
examination of hundreds ofcapillarieswe always see about 50-60 percent of them
filled. We get a steady state between 8-15 seconds. At 30 seconds we observe
about 80-90% filled and at 45 seconds almost all are filled. We believe the cycle
time in rabbits is more rapid than in dogs.
Van der Vusse: In one of your slides there was no difference in oxygen consump
tion between the endocardial and epicardial layers in the normal heart.
Weiss: In a normal rabbit heart, there is a significant O2 consumption difference
between subepicardium and subendocardium. That difference disappears when
the hearts become hyperthyroid and cardiac hypertrophy occurs. Rabbits in
ischemia do not tend to show the same kind of subepicardial vs. subendocardial
differences that dogs show. The wall is thinner and there seems to be less
problems. At rest, though, the oxygen consumption difference is identical for
rabbits and dogs: about 20% higher in the subendocardial layers.
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37. Making mathematical descriptions of
metabolic reaction networks manageable

B. PALSSON

Abstract

The dynamics of complex systems can be effectively analyzed by judicious use of
intrinsic time constants. Order of magnitude estimation based on time constants
has been used successfully by engineers to examine behavior of complicated
processes and the main goal of this paper is to introduce this approach for the
analysis of complex metabolic systems.
Time constants for the common rate processes are introduced and the use of
their relative magnitude to simplify several simple but important physiological
transport problems is illustrated. Time constants and dynamic modes of motion
are then rigorously defined within the context of well established linear algebra.
Extension of the order of magnitude estimation is then introduced into the
systemic frame work. The main goals of the analysis are:
1. to provide improved understanding of biochemical dynamics and their phys
iological significance and

2. to yield reduced dynamic models that are physiologically realistic but tractable
for practical use. Applications to important physiological systems are dis
cussed.

Introduction

The basic biochemistry that underlies the living process is now well documented
as evidenced by the biochemical reaction pathway maps that are commonly found
on laboratory walls. The major metabolic pathways are well characterized in
terms of stoichiometry and biochemical kinetics. One of the challenges that faces
metabolic research today is to develop the capability to deal with these complex
reaction networks as integrated systems. An enzyme by itself is 'just' a catalyst
and the living process is only observed when all the enzymes are put together: the
living process is a holistic one.
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There are several important difficulties associated with the study of large and
organizationally complex systems:

conceptualization: the human mind can only keep track of a few variables
simultaneously and understanding the complex patterns of interaction in large
metabolic networks is difficult. Several basic physiological and teleological ques
tions also arise. Is there a physiological structure intrinsic to metabolic dynamics?
Large dynamic systems have the tendency to become unstable. how do metabolic
networks overcome this difficulty? etc.;
simplification: what factors are important to describe a given metabolic process?
What degree of complexity is needed? what enzymes are crucial? how do the
metabolite concentrations move?, etc. This issues can be successfully addressed
using temporal decomposition;
parameters: there are two key issues associated with the parameters involved.
First the large number of them that appear and the difficultes associated with
estimating them. Secondly how are the overall dynamics affected by parameter
variations (e.g. arising from genetic defects);
computations: keeping track of a large number of dynamically interconnected
variables is numerically difficult. This difficulty has, however, essentially van
ished with the rapid advances in computer technology;

In this article we shall address the first two issues: how does one conceptualize
metabolic dynamics and once that is accomplished how can the complex dynamic
descriptions be reduced into manageable but physiologically realistic models.
Partial answers are obtained via simple straight forward linear analysis ac
companied with judicious examination of the dynamic structure. We begin by
presenting the thinking that goes into order of magnitude analysis: an approach
that engineers have used successfully to deal with complicated systems.

Approaching simplified dynamic descriptions

Time constants: key to the understanding of rate processes

It is normally desirable to begin dynamic analysis by examining the orders if
magnitude of key rate processes and estimate their effects on the system under
consideration. Order of magnitude estimation leads to identification of problems
requiring detailed analysis and elimination of processes of little consequence,
gaining improved insight into system characteristics and the important factors
that contribute the most to the solution Furthermore classification of many
systems and problems fall naturally within order of magnitude framework. The
hierarchical character of biological systems lends itself naturally to such schemes.
Hierarchy is found in: time, space and physiological function. Here we are
particularly interested in temporal decomposition.
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Time constants: definitions

A time constant is a measure of the time it takes to observe significant changes in a
given process. More specific definitions are to be described.

Linear systems
The definition of a time constant is perhaps most rigorous and well understood for
linear systems. Lets consider a simple first order system (higher order systems are
discussed below):

dx
dt = -ax, x = Xo at t = 0, ~ x(t) = Xo exp(-at).

The response shown in Figure 1 is characterized by the constant a. Equation 1can
be written as

x(t)/xo= exp( -tit), where t = 1/a. (2)

The quantity t is the time constant for the system. When time, t =t, has lapsed
then about 63% of the motion has relaxed. For times greater than about 3 to 4
times t essentially full relaxation has occurred.

Half-lives
A common measure of process duration is the half-live, referring to how long it
takes a process, i.e. isotope decay, enzyme inactivation, to reach its half point of
completion. For first order linear systems the half life is given by

tl/2 = In(2)t. (3)

(4)

Note that the closely related doubling time is a frequent measure of microbial
growth and the generation time used in cell kinetics.

More general definition [1J
One way of characterizing the time scale of a process is to use the time it takes for
relaxation from one extreme value to the other assuming that the process is
proceeding at its maximum rate, see Figure 2. This definition gives

t _Ifmax - fmml
char - Idf/dtl

max

Note that this definition is consistent with linear systems for first order processes.
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Figure 1. An exponential decay.

Characteristic time constants for the rate processes

We will now discuss the time constants that characterize biologically important
rate processes. Five key time constants are shown in Table 1.

Convection
Convection refers to the motion of bulk fluid. The commonly used measure of
fluid transit time is the average residence time defined as the ratio between
system volume, V, and the volumetric flowrate, Q, as

teonv = V/Q. (5)

This is the time it takes to turnover volume V at a volumetric flowrate Q. For
systems of constant cross sectional area, A, as for a flow down a tube, it is often
useful to use

teonv =V/Q =ALlAvm =Llvm

as the characteristic time for fluid transit.

(6)
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Figure 2. Definition of time scale. (a) The ingredients needed to define the time scale. (b) The time
scale triangle (from Segel [1].

Perfusion
The perfusion time constant, tpc, is closely related to the convectional time
constant. The perfusional time is the characteristic time for saturation of a tissues
with a given solute via perfusion with solute containing blood under flow-limited
conditions. For a homogeneous tissue of volume VT perfused by blood flowing at
rate QB through a single artery the perfusion time constant is given by:

where K is the partition coefficient defined by

K = equilibrium tissue concentration
concentration is afferent blood'

(7)

(8)
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This time constant is readily justified by analyzing simplified limits of the Krogh
tissue cylinder model [2].

Diffusion
Einstein developed in 1910 [3] a theory for Brownian motion which can used
directly to describe diffusion. Diffusion is basically a random motion ofmolecules
analogous to Brownian motion of macroscopic particles in simple systems. The
net effect of this random process is motion of solute from regions of high
concentration to regions of low solute concentrations. It may be shown on the
basis of simple arguments that the diffusional response time is on the order of

(9)

where L is the distance between the two least favorable points in the system and D
is the diffusion coefficient. Analysis of several specific cases [5] shows that tdiff is a
good estimate of the diffusional response time.

Reaction
The characteristic time constant for reaction is taken as the turnover rate

t
rx
• = average con~entrati?n = ClR.
average volumetnc reactIon rate

This is the time it takes to remove concentration C at the reaction rate R.

(10)

Growth
The time constants of growth are biological time constants that unlike diffusion,
convection and reaction, cannot be predicted by simple analysis of an idealized

Table J. Some important biological time constants.

Process

Bulk fluid motion (convection)

Perfusion
Molecular motion (diffusion)
Reaction

Growth
Observation

Time constant

t re, = V/Q
=Uvm

tpe, =KVT/QB
tdiff =U/D
tnn =C/R

=11k
tg,owth = In(2)/k
tolls

(for constant area)

(first order reaction)
(doubling time)
(time span of observation)

Symbols used: Q: Volumetric f1owrate, V: volume, L: length, vm: average velocity, K: partition
coefficient, D: the diffusion coefficient, C: concentration, R: volumetric reaction rate, k: first order
rate constant.
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physical situation. On the contrary the growth time depends, in part, on the rates
of mass transport and reaction. Growth times range from 20 min doubling time
for rapidly growing bacteria, to 24 hours for mammalian cells to doubling times of
20-30 years for mammals.

Observation
This is the time span over which we intend to analyze and observe the system. The
basis of the analysis is in fact to a significant extent formed by this time scale. We
need first and foremost to consider system transients that overlap with the time
span of observation; we only concern ourselves with those processes that change
significantly over the time span of observation, Figure 3.

Comparing two rate processes

In this subsection we illustrate how the relative order of magnitude of the time
constants can be used to identify dominant effects and how to eliminate less
important processes. Several of the examples found in this subsection originate
from [2].

Model topology
Before we discuss specific physical examples we make the following observation
on system structure. For two processes in series, Figure 4, we readily see that the
slower of the two will dominate the overall behavior and the faster process will
become unimportant. Contrary for two process occurring in parallel the faster
process dominates the overall behavior and the slower process becomes unimpor
tant.

Mechanism of mixing-pharmacokinetic modeling [2/
It is very often assumed that diffusional transport within a organ is so effective
that blood leaving the organ is in equilibrium with the entire tissue mass. Careful
analysis, however, suggests such rapid internal dispersion to be unlikely, and yet
the assumption of rapid equilibration has been quite successful in many appli
cations.
This apparent paradox, much discussed in the physiological literature, can be
explained on the basis of simple order-of-magnitude arguments. If, as is fre
quently observed, characteristic organ response times, torgan' are short compared
to those describing changes in average composition over the whole body, tbody '

departures of organ concentrations from the assumed equilibrium will be small,
whatever the internal transport kinetics.

Order of magnitude analysis. Consider the response of the simple system of
Figure 5 to a time varying input concentration of tracer from the standpoint of
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Figure 3. Schematic illustration of overlapping systems and observation/process time scales.
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respect to overall dynamics since all the 'flow' will be through process 2

Figure 4. Model topology and dominant time scales.



593

1.,.~---x--------------------'

o 1 2 3

Ume, tI 'tbody

6

Figure 5. Effect of input time constants on responses for perfect mixing (---) and plug flow (-),
modified from [4J.

system time constants. Shown in the figure is a closed system of volume V through
which an incompressible fluid is flowing at constant volumetric rate Q. Solute is
entering at a concentration falling off exponentially with time with a time con
stant of tbody ' Once in the system mean solute residence time torgon is V/Q. Hence
we expect the dimensionless ratio:

t
a=~

tbody

to be the key parameter in determining the overall dynamic response.

(11)

Formal treatment. We wish to determine how much we can learn about this
system without specific knowledge of the solute residence time distribution, and
we therefore consider two limiting cases of the internal mixing process:

no mixing (plug flow): solute leaves the organ at a time torgan after entry;

complete and instantaneous mixing (the CSTR assumption): the probability of a
solute molecule leaving at a time t after it enters is exp( -tltorgan)'

We choose to express the response as the differences between outlet and inlet
concentrations, and can be shown that these are:
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no mixing:

Co - cj = exp( -tltbody)(exp(torga.ltbodY) -1) for t>torgan'
= 0 for t<torgan;

complete mixing:

_ _ (_ I )(1- exp(tltbody - tltorgan) -1)
Co cj - exp t tbody 1 _ I .

torgan t"OdY

(12)

(13)

These expressions are plotted in Figure 5 (from [4]) for torgan = tbody and for torgan =
tbod/lO. The responses are quite different for torgan equal to tbody ' and this is not
unexpected since the types of behavior modelled are very dissimilar. However,
for torgan equal to one-tenth of tbody the differences become very small indeed after
a relatively short time: the longer time constant dominates system behavior.

Conclusion. The conclusion that we reach is that if the organ response is fast
relative to the whole body response then the mechanism of mixing in the organ
has a negligeble effect on overall system behavior.
This is a very important result from a practical standpoint and tends to justify
the rather casual approach engineers frequently take to modeling complex sys
tems. The assumption of perfect mixing within organs is often used to model drug
distributions in the body (pharmacokinetics). Body organs do not really act like
perfect mixers, but their response times tend to be short relative to the time scales
of drug absorption or elution. The assumption of perfect mixing is quite con
venient computationally.

Convection and diffusion in parallel: the axial Peclet number [2J
'We next consider the superposition of diffusion and flow in the simple one
dimensional system ofFigure 6. Situations of this general type occur in membrane
transport, boundary-layer transport at high net mass transfer rates and in a
variety ducts. We wish to determine the relative importance of diffusional trans
port and convection, and when if ever we can ignore one of the two.

Order of magnitude analysis. We begin by noting that the time required to
transport solute down the duct with diffusion is:

(14)

and, similarly, the time for convective removal is

(15)
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Figure 6. Convection and diffusion taking place in parallel down a duct.

(16)

The processes do occur in parallel so the faster of the two will dominate overall
behavior. We expect the two transport mechanisms to be of comparable import
ance when these two times are equal, or when the ratio

t· U/D Lv .
~ =--= --!!! =Pe (the aXIal Peelet number)
teonv L/vm D

is near unity. Furthermore we would expect this ratio, known as the Peelet
number to be a measure of the relative importance of diffusion and convection.
Both these expectations are readily verified.

(17)

Formal treatment. The equation of continuity for component A in our system is:

v dCA=Dd2CA
m dz dz2 '

which can be integrated twice to give

C* =~ =exp(Pe) - exp(Pe~)
CAo 1 - exp(Pe) ,

(18)
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where 1; is the dimensionless axial coordinate z/L. The flux through the duct is
given by

N* =~ = exp(Pe)
CAvm exp(Pe) - 1 .

This result is graphed in Figure 6.

Conclusion. It may be seen that solute fluxes approach the limits

and

NA=CAoD/L tdiff«tconv (diffusion dominated)

for low and high Pe, respectively. Only for the (approximate) range of

1I3<Pe<3

(19)

(20)

(21)

(22)

is the full solution necessary. In other words if there is about threefold difference
between the time constants then the slower process is unimportant (recall that for
first order systems 95% relaxation has occurred when three time constants have
lapsed). As a rule of thumb three to five fold differences in the time constants are
sufficient to justify elimination of a process as a first approximation.

Reaction and diffusion in series: the Thiele modulus [2, 6J
We now turn our attention to reactions taking place within a phase with at least
one reactant diffusing in from the phase boundary. The general problem is to
determine the effect of diffusion on reaction rates and we are primarily concerned
here with determining the range of conditions for which diffusional resistance can
be effectively ignored. This is a very difficult problem to solve properly and has
occupied a large number of outstanding researchers for many years [7]. We will
look at the simple case of a first order reaction taking place in a spherical particle.
The results obtained are relatively independent of geometry and reaction order.

Order of magnitude analysis. As before the diffusional response time is:

(23)

where R is the radius of the sphere. The reaction response time is:

(24)
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where k is the first order reaction rate constant. The magnitude of diffusional
resistance is normally gauged in terms of the effectiveness factor fJ which is
defined as:

overall reaction rate with diffusion
fJ = overall reaction rate without diffusion· (25)

Following our previous discussion we expect diffusion and reaction to be of
comparable importance when the two time constants are approximately equal
and that effectiveness factors under these circumstances should not be far below
unity. Furthermore we might expect effectiveness factors to depend primarily
upon the ratio of these time constants:

fJ =fn(cp),

where cp is defined as

(26)

(27)

(28)

(29)

Formal treatment. The reaction diffusion characteristics of the sphere are de
scribed by:

~~ (r2dCA) =kC .
r2 dr dr A

This equation can be solved with the boundary conditions that the surface
concentration is CAo and that the profile is symmetric around the center to give

CA = sinh V<P;
CAo ;sinh v<p'

where; = rlR and the effectiveness factor is given by:

3
fJ =-(v<pcoth (VCj)) -1).

cp

This curve is shown in Figure 7.

(30)

Conclusion. When the Thiele modulus exceeds unity the reaction rate begins to
be limited by diffusion. The overall rate is reaction controlled if the Thiele
modulus is less than unity.
The expectations from the order of magnitude analysis borne out to a remarka
ble degree and are found in general to be relatively independent of particle shape
and the details of the chemical kinetics. In a provocative article Weisz [6J
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Figure 7. Reaction and diffusion in a spherical pellet.

suggests, and supports by a number of examples, that biological systems behave
through evolutionary design at the edge of diffusional limitations.

Axial convection vs. radial diffusion: the Graetz problem [2J
We consider here laminar steady flow of a fluid through a hollow cylinder of
circular cross-section as shown in Figure 8. We wish to estimate how long this
cylinder must be to remove a solute uniform distributed in the feed stream if
solute concentration can be maintained at zero on the tube wall by some unspec
ified process. To do this we must estimate the relative importance of solute
diffusion to the tube wall and flow, or convection, in the axial direction.

Order of magnitude analysis. The radial diffusion time is given by

(31)

The average the time available for diffusion from any fluid .element to the wall is
the mean hold-up time

(32)
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where L is tube length and vm is flow mean velocity. Then to a first approximation
the required length Leff can be estimated by setting these two response times equal
to each other:

(33)

in which case a molecule can on the average diffuse from the center to the wall
during an average transit time. Furthermore, we would expect fractional solute
removal to be a function primarily of the dimensionless length

L* - Left _ VmR2 _ tdiff. radial
-T- LD - t

conv. axial

Formal treatment. Solving the Graetz problem

v (r)oCA =D~ (rOCA)
z OZ r or or

(34)

(35)

with the appropriate boundary conditions, is not easy and we only show results
from exact calculations, Figure 8. The order of magnitude estimate is consistent
with the detailed results.

Conclusion. The conclusion that we reach is that Left is a good measure of the
effectiveness of solute removal:
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L<Leff incomplete removal of solute,
L>Leff effective removal of solute.

(36)

The dimensionless ratio tR2vm/LD(= tdif/tconJ is known as the Graetz number.
This and related problems are of considerable importance, here we content
ourselves with using the above analysis to characterize transport behavior of the
mammalian blood circulation.

Example
Characterizing the transport behavior of blood vessels. It is generally recognized
that blood vessels perform two important functions: transport of solute over the
large distances between the actively metabolizing zones of adjacent organs, and
exchange of mass by diffusion between the flowing blood and surrounding tissue
mass. It is also recognized that the exchange vessels are the small vessels which
are generally referred to as the micro-circulation.
Using the above order of magnitude results one can argue that the exchange

vessels must indeed be those of the micro-circulation, and that their mass-transfer
behavior is markedly different from that of the large vessels. To do this, we use as
a measure the ability of solute in the flowing blood to diffuse to the vessel wall by
assessing the relative time spans of axial convection and radial diffusion. The
results are shown in Table 2.

Table 2. Mass transport effectiveness of blood vessels. First data set is for a 13-kg dog [8J and the
second is for a canine [9J.

Vessel R (em) L (em) vm (em/sec) Gz

Aorta 0.5 40 50 31250
Large arteries 0.15 20 13.4 30195
Main arterial branches 0.05 10 8 200
Terminal arteries 0.03 1.0 6 540
Arterioles 0.001 0.2 0.32 0.16
Capillaries 0.0004 0.1 0.07 0.0112
Venules 0.0015 0.2 0.07 0.0788
Terminal veins 0.075 1.0 1.3 731
Main venous branches 0.12 10 1.48 213
Large veins 0.3 20 3.6 1620
Venae cavae 0.625 40 33.4 32617

Aorta 0.75 5 20 225000
Large arteries 0.25 12 10 5200
Arterioles 0.0025 0.15 0.5 2.0
Capillaries 0.0003 0.06 0.1 0.015
Venules 0.002 0.15 0.35 1.0
Venae cavae 0.5 30 25 20800
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It is immediately clear the three classes of vessels stand out from all the rest: the
arteries, capillaries and venules, which are the smallest three classes of blood
vessels. These vessels, especially the capillaries, exhibit transit times that are
many times longer than needed to transport solute to their walls and thereby
provide effective diffusional contact between blood and tissue. These have
historically been called collectively the micro-circulation, and Table 2 gives a
quantitative functional significance to this term. None of the larger vessels is
within a factor of one hundred of this required length.

Research
There is an interesting postface to this discussion for the active researcher. There
exists a pronounced time scale hierarchy in research work. The most important
time scales are:
1. idea generation - minutes-hours,
2. simple analysis - hours-days,
3. numerical computation - days-months,
4. experimental work - months-years.
One of the goals of this chapter is to try to help researchers to gain as much
progress on the second and third time scale so that minimal time is wasted on the
long time scale of laborious and expensive experimental work.

Dimensional analysis - scaling

The simplification procedure can be broken down into three basic steps [10]:
1. somehow identify a 'small' term,
2. delete the small term from the equations and obtain a simplified solution, and
3. check the simplified solution for consistency.
The first step is the most difficult one since it relies on physical insight which may,
in part, be obtained by examination of the time constants as discussed above. To
facilitate this process it is customary to put the equations into a dimensionless
form. The parameters in the equations appear in minimum number of dimension
less propery ratios. The same dimensionless groups appear regardless of how the
equations are made dimensionless, and the number of dimensionless groups is
given by the well known Buckingham Pi theorem. The dimensionless groups can
in fact be interpreted as ratios of the time constants discussed above, see Table 3.
The process by which the equations are made non-dimensionless is nonunique.
The 'correct' way ofputting the equations into a dimensionless where judgements
of relative orders of magnitude can be made is called scaling. More formally the
process of scaling is defined by Lin and Segel [10] as:

in the process of scaling one attempts to select intrinsic reference quantities so that each term in the
dimensional equations transforms into a product of a constant dimensional factor which closely
estimates the term"s order of magnitude and a dimensionless factor of unit order of magnitude.
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In other words if one has an equation which is a sum of terms,

(37)

one tries to scale the variables involved so that they are of unit order ofmagnitude
t j , and the multiplier 1Tj will indicate the order of magnitude of the product, i.e.
write the above equation as

(38)

The difficult part of the procedure is to identify good reference scales for the
variables. The time constant discussion above aids in obtaining the required
physical insight so that this selection can be properly done.

Table 3. Important dimensionless numbers.

Fluid dynamics

the Reynolds number Re=
time of momentum diffusion (l2/v)
characteristic time for convection (IIvm)

Heat transfer

the Prandtl number Pr=
time for thermal diffusion (I/a)
time for momentum diffusion (J2/v)

the Peelet number Pe=
time of heat transport by conduction J2/a)
time of heat transport by convection (IIvm)

the Nusselt number Nu=
thermal diffusion response time (J2/a)
heat transfer response time (I(lCpi'h)

Mass transfer

the Schmidt number Sc=
time for mass diffusion (12/0)
time for momentum diffusion (J2/v)

the Peelet number Pe=
time of mass transport by diffusion (12/0)
time of mass transport by convection (IIvm)

the Graetz number Gz=
characteristic radial diffusional response time (R2/0)
mean transit time for the fluid (Uvm)

the Sherwood number Sh=
diffusional response time (1210)
mass transfer response time (lIke)

Reaction

the Thiele modulus <p=
time constant for diffusion (J2!D)
time constant for reaction (ClRA)

the Oamkohler number Oa=
time of fluid flow (V/O)
time of reaction (ClRA)



Example
Equation 17 in dimensionless form is

dC* d2C*
Pe d; = d;2 '
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(39)

where the Peelet number is a direct measure of the relative importance of the two
terms (Le. if Pe is small then ignore convection).

Time constants in higher order systems

We now turn our attention to systems which have more than one state variable
[11-14]. The main difficulty in extending the order of magnitude estimation
procedure to systems with more than one variable is to assess the dynamic
interaction between the variables.

Linear analysis

One can by simple linear analysis obtain good qualitative/quantitative informa
tion about the dynamics of a system described by a large number of equations. If
the describing equations are linear then linear analysis is exact and quantitative
information can be extracted. Otherwise one has to linearize the set of equations
around a reference point as:

dx
dt = f(x) = f(xo) + J(x - xo) + ... , (40)

where x is a vector of concentrations, f(x) is a n-dimensional non-linear function
describing the rate processes, J is the Jacobian matrix (df/dxj ) and the subscript 0

denotes the reference conditions. The Jacobian matrix is then diagonalized
J = M-I AM where the matrix A has the eigenvalues of J on the diagonal, and M-I
and M are matrices comprised of the eigenrows and the eigenvectors respectively.
The linearized system is then transformed into a set of dynamically independent
variables as

dm
-=Am m=M-1x' x' =x-xdt' , o· (41)

Here x' is a vector of deviation variables from steady state xo• The new variables,
m, are called themodes and they move independently of each other on time scales
defined by the corresponding eigenvalue. The negative reciprocal of the eigen
values are the time constants. This procedure therefore transforms a large system
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of interacting variables into a set of decoupled variables where each motion can
be considered independently of the rest of the system.
The information obtained through linear analysis is:
a. the time constants which give the distribution of time scales inherent in the
system. Knowing the distribution of time constants one can systematically
eliminate transients that are faster and slower than the time scale of interest:
i.e. the process time scales;

b. the dynamically independent modes. The modal matrix,M-lmaps the systems
variables onto the time scales and therefore gives valuable information about
the motion of the various components.

Furthermore one can assess the influence of the reaction rates on the modes as
follows

dx dm I
-- =Sv*'-=M-Sv=Wv
dt dt '

(42)

where S is the stoichiometric matrix, v is a vector of reaction rates and W is a
matrix of weights that indicates the enzymes that move any given mode.
Although the modes are abstract mathematical quantities, they lead to elegant

physical interpretations when linear analysis is applied to chemical kinetics [11,
12J. The use and meaning of the modes is illustrated by a simple and readily
understandable example.

Example
Let us consider the simple reaction scheme

(43)

The mass action kinetic model for this reaction mechanism is:

(44)

(45)

This is a linear model with a Jacobian matrix

(46)

The dynamic characteristics of the Jacobian are given in terms of:
The eigenvalues: the eigenvalues of the Jacobian matrix (46) are the roots of the
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characteristic equation:

),,.2 - tr(J),,- + det(J) = 0,

which are

"- 1 =tr(J) + '\ ftr(J)2 _ d (J)
l' '''2 2 - V 4 et,

and the time constants are

The modes: the dynamically independent modes are

where the interaction coefficients, c, and c2' are [11, 12]

"- .
C = 1 - Jl1

I . ,
hI

Order of magnitude analysis: time scale separation occurs when [11, 12]

det(J)«tr(J)2.

(47)

(48)

(49)

(50)

(51)

(52)

(53)

The ratio between the determinant and trace squared for the above reaction
mechanism is

det(J) _ a
tr(J)2 - (1 + K + a)2'

where

and the eigenvalues take the asymptotic values

(54)

(55)

(56)

when condition (53) is met.
If the time span of observation is longer than the faster time constant we would
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like to eliminate these rapid transients and simplify the dynamic description. Two
limiting parameter values are of interest:

a. The binding step faster than product release, a - 0, while K is a constant. The
limiting values of the eigenvalues and the interaction coefficients are

'tl - (1 + K)/k2 c1-1,
't2-1/(k l + k_ l) c2- -11K,

and hence the dynamically independent modes are

ml =CA + CB' slow mode,
m2 = -CAlK + CBfast mode.

(57)

(58)

Relaxing the fast dynamics leads to the quasi-equilibrium assumption since

dm2=0 ~~=K
dt ' CB

(59)

(60)

or equilibrium for the binding step of the reaction. On the slower time scale CA
and CBare dynamically equivalent and move as an aggregate pool as CA + CB.
Relaxing the fast transients leads to a single differential equation describing the
reaction dynamics as

dCA _ -k2CA - k C
Cit - 1+ K - - app A·

This prediction is ascertained via full numerical integration, Figure 9. Note that
from the simplified model one can only determine kapp but not both k2 and K.

b. Intermediate breaks down much more rapidly than it is formed. K-large
while. Kia =k/k_ t is finite. Under this limiting condition we can obtain the
dynamically independent modes, through an analogous process as the one illus
trated above, as

K
m( =CA +-K CB' slow mode,+a
m2 =CB, fast mode.

(61)

(62)

Relaxing the fast dynamics in this limit correspond to the quasi-steady state
assumption since

dm2 _ dCB_ 0 CB _ k(
Cit - Cit - , C

A
- k_ ,+ k2

'

and
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dCA _ -k,k2 C - k C
-d - k k A - - app A't _I + 2

(63)

This prediction is confirmed by numerical integration.
This simple example shows how the use of modal analysis yields insight into
reaction dynamics and furthermore leads to simplification of the dynamic descrip·
tion. The simplification in the limits discussed above is identical to commonly
used kinetic assumptions: the quasi-equilibrium and quasi-steady state assump
tions.

Red cell metabolism

A comprehensive kinetic model of glycolysis and the associated adenosine phos
phate reactions in mammalian red blood cells has been developed [15]. The model
consists of 17 differential equations which are simply dynamic mass balances on
the 17 metabolites considered, Table 4. The equations are not repeated here but
are found in the original reference. We will now examine the dynamic character
of this model using the linear analysis described above.

Glycolysis

The time constants and the modal matrix for red cell glycolysis show that the three
slowest modes move on the order of minutes. The other modes are fast and lead
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Table 4. In vivo kinetic model of red cell metabolism (Schauer, Heinrich and Rapoport [15)).

Glycolysis

dG6P
--=VHK - VPG1dt

dF6P--=V PG1 - V PFKdt

dFDP
-cit=V PFK - V ALD

dDHAP
-d-t- = V ALD - V TP1

dGAP
--cit = V ALO + V TP1 - VGAPOH

dl,3DPG
dt V GAPOH - V PGK - V OPGM

Adeninenucleotides

dA
dt = V AMPase + V A - V ADA - V AK

d3PG
----cit = V PGK + V OPGase - V PGM

d2PG
----cit = V PGM - V EN

dPEP
----cit =VEN - VPK

dPYR
dt = V PK - V PYR - V LDH

dLAC
dtVLDH-VLAC

d2,3DPG
dt - V OPGM - V OPGase

dAMP
~=V AK + V ApK - V AMPOA - V AMPase

dADP
--cit =V HK + V PFK + V AK + V ATPase - V PGK - V PK - 2VApK

NADH

dNADH
--d-t- =V GAPOH - V LDH

Abbreviations - Enzymes
HK
PGI
PFK
ALD
TPI
GAPDH

PGK
PGM
EN
PK
LDH
DPGM
DPGase

Hexokinase
Phosphoglucoisomerase
Phosphofructokinase
Aldolase
Triosephosphateisomerase
Glyceraldehydephosphate
dehydrogenase
Phosphoglyceratekinase
Phosphoglyceromutase
Enolase
Pyruvatekinase
Lactatedehydrogenase
Diphosphoglyceratemutase
Diphosphoglyceratephosphatase
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Table 4. (Continued).

ATPase

AMPase

ADA
AMPDA
AK
ApK

Adenosinetriphosphate
phosphohydrolase
Adenosinemonophosphate
phosphohydrolase
Adenosinedeaminase
AMPdeaminase
Adenosinekinase
Adenylatekinase

Abbreviations - Intermediates
G6P
F6P
FDP
DHAP
GAP
3PG
2PG
PEP
PYR
LAC
1,3DPG
2,3DPG
ATP
ADP
AMP
A

Glucose6-phosphate
Fructose6-phosphate
Fructose1,6-diphosphate
Dihydroxyacetonephosphate
Glyceraldehyde3-phosphate
3-phosphoglycerate
2-phosphoglycerate
Phosphoenolpyruvate
Pyruvate
Lactate
1,3-Diphosphoglycerate
2,3-Diphosphoglycerate
Adenosinetri-phosphate
Adenosinedi-phosphate
Adenosinemono-phosphate
Adenosine

to the formation of the following metabolic pools:
the hexose monophosphate pool: HP =G6P + F6P,
the triose phosphate pool: TP = 2FDP + DHAP +GAP + 1,3DPG,
the phospoglycerate pool: PG =3PG + 2PG + PEP,
the end product pool: EN =PYR + LAC.
These three modes are primarily moved by three enzymes, HK, PFK and PK;
these enzymes are generally considered to be the 'irreversible' steps in glycolysis.
After applying the series of kinetic assumptions predicted by the modal matrix
one gets the following model:

HK PFK PK exit
~ HP~ TG + PG~ EN~ .

Rapoport-Luebering shunt

Glycolysis in red cells has a unique side branch:

(64)
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DPGM DPGase

1,3-DPG - 2,3-DPG - 3PG , (65)

which is not found in other cells. 2,3-DPG is used to regulate the binding of
oxygen to Hemoglobin.
The time constant that we calculate for this loop by itself is about half a day
which is well in agreement with experimental observations. Note that this side
loop has much slower transients than glycolysis.

Adenosine phosphate metabolism

The time constants and the modal matrix of the adenosine metabolism reveal that
there is a slowly moving pool ATP +ADP + AMP +A that governs the behavior
of this sytem on the slowest time scale that is on the order of days. This pool is
moved the two deaminases and the exchange rate of AMP.

Overall metabolism

Coupling together all the three parts discussed above one finds, Table 5, a modal
structure that has three slow time scales, .64, 11, and 61 hours. The metabolites
aggregate into the following pools:
PI =2,3DPG;
Pz= 3HP + 2TG + PG;
P3 = 3ATP + 2ADP +AMP;
P4 = AMP +ADP +ATP + A.
The composition of the three slow modes in terms of these pools is:

(66)

(67)

(68)

The following interpretation follows:
a. pools:
PI: is only the physiologically important compound 2,3-DPG;
Pz: summation of all high energy bonds in glycolysis;
P3: summation of the high energy bonds on adenosine;
P4 : summation of all the adenosines present;
b. modes:
mode 15 represents the energy content of the cell and changes in the energy
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metabolism are expected to happen on this time scale; on the order of 40min;
mode 16 represents the motion of 2,3-DPG and its interactions with the energy
metabolism; recall that formation of2,3-DPG bypasses and ATP producing step.
The motion of the concentration of 2,3-DPG is known to move on a time scale
with a time constant of approximately 12 hrs;
mode 17 represents the decay of the total adenosines in the cell. This decay has
been postulated as an important contributing factor in the decay of red cells under
storage conditions. Here the loss of adenosines falls out as a natural slow motion
in the cell occurring with a time scale of about 2.5 days;
Only a few reaction rates are required to describe the motion of the four pools
[16].
These results illustrate how the overall dynamic structure of a 'complete'
metabolic network differs from its components. Note here that physiologically
meaningful pools form that move on different time scales. Although not detailed
here the predictions made by linear analysis are found to be accurate and are
ascertained via full numerical integration.

In vitro model of red cells

A kinetic model of red cell metabolism under in vitro conditions has been
formulated [17]. The additional factors included are important inorganic ions,
osmotic pressure and pH. Analogous treatment as above indicates that the
important motion over the time scales of blood storage have to do with changes in
the transmembrane potential and in the relative amounts of sodium and po
tassium in the cell. These transients are also on the order of days.

Growth of bacterial populations

Oversimplified descriptions, like the simple Monod growth model that describe
the state of the organism with a single variable, have been extensively used. The
increasing focus of currently developing biotechnology on intracellular events
signifies an impetus for developing physiologically rational growth models that
account for the underlying well documented biochemistry. Pioneering steps in
this direction have been taken [18-20] and an exponential growth single cell
model (SCM) for E. coli has been formulated, Figure 10. The model consists of
detailed description of about 18 key metabolites and it contains about 88 kinetic
parameters. This complexity makes it difficult to assess the role of the basic
biochemistry in the overall growth process and furthermore this degree of com
plexity is likely to hamper the practical utility of this model. A balance between
physiological reality and simplicity is needed to develop tractable models of
practical utility.
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METABOLIC DYNAMICS
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b) Anabolism: production 01

aminoacids.nudeic acids.
ce. wall precursors
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Figure 10. Topological structure of Escherichia coli growth model.

The SCM can serve as a starting point for the development of a simplified but
physiologically rational E. coli growth model and we will now extract the dynamic
essentials from the complex model that are necessary to describe the growth
process itself. Judicious interpretation leads to a simple three pool growth model
that basically describes the main classes of macromolecules in the cell. The
material in this section is taken form [21].

Time scale hierarchy and modal structure

A representative modal matrix and time constants for a newly born E. coli cell
with a doubling time of 45 minutes is shown in Table 6. The information displayed
in this table immediately gives important information about the dynamic charac
teristics of this model.
The first column in Table 6 shows the inherent time constants in the system and
inspection of those reveals that the metabolic transients can be divided into three
time regimes:
Transients in the order of tens of minutes to an hour. These transients comprise
the set of modes which characterize the dynamics over the growth time scale and
are of key importance here.
The first mode in the Table 2 has a positive eigenvalue resulting in an exponen
tial growth pattern. The relationship between the linearized growth time constant
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and the doubling time of the cell is given by the relation:

tdouble = -In(2)tgrowth' (69)

where tgrowth is the time constant of the unstable growth mode. This time constant
gives an excellent prediction of the cycle time of the cell. Figure 11 shows that the
predicted doubling time and the doubling time obtained through simulation of the
full model are in good agreement.
Furthermore, careful inspection of modes 1, 10 and 11 which describe the
motion of the order of hour shows that these modes are comprised of phys
iologically significant pools:
pool) = ribonucleotides + deoxy ribonucleotides + RNA,
poolz = amino acid + protein,
pool) = cell envelope precursors + cell envelope constituents.
Fast transients (or.der of seconds to minutes). The modal matrix tells us that the
fast transients can be associated with reactions that equilibrate rapidly resulting in
the formation of steady state pools. These pools represent low molecular weight
metabolism [21].
Slow transients (in the order of days). The slowest dynamics in this model
represent a slowly changing mass balance on septation enzyme on the order of 15
to 35 hours. This time span is longer than the time scale of interest here.

Dynamics of the growth process

The events happening on the time scales of about an hour are essentially those
associated with the motion of macromolecules. The interactions between the
lower molecular weight precursors and the macromolecules lead to the formation
of elegant pools that are comprised ofmacromolecules and their precursors, e.g.,
proteins and amino acids.
Table 2 shows that the proteins and amino acids move in a fixed ratio on these
times and are dynamically equivalent. similar observations are made for the
pools of cell envelope and its constituents and Ribonucleotides, Deoxy-Ribo
nucleotides and RNA. This implies that on the order of tens of minutes to hours,
these three key metabolite pools represent the essential behavior of E. coli
metabolism during growth. Consequently, the whole system can be reduced to
describe the movement of key concentration variables during the exponential
growth phase of the cell. From these results one can construct a simple 3 pool
model as shown below.
These pools are known to form the growth determining factors [22]. Similar
observations are made when the modal matrices for the E. coli cells with other
doubling times.
Since the dynamics of cell morphology and certain decision making events are
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Figure 11. Calculated doubling time as a function of external glucose concentration (~ = predicted,
o = simulated).
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functions of the amount of macromolecules present, i.e., the significant pools,
this reduced model would have the ability of simultaneously predicting the cell
morphology and cellular composition. Hence the number of parameters is re
duced to a significant few and that simplifies making a priori predictions of
transient behavior of cell growth.
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Recapitulation

Systemic approach to large metabolic reaction networks is becoming increasingly
important. Better integrated view of the physiological role metabolic dynamics is
needed. Reduction in model complexity is essential to make metabolic models
attractive for practical use.
The results in this chapter indicate that all these issues can be addressed within
the framework of straight forward application of order of magnitude estimation
and judicious use of linear analysis. We see that the dynamic order reduces
naturally and logically within the framework of linear analysis to give an insight
into the physiological function of key concentration variables. Further appli
cations of traditional engineering systems science to complex biological systems
should prove fruitful.
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Discussion

Sideman: You have showed a number of time constants. What is the criterion
used to determine the time constants?
Palsson: Everything we did is according to a standard procedure. We wrote the
dynamic equations and then solved for the steady state by using a Newton
routine, and got the eigenvalues and eigenvectors from a program called 'Eis
pack'. Computationally, this is not too difficult. The difficulty comes in the
interpretation of the results. The modes are mathematically abstract quantities,
but when applied to metabolic networks they obtain some physiological meaning
which makes them interesting. The question is why do all the high energy
phosphate bonds in glycolysis group together on the slower time scales. The
answer lies in the stoichiometric structure of the system plus the activity of the
different enzymes. The study represents the fundamental aspect of studying
metabolic dynamics. We try to see if there is a physiological meaningful dynamic
structure here. The practical use of this analysis is that it gives a way to extract the
essential kinetic information for metabolic networks.
Bassingthwaighte: In a large set of enzymatically coupled reactions, you have the
slow ones which are the controlling ones. You presented a mechanism for
linearizing a sequence of reactions into one linear differential operator which
describes the transfer function between control points. This is the basis for
linearizing the whole system. Then, presumably, one can modulate the transfer
functions between these control points or shift between them if necessary.
Palsson: Slow is a relative term. For instance, changes in the red cells energy
metabolism during circulation is relatively slow, while changes in the adenosine
pool during blood storage may not be relatively slow, although the absolute time
scales for the two cases indicate otherwise. What intrigues me in particular is that
we can now identify the enzymes that act on these different time scales and are
therefore responsible for controlling the different aspects of the dynamics of the
system. Also, the linear analysis is only a prediction, an approximation, of the
dynamic behavior of the non-linear model. We do not use the linear equation to
simulate the full transients.
Now we return to the point which Dr Bassingthwaighte made. If you are
looking at, say, glycolosis in the myocytes, under anoxia, the glycolytic rate will
be very different than when you have the TCA cycle active, and maybe the model
of structure will change in two different physiological states. The control may
then shift from one enzyme to another, and in that case you would have to look at
the two steady states separately.
Hoffman: One of the real advantages of the analysis would be in the area of
structured identifiability. Once one can look at the time constants, one can
choose the order of the system and decrease the complexity, reduce the order of
the system and decide the set of equations you are going to solve.
Palsson: Yes. That is one of the major goals of this analysis. And as a result ofmy
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analysis, it is perhaps better to look at the pools ofmetabolities rather than at the
individual concentrations as the dynamic variables in a reduced model. These
pools may be dynamically coupled. Furthermore, you can identify the enzymes
that are responsible for the slow motion, or the motion over the time scales of
interest, and those are the ones for which you will have to know the kinetic
characteristics very well. The other enzymes may be much less important and
approximate knowledge is enough.
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Abstract

The delivery of substrate to the cells of an organ by flow, membrane permeation
and diffusion may be independent of or coupled to the intracellular metabolic
reactions. Modern imaging techniques permit quantitative detection of the time
course of tracers within individual small regions of an organ which can be
interpreted in terms of the transport and reaction phenomena. The use of models
for the interpretation puts explicit demands upon the investigators to provide
sufficient data so that parameters can be realistically constrained by the evidence.
Integrative models which give realistic descriptions are the vehicles for providing
these constraints and for evaluating the state of the cellular events. Most impor
tant, the models are predictive ,thereby aiding in the design of subsequent studies.

Introduction

Substrate transport and intracellular reaction sequences need to be considered
together in the context of the governance of the intracellular milieu. The capaci
ties of cellular systems are designed with multiple orders of redundancy in both
structure and function. These 'redundancies' provide flexibility, control, and
resiliency in the face of stress. From the point of view of the control system
theorist, there are few or no set points for intracellular regulation, but rather the
internal milieu is controlled via a highly complex system of transport and reaction
phenomena which tend to balance each other to provide relatively tight control
over the critically important constituents. Such 'balance point' control systems
exhibit deviations in concentrations that are less than proportional to the imposed
loads on the system. The absence of set points is understandable since inbuilt
reference standards are not a normal feature of biological systems, but neverthe
less such systems are susceptible to analysis using standard engineering analysis
and control system theory.
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While this philosophical viewpoint can be illustrated via studies at the molecu
lar level or the whole body level, we will concentrate on applying it to studies of
substrate and ion transport and regulation at the level of the cells and tissues of
the myocardium. The specific kinds of relationships that one might examine are
those between rates of transport and rates of metabolism, or between rates of
reactions at different points along a sequence of reactions. Some, but not all,
reactions must be regulated. For the sake of parsimony in equipping the cell, the
capacity for specialized transporter mechanisms should be roughly matched to
the capacity for intracellular enzymatically facilitated reactions. Since both may
be regarded as resistances to a flux, there is little point in one being radically
different from the other under the conditions in which the cell is operating. This is
a pretty loose definition however, because the cell must normally be able to
handle a wide range of situations, e.g. the cardiac myocyte must function over a
wide range of heart rates, cardiac work levels, and do so in spite of variability in
the amounts and even the types of substrates delivered.

It is the purpose of this review therefore to illustrate some of these issues in the
course of describing current activity in the field of transport and exchange in the
myocardium, and in attempting to suggest some research needs for the future.

Background

The modern developments in the regulation of myocardial substrate utilization
are built by combining knowledge gained in at least four fields. These four are
loosely termed
1. circulatory mass transport and flow regulation,
2. tracer kinetics and pharmacokinetics,
3. biochemistry of intermediary metabolism, and
4. membrane transport.
In combining these one needs to include the basic aspects of cell biology,
bioenergetics, membrane phenomena, diffusional processes, circulatory physiol
ogy, and endocrine regulation. An overview relating these to positron emission
tomography covers the convective and transport processes [1].

In all of these fields the use of tracer methodology has been a key tool. Studies
with single tracers have been used for estimating the rates of formation of
intermediates in reaction sequences, for observing the rates of trans-membrane
transport, for measuring the exchange between blood and the tissues of an organ,
and for determining whole body pharmacokinetics. In some cases it has been
critical to assure that the tracer remained on the original substrate molecule, but
in others it has been equally important to follow the tracer label through a set of
reactions in which it was transferred from one molecule to another. The distinc
tion between branches in biochemical pathways has in some cases relied on the
use of dual tracer labeling, two labels on different parts of a molecule.
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A particularly powerful tool for assessing blood tissue exchange processes has
been the multiple indicator dilution technique. In this technique several tracers
are introduced simultaneously into the blood entering an organ, and their separa
tion in passing through the organ provides a means for estimating rates of barrier
penetration and intracellular reaction. An overall description of the technique
has been provided by Bassingthwaighte and Goresky [2]. This technique was
introduced by Chinard and co-workers [3] and extended by Goresky [4]. These
early applications of the multiple indicator dilution technique made use of 'flow
limited' tracers, which by definition are tracers which traverse barriers and
diffuse into tissue so rapidly that the flow limits the exchange. The studies were
designed to measure the volumes of distribution and the transit times of the
several tracers through an organ. In particular, the technique was applied to
measuring lung water [3, 5], originally with tritiated water, later with other
solutes such as iodoantipyrine that distributed within the water space, and more
recently with thermal indicator [6]. The measurement of lung water was useful in
the assessment of the state of the organ, providing an on-the-spot measure of the
degree of pulmonary edema.
The use of the multiple indicator dilution technique for measuring barrier
permeability was initiated by Crone [7]. He made pulse injections into the inflow
to the brain, making observations of the outflow concentration time curves for
albumin and glucose, and calculated the permeability-surface area for glucose
across the blood brain barrier. The experiments were conceptually akin to those
of Renkin [8] in which a steady tracer infusion of potassium, which was taken up
by the cells of the skeletal muscle, resulted in the continuous arteriovenous
difference and allowed an estimate of the composite barrier permeability be
tween the blood and the cells. The difference was that the Crone technique, by
virtue of using an intravascular reference substance simultaneously with the
substrate, provided during each second a measure of the flux from blood into
tissue over the first several seconds; the steady state infusion used by Renkin
however could only provide a measure of net extraction influenced by permea
tion of the capillary and the sarcolemmal barriers in series. (Neither technique
accounted for reduction in apparent extraction by backflux from the tissue into
the outflowing blood, but the rapid sampling technique of Crone legitimized the
assumption that for the first seconds the backflux was small.) Crone's refinement
therefore set the stage for later investigators to use more fully developed models
for the interpretation of outflow dilution curves (see Figure 1). A partial account
ing for back diffusion was provided byMartin and Yudilevich [9] and Johnson and
Wilson [10], considering the extravascular region as a lumped mixing pool.
Sangren and Sheppard [11] defined a capillary tissue model consisting of a

central cylindrical capillary surrounded by a cylindrical extravascular region
(Figure 1, middle). By neglecting axial diffusion and assuming radial diffusion to
be instantaneous they obtained an analytical solution for the impulse response of
this system. This model was used by Goresky et al. [13] for the analysis of dilution
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Figure 1, Capillary-tissue exchange models with infinitely radial diffusion and zero axial diffusion.
Upper panel: The Crone-Renkin model for tracer escape from the capillary with no 'back-diffusion',
reflux from tissue to blood. Middle panel: The 2-region, mass-conservative model of Sangren and
Sheppard [11), allowing reflux. Lower panel: The 3-region capillary-interstitial fluid-cell model of
Rose et al. [12), which is also mass-conservative when the consumption, Gpc, is zero. Terms are: F"
flow ml g- lmin-1; C, concentration, molar; V', volume of distribution, ml/g; PS, permeability-surface
area product, mlg-'min- I ; G, consumption, mlg-1min- l . Subscripts are: C for capillary, isf for
interstitial fluid, pc for parenchymal cell. (Reprinted with permission ofAcademic Press, NewYork.)

curves in the myocardium. A conceptually similar model was developed by
Bassingthwaighte [14J, adding axial diffusion terms and incorporating the blood
tissue exchange model into a whole organ model. The use of these models which
provided a complete accounting for all of the tracer which entered the organ not
only allowed the calculation of volumes of distribution in the tissue, as Chinard et
al. [3J had pioneered, but also allowed for bi-directional flux of tracer across the
membranes, i.e., accounted for 'back diffusion', or reflux from tissue to blood. In
actuality, the numbers obtained for barrier permeability-surface area products
were not very different from those obtained by Martin and Yudilevich [9J and by
Alvarez and Yudilevich [15J but were somewhat higher and more theoretically
satisfying. The improved accuracy of estimation of the barrier permeability for a
variety of solutes also provided new insight, namely evidence from the tracer
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kinetics that there was indeed some steric hindrance to molecular passage across
the capillary wall. The degree of hindrance provided an estimate of the average
dimension of the channels between endothelial cells. Assuming these to be
uniform, which appears to be the case by electron microscopy, the effective width
of an approximating slit between adjacent endothelial cells appears to be 100 to
110A[16, 17].
These approaches have provided measures of the capillary permeability and,
with extensions of the modeling to a two-barrier system, to sarcolemmal per
meability-surface area products for substrates of interest (Figure 1, lower panel).
Rose and Goresky [18] obtained estimates of palmitate extraction by the myocar
dium and interpreted these in terms of the permeability-surface area product for
the capillary, for the sarcolemma, and for intracellular consumption. While the
distinction between sarcolemmal permeation and intracellular consumption was
perhaps not clear, this was the first study on the rates of fatty acid uptake by
myocardium that attempted to distinguish between transport and reaction. The
work did not provide insight into the mechanisms of transport, nor distinguish
carrier-mediated from other transport, but nevertheless did provide estimates of
rates of permeation and uptake that were compatible with the observable ar
teriovenous differences across the heart. It is important to be able to compare
estimates of transport rates by two totally different techniques, one using tracers
for providing intimate details, and the other a chemical technique for measuring
overall myocardial consumption. However, because the experiments were done
in intact, closed chest animals with rapid recirculation, the tails of the indicator
dilution curves were obscured, which marred the estimation of transport rates
and of volumes of distribution. Accounting for recirculation is not an insurmoun
table problem, but requires continuous measurement of the inflow dilution curve
as well as the outflow dilution curve, and the use of models constructed with
differential operators. Solutions to model equations in the form of the unit
impulse response are less useful because they have to be convoluted with the
input function in order to derive an output function to be fitted to the data.
Some of these difficulties were resolved by the development of the same type of
concentric cylinder modeling of blood tissue exchange units but expressed in
terms of differential operators. The earliest version ofBassingthwaighte et al. [19]
included both axial and radial diffusion, but the latter was omitted in the faster
algorithms ofBassingthwaighte [14] and extended by Bassingthwaighte et al. [20].
The use of the differential operator provided two benefits. One was an immense
reduction in computation time, which for a three region model amounted to
about a one million times faster computation compared to the analytic solution of
Rose et al. [12] which was used by Rose and Goresky [18] for palmitate extraction
studies. Kuikka et al. [21] applied a multicapillary version of a three-region, two
barrier model to the assessment of glucose transport in the myocardium. They
used three glucoses, D-, L-, and 2-deoxy-D-glucose, using albumin as the intra
vascular reference tracer. The L-glucose served as an extracellular reference
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tracer, allowing relatively precise measurement of the sarcolemmal permeation
rate. Flow heterogeneity was accounted for in the modeling by the use ofmultiple
blood tissue units in which the flow was determined from the regional flows in the
myocardium, as measured by microsphere depositions. The use of the actually
measured flow distributions to analyze the data avoided the systematic errors that
accompany usage of a single capillary model. Bassingthwaighte and Winkler [22],
and Bassingthwaighte and Goresky [2] showed that the use of the single capillary
model instead of the more appropriate multicapillary model results in systematic
errors in the estimate of capillary permeability, underestimating it by a minimum
of25% and usually more. This is the kind of error anticipated by Zierler [23] and
is simply a consequence of the idea of using linear averages to approximate non
linear situations.
The flow heterogeneity was accounted for by Kuikka et al. [21] and by Bassing
thwaighte et al. [24] by considering the organ to be composed of a set of capillary
tissue units in parallel with the flow through each of these sets determined from
the flow distributions through the organ (Figure 2). The input function for all of
the capillary tissue units was assumed to be the same, namely a dispersed function
that arrived at the entrances to the capillary tissue units after traversing the
arterial inflow; it was assumed likewise that the venous outflow pathways all
resulted in the same degree of dispersion from each of the capillary tissue units.
Although good fits to the data of the model solutionswere obtained, this does not
prove the accuracy of this particular heterogeneity model. An alternative model
was proposed by Rose and Goresky [25] and has been utilized in their subsequent
publications. Transport by flow was assumed to be non-dispersive in large vessels
and through capillary tissue units. (It is this lack of dispersiveness in any vessels
that makes us reluctant to accept this model.) This model also fits dilution curves
well over the first 15 to 20 seconds, although the test is limited by the fact that
Goresky and colleagues acquire their data in closed chest animals for only 20 to
30seconds, principally because of the early recirculation. An evaluation of the
relative accuracy of the two models versus each other, or versus an intermediate
formulation, has not yet been accomplished. The question of how to formulate a
correct heterogeneity model in the myocardium is therefore still open.

Current generation modeling

Models are merely working hypotheses, doomed to transient service. Problems
with past models become evident when high resolution data are obtained in
situations which stretch the models beyond their limits. For example, when
transport rates are not very high, as for glucose where the capillary permeability
surface area product and the sarcolemmal PS are both low, then the 3-region
2-barrier multiple capillary versions of the organ suffice. So far as one can tell,
they provide excellent estimates of the capillary PS, moderately accurate esti-
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Figure 2. Model configuration to account for heterogeneity of regional flows and transit times.
(Reprinted from Mathematical Computer Simulation 24: 502. 1982.)

mates of the sarcolemmal PS, but not very good estimates of the intracellular
reaction rates. That is easily understood when one appreciates that in order for
estimates of intracellular reaction to be ascertained from the outflow dilution
curves for untransformed tracer-labeled substrate there must be reflux of un
metabolized tracer from the organ. Therefore, estimates of intracellular transfor
mation rate may be improved by making measurements of the rate of appearance
of tracer in a metabolite. For glucose the prominent metabolites available in the
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outflow would be carbon dioxide and water, the same metabolites which would
appear for fatty acids, but via totally different pathways. In special cases only a
single metabolite appears, and when it appears rapidly in the outflow, then the
rate of transformation can be accurately measured. Such is the case for the
conversion of angiotensin-I to angiotensin-II during transcapillary passage
through the lung; there is no pulmonary retention of either. In this instance the
conversion is so rapid that there is no delay at all between the substrate (angioten
sin-I) and the product (angiotensin-II); the sum of the two forms in the outflow
are superimposable on the reference albumin outflow dilution curve, indicating
complete recovery for the tracer labeled hormone in one form or the other [26J.
This, however, is an exceptional case.
The situations which have proven more difficult to analyze in the myocardium
are those in which the transport rates into the tissue are high, and for which there
is also substantial metabolism or retention in the tissue. Two particular examples
that are quite revealing of the situation are those for fatty acids and for adenosine.
The studies of these substrates require extensions from the current state of the
art.
The analysis of fatty acid dilution curves requires extension of the modeling in
two directions, and simultaneously requires substantial refinement of the stan
dard experiments. These demands occur not only because of the nature of the
substrate itself and its handling by the myocardium, but also because of the
extraordinarily high binding of fatty acids by albumin in the blood; approximately
99.94% of fatty acid is albumin bound under normal circumstances. In spite of
thi.s high binding, 40 to 70% of the total fatty acid may be extracted during single
transcapillary passage, meaning that removal of fatty acid from its binding site on
the albumin must be occurring very rapidly. Further complicating the modeling is
the observation that fatty acid extraction is much higher for its molecular weight
than can be accounted for by permeation through the clefts between endothelial
cells. Figure 3 diagrams the possibilities. In other words, there must be transport
through the endothelial cells themselves, and because of the tight binding to
albumin, there is every reason for believing that almost all of the transport is
through endothelial cells and little or none through the clefts, simply because the
albumin-bound fatty acid cannot traverse the clefts.
The first extension of the modeling, which has already been accomplished [24,
1Jis to account for the greater detail in the capillary barrier itself. Instead of using
a simple passive membrane treated as a linear conductance represented by the
permeability-surface area product, PSc' the capillary barrier is treated more
realistically as a composite barrier as in Figure 4 [27]. The passive leak con
ductance is indicated in the diagram by PSg, which represents the permeation
through the interendothelial cellular gaps or clefts together with any passive
symmetrical conductance across the plasmalemma of the endothelial cells be
tween the lumen of the capillary and the interstitial fluid region. (For hydrophilic
solutes the latter is negligible so that PSg represents the clefts only. For highly



629

CAPI LLARY PLASMA

.".~'.:. ;.

8ASEMENT MEMBRANE

ENDOTHELIAL CELL

2 3

Free
~Vesicle

q

4 5

INTERSTITIAL SPACE

Figure 3. Routes of transendothelial transport. (Reprinted from Bassingthwaighte and Goresky (8)
with permission from the American Physiological Society.)

Figure 4. Capillary-tissue transendothelial transport. (Reprinted from Gorman et al. (27) with
permission of the Am Physiol Soc)

penetrating solutes such as ethanol or highly lipid solute substances that do not
bind within the endothelial cells, PSg might be governed mainly by transen
dothelial diffusion.) The conductances across the two sides of the endothelial cell
are diagrammed as possibly asymmetric. There is no a priori reason for thinking
of PSCcl as being equal to that on the abluminal surface, PSeca • For the purposes of
analyzing data, the investigator must make a choice. The possibilities go beyond
passive symmetrical conductances. Carrier-mediated conductances may be inher
ently symmetrical or equilibrative. The fluxes will ordinarily be influenced by the
actual chemical concentrations on both sides of the membrane, and are therefore
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asymmetric even when equilibrative whenever the steady state is not an equi
librium state. A third possibility is energetically coupled transport, which is
ordinarily asymmetrical, and can lead to accumulation or depletion within the
cell. The same possibilities exist for the sarcolemmal permeability-surface area
product PSpc'
Consumption within the cells is diagrammed and represents the first intracellu
lar reaction with a clearance constant Gee for the endothelial cell and Gpc for the
parenchymal cell. The model has the equations given by Bassingthwaighte et al.
[28] and Bassingthwaighte [29].
The application of this model to the analysis of adenosine transport was
described by Bassingthwaighte et al. [28] and by Gorman et al. [27] through the
myocardium, where linear coefficients were used for both the conductances and
the consumption terms, Gee and Gpc' This was considered appropriate for the
situation because tracer adenosine transport in the presence of constant concen
trations of native substrates was what was being examined by the experimental
technique. The principle involved is that the tracer concentrations are many
orders of magnitude lower than the chemical concentrations, so that the rate
constants are determined by the non-tracer chemical concentrations and are
uninfluenced by the passage of a tracer transient through the system. The
corollary to this statement is that if one wishes to examine the concentration
dependence of a transport or consumption mechanism, to demonstrate its non
linearity, then the tracer experiment might be done in the presence of varied but
controlled and known concentrations of the non-tracer labeled substrate [2J. For
example, if the expectation is that PSecl represents the conductance of a carrier
mediated or saturable transporter, then the strategy would be to obtain estimates
of tracer-labeled substrate at a succession of increasingly high concentrations of
non-tracer labeled substance, with the expectation that the PS would decrease as
one increased substrate levels, as in Figure 5 [2J.
Solutions to the system equations for the axially distributed four region model
are best obtained by numerical techniques. An analytical solution has been
developed by c.Y. Wang [28), but solving numerically for impulse responses of
two minutes duration is approximately 108 times faster than calculating the
analytic solution. The reason for this remarkable gain in efficiency is that the
numerical solutions can be set up to account for the radial exchange during the
initial conditions so that during each time step only multiplication is used,
whereas the analytical solutions require the use of three single convolution
integrations over Bessel functions, and one double convolution integration, all of
which are most time consuming.
A typical solution is shown in Figure 6 for the case in which a brief pulse
injection was made at the input to the capillary tissue region. The response a short
time later when the pulse had traversed about two thirds of the way through the
capillary is shown in the left panel. The leading pulse has been slightly spread by
axial diffusion and material has entered all of the extravascular regions, but is
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Figure 5. Concentration-dependent PS products for carrier-mediated transport. Cellular influx and
PS("ell versus concentration. PS("ell diminishes as a function ofconcentration if the transport mechanism
is saturable. The mechanism here is analogous to a first-order Michaelis-Menten reaction for enzyme
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concentration; Vmax- maximum transport rate; Km_ concentration at which transport rate is half
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from Bassingthwaighte and Goresky (2] with permission from the American Physiological Society.)

seen to be most concentrated at the upstream end of the capillary. The profile
within the capillary shows the slightly dispersed leading spike of non-extracted
material, maximal at two thirds of the capillary length. It is followed by a
secondary and much broader peak of concentrations in the capillary with a
maximum at about one third of the distance along. The spike and trailing wave
are characteristic of these solutions for medium to high ratios of PS/F. If the PS is
very high the leading spike of unextracted tracer vanishes quickly via loss into the
surrounding tissue. In this particular solution the spike actually vanishes before
the end of the capillary is reached. The trailing wave is due to reflux from the
tissue back into the blood with medium to high permeabilities. The probability of
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Figure6. Display ofa solution to a 4-region capillary-tissue exchange model, using a Lagrangian-based
numerical solution. Upper panel: Concentration profiles at 3 seconds after introduction of a brief
pulse injection into the inflow. Lower panel: At 10 seconds. Parameters are: Fs = 0.6mlg-1min-1;
the volumes, mlg-1min-1, were V,=O.04; Ve,=O.OI; V j,r=O.l5; Vpc=O.l. The PS products,
ml g-Imin- I , were PSg = 3.0; PSeci = 0; PSe" = 0.3; PSpc = 3.0. The consumption terms, G, were zero.

re-escape from blood into tissue is high and so this wave represents delivery of
material from the upstream end of the tissue into the more downstream elements
of the tissue, and does not go straight into the outflow. When the permeabilities
are low then the spike persists until it reaches the outflow and the tail is relatively
small, and instead of being a wave as in this figure, is of more or less an
exponential form, the concentrations just following the spike in the outflow being
the highest and diminishing thereafter.
In the lower panel is shown the progression of the same solution as in the left
panel but at 7 seconds later. By this time there has been very little loss of tracer
from the system, but the material is moving as spreading waves trailing behind the
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broadly spread concentration profile in the capillary. In this solution the value for
PSg is high and for PSeci is 0, so that entry into the endothelial cell is gained from
the abluminal surface with conductance PScca • Thus the concentration peaks in
the endothelial cell and the parenchymal cell lag behind that in the ISF. The
parenchymal must always lag behind that in the ISF since it cannot have direct
contact with the capillary blood, but if the permeability surface area product for
the luminal surface of the endothelial cell is high then the endothelial cell might
actually precede the interstitial profile. Because there are two separate pathways
from capillary to ISF, the endothelial cell may be either trailing or leading
compared to the ISF. In no case can the extravascular concentrations lead
compare to the capillary concentrations when the flow in the neighboring capil
laries is concurrent. This appears to be a reasonable descriptor for hydrophilic
solutes, for it is never observed that a hydrophilic solute which can escape into the
interstitial fluid or the cells reaches the outflow before a vascular indicator such as
albumin or erythrocytes. This conclusion contradicts the model formulation of
Johnson and Wilson [10] in which they consider the extravascular region to be an
instantaneous mixing pool.
The present status is that these models, with up to four radial regions, have
been incorporated into multicapillary models designed to represent an intact
organ. The mathematical formulation is given in Figure 2 from Levin et al. [30],
the configuration indicating that the individual capillary tissue units are con
sidered to be independent of each other (no exchange across the interface
between neighbors), and that the input to all of them is the same, dispersed, as it
were, by a single supplying artery. It is this configuration that should be improved
in subsequent versions. A more general one is given in Figure 7, in which there is a
set of several large vessels, each one having a different flow or transit time. Each
is connected to one or more capillary tissue units, the apportionment of the flow
from each large vessel to each unit being assigned either arbitrarily or from data
such as the distribution of flows or the observed outflow dilution curves. The
constraining expressions provide assurance of mass balance in the system. The
difficulty in applying this formulation is in assigning the distributions of the large
vessel flow amongst the capillaries; the flow distributions, observed with micro
spheres [31] or with a molecular marker, IOMI [32] must match the products wifi
for the capillary tissue units, but do not specify the large vessel distributions since
these flow markers are deposited almost completely in capillaries.

Next developments

The simple descriptors defined above work well for most tracer experiments,
because linear descriptions are adequate, certainly for steady states. For appli
cation to the analysis of 3-dimensional images, further simplifications are an aid
to practical use in estimating regional flows and metabolic rates [33]. These may
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Figure 7. Capillary-tissue transport model with variable degree of association between transport
functions of large vessels and capillaries. The large-vessel transit times, with fractions of flow Vj
through the N independent pathways, may be non-dispersive [i.e., hlvj(t) = o(t - tlVj») or dispersive.
Flow from the jth large-vessel pathway is distributed among M capillary tissue units, the distribution
being defined by the Uji to the ith of the M capillary-tissue units. The distribution functions, the u/s
may differ from each other in the most general case. (Reprinted from Bassingthwaighte and Goresky
(2) with permission from the American Physiological Society.)

be algebraic approximations, table look-up operations, or the uses of similarity
and interpolation. A particular desire is to avoid time-consuming integrations
whenever possible, something which is partially accomplished by using differen
tial operators instead of convolutions, as discussed earlier.
To obtain a more realistic description, the complexity must be increased to
incorporate new features. The fundamental problem is the lack of data. How to
handle heterogeneity of parameters other than flow, for example, in PS or in
volumes of distribution, is not clear. While these are recognized experimentally,
for permeability by Rous et at. [34J and for vascular and interstitial volumes by
Gonzalez et at. [35J, the problem in using even good estimates of the distributions
of values of these features is that it is not known how or whether there is an
association (or dissociation) within regions between these and the known local
flows. More data are required in a variety of situations before useful attempts can
be made in incorporating multifactorial heterogeneity into the modeling.
Features that can be handled reasonably by taking advantage of the power of
the modern computing technology are the following:
1. sequences of metabolic products, some of which remain intracellular and
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others of which escape into the interstitium and effluent plasma;
2. axial and radial diffusion effects;
3. non-linear binding to surfaces or to mobile or immobile molecules;
4. non-linear facilitated transport and countertransport.
Sequences ofmetabolites require the dev.elopment ofmultispecies models each of
which has a minimal complexity similar to that of Figure 4. For adenosine, the
immediate metabolites that can be identified in the outflow dilution samples are
inosine, hypoxanthine, and uric acid. the products of degradation. Highly polar
compounds, such as ATP, into which most of the tracer adenosine is incorpor
ated, do not penetrate the cell membrane very rapidly and for short term studies
can be modeled as if remaining in the cells. The corollary to this analytical
undertaking is that the experimental data must be acquired; for adenosine tracer
injections, the outflow samples must be analyzed for the concentration of the
tracer-labeled metabolites in each of a sequence of outflow samples. A set of data
acquired by Gorman et al. [27] are shown in Figure 8; a similar set of model
outflow dilution curves from the multispecies modeling is shown in Figure 9.
Solutions of the form shown in Figure 9 can only be obtained by incorporating
endothelial cells into the model, and even then only by allowing the transforma
tions to occur in the endothelial cells. Similar rates of transformation within
myocytes cannot produce inosine and hypoxanthine curves with the peaks almost
synchronous with that of adenosine and with such a brief time course. The
modeling thereby provided the first evidence on these points, and predicted the
observations of Nees et al. [36] that 90% or more of the retained tracer found by
autoradiography in the heart is in the endothelial cells.
Axial and radial diffusion are generally avoided in such modeling because for
well-perfused organs two approximations are reasonably accurate:
1. radial concentration gradients are dissipated very rapidly compared to capil
lary transit times and can therefore be neglected under most circumstances,
and

2. axial diffusivity within the tissue is too slow to have a significant effect on the
exchange process.

For the heart and liver, there is little question about radial diffusivity being fast, as
estimated from the diffusion coefficients of Safford et al. [37, 38], and the
intercapillary distances ofBassingthwaighte et al. [39], but there is some evidence
that the outflow dilution curves are mildly influenced by axial diffusion, perhaps
as much in the capillary lumen as in the tissue. Both were incorporated in an early
model for blood tissue exchange, as shown in Figure 10, but this is impractical for
analyzing dilution curves because the computation times are exceedingly long and
the effects small.
Non-linear binding, to surfaces or to soluble macromolecules within the tissue,

can be accounted for by using concentration-dependent volumes of distribution
when the equilibration between the solute and the binding sites is in more or less
continuous equilibrium. The effective volume of distribution, V'd is the sum of
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Figure 8. Appearance of adenosine (Ado), arabino furanosyl hypoxanthine (AraH), and albumin in
venous effluent following multiple-tracer injection. Note relatively low concentration of Ado in
venous effluent when compared with AraH. This leads to high extraction for Ado relative to AraH
shown in upper right graph. Also note that extraction of Ado is steady, whereas extraction of AraH
falls off due to back diffusion of this extracellular tracer from interstitial space. Lower right panel
shows expanded view of Ado, inosine (ino), and hypoxanthine (hypo) curves. (Reprinted from
Gorman et al. [27] with permission of the Am Physiol Soc.)

the volume ofdistribution for an equivalent unbound solute, Vd, plus a concentra
tion-dependent term for the bound solute. When the binding is first order, at
equilibrium the expression is:

V~ =Vd [1 + (K Be )],
b + solute

where Kb is the binding constant, molar, and BT is the molar concentration of the
binding site [37]. When the non-tracer concentrations are in steady state, the
value for V'd can be calculated during the initial conditions, but when they are
changing, then these calculations must be made for each time step as the solution
progresses, a costly calculation when many regions are involved.
Nonlinear or saturable transporters provide mechanisms for allowing hydro
philic molecules to move across lipid bilayers. Because the number of transporter
molecules on a membrane is limited, and the conformational change required for
translocation takes finite time, there is a maximal capacity for solute flux. The
usual transporter carries solute in both directions; commonly the rate of con-
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tion in the tissue. (Reprinted from Bassingthwaighte et al. [19] with permission from the Benzon
Foundation.)
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formational change allowing the translocation is faster when a solute molecule is
complexed with the transporter than when it is free. This combination of features
has the corollary that countertransport should be facilitating, which is to say, the
presence of transportable solute on the opposite side of the membrane will
accelerate the transport of tracer. This possibility sets the stage for designing
experiments that can characterize the transporter via flux studies while limiting
the substrate, inhibitor, or agonist concentrations to a relatively physiologic
range.

Conclusions

The multiple indicator dilution technique utilizes Nature's design for a rapid
reaction apparatus by using the perfused organ as the vehicle for rapid passage of
the substrate past the cells with short dwell times in the system. The exposure
time of ceUs to the substrates or reactants is what occurs in nature and so the
measurements made and parameters estimated are relevant to the physiologic
state. Such statements are difficult to make for cell culture systems or perfused
columns, since artificial systems have yet to be designed to provide packing as
dense and void volumes so low as those provided by the natural organ.
A problem with using the natural organ is that several cell types are present.
The separation of their influences must be accomplished by analysis of the
kinetics of exchange and reaction. When two cell types have similar geometric
positions and kinetic behavior they can only be lumped together in the analysis. In
such cases their individual kinetics must be elucidated with other tools, such as
sequential sample autoradiography, which has the spatial resolution to make
distinction between neighboring cells.
Imaging of metabolic events by positron emission tomography depends on
kinetic analysis but allows the use of only one tracer at a time [33]. Minimization
of error depends on local flow and metabolism remaining constant throughout a
series of tracer injections a few minutes apart. This is in contrast to the multiple
indicator dilution technique where tracers are injected simultaneously. How
serious a problem this is in image interpretation must be evaluated for individual
substrates and for each special situation.
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Discussion

Clark: You pointed out some of the model parameter values that were used, and
how they were obtained. Did you use an automatic parameter estimation scheme
to obtain the remainder of the model parameters that were not directly specified?
Secondly, in the reactor problem, what was the form of the system describing
equation; was it a parabolic partial differential equation in r, z and time?
Bassingthwaighte: We have used automated parameter adjustment routines. The
strategy is, first, to reduce the degrees of freedom as much as possible by
obtaining several different types of data simultaneously (mean flow, distributions
of flows, outflow responses for 3 or more tracer-labelled solutes). Secondly, we
use a highly efficient optimizer based on sensitivity functions. This also helps in
the experimental design by aiding the investigator in choosing appropriate input
forms and data sampling protocols. The equations were parabolic partial dif
ferential equations, but normally account for only the axial position and time.
Although we have obtained solutions accounting for radial diffusion (Bassing
thwaighte, Knopp, et aI., 1970), the radial distances in well-perfused organs are
small enough so that gradients are negligible.
Beyar: In extreme situations of the system, like in very fast heart rates or high
metabolic rates, or maybe in some diseases like hypertrophy when the intercapill
ary distance is increased, can the diffusion processes be limiting in terms of
transferring metabolites to the cells, and maybe limit the rate of metabolism that
can be achieved?
Bassingthwaighte: Such a limitation does not appear to be very likely for fatty
acids and glucose, whose rates of transport across membranes appear adequate,
but could be borderline with very large cells and high metabolic demand. A more
likely limiting factor is oxygen delivery, because high consumption in the periph
ery of a cell may reduce delivery to the cell's central regions.
Spaan: Capillary lengths and flow through a capillary network are quite hetero
geneous, so there may be shunting of molecules from one capillary through the
tissue to another one. Shunting is more likely to occur for molecules that are not
metabolized or bound. How would that affect your computations?
Bassingthwaighte: Our standard blood-tissue exchange models do not account for
shunting of metabolized solutes. However, we have developed a crude model for
diffusional arteriovenous shunting (Bassingthwaighte JB, Yipintsoi T, Knopp
TJ, Microvasc Res 28: 233-253, 1984). It shows qualitatively appropriate be
havior, but more development is needed.
Spaan: Peter Wieringa did some modelling on oxygen transfer. His work shows
that, because of shunting, there is much less heterogeneity for oxygen than you
would expect if shunting was absent.
Bassingthwaighte: I do not presently visualize how arteriovenous shunting can
reduce heterogeneity in local oxygen tension. Capillary-to-capillary diffusion
could assist, very locally, in this regard, but it would appear from the photographs
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of NADH fluorescence by C.H. Barlow and B. Chance of ischemic areas in
perfused rat hearts (Science 193, 909-910, 1976) that the heterogeneity is at a
macroscopic level, namely at microvascular unit sizes approaching 1mm3, which
means about 3000 capillaries per unit.



39. Transport between myocardial capillaries and
cardiac lymphatics

u. DINNAR

Abstract

The significance of coronary venous pressure on coronary perfusion was clearly
demonstrated in an earlier analysis [1] which showed that capillary flow is strongly
affected by increased levels of both arterial and venous pressures generated by
the contracting heart during systole. Another result of that analysis was the
importance of cardiac lymphatics. Although it has a very low flow rate, which is a
small fraction of the coronary perfusion, cardiac lymphatics may influence the
delicate balance of metabolic demands, regional levels of blood flow, oxygen
extraction and transvascular and lymphatic flows.
The present study extends the mathematical consideration to include variations
in lymphatic resistance to flow, and its effect on coronary perfusion and trans
capillary exchange. The model also predicts variations in enzyme concentration
in the blood serum, interstitial space and the cardial lymph system, which are
caused by pathophysiological conditions in the heart.

Introduction

Despite the extensive study of the heart, there is very little knowledge on the
exact contribution of cardiac lymphatics to overall physiological behavior of the
heart [1]. In fact, all the analytical descriptions of cardiac mechanics and coronary
perfusion ignore cardiac lymphatics. Studies of the lymphatics of the heart were
mainly aimed at its anatomical structures and the differences in the concentration
of various substances between coronary blood serum and lymph. The reason for
this negligence is probably the difficulties involved in the study and the lack of
knowledge on all contributing parameters. Those who measured the influence of
various pathophysiological conditions on cardiac lymph flow used different mea
suring techniques and different set-ups, hence reaching, in some instances,
different and conflicting results. For example, Szabo [2] and Drinker [3] reported
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decreased lymphatic flow following acute myocardial ischemia, while Patek [4J,
Bradham [5J and Cellis [6J reported increased lymph flow.

It is generally accepted that there is a fall in the lymph pH 2 hours after
myocardial ischemia [7-9], associated with an increase in lactate concentration.
In addition, other substances show a very definite change in concentration
between coronary blood serum and lymphatic fluid. Also, there is an increase in
WBC and RBC count in cardiac lymph shortly after ischemia. It is known that
ischemic events will alter cellular membrane integrity, leading to a higher per
meability and an increased quantity of larger macromolecule and enzyme which
pass into the lymphatic drainage system and back to the systemic circulation. In
case of lymphatic obstruction it is expected that those macro-molecules will
remain in the interstitial space leading to higher concentration in the myocar
dium, which will not be detected by regular measurements of blood constituents.
It is also expected that a detailed study of the time course of various concentration
will be valuable in the determination of inter-relationships and the definitions of
pathophysiological conditions in the etiology of myocardial dysfunction.
There is a strong relation between coronary perfusion and cardiac lymph
formation. It is well documented that coronary artery ligation will promote
lymphatic concentration of creatine phosphokinase, dehydrogenase, glumatic
oxalocetic transaminase, Iyosenzymes, lipid, protein and others [1o-12J. This is
highly significant in the overall performance and prognosis of the damaged heart.
As reported by Szlavy et al. [13), the 'cardiac lymph collected 2-4 hours after
coronary artery occlusion and subsequently injected into the coronary vessels of
control dogs, caused ventricular fibrillation in 3 out of 5 animals within 90
minutes'. This clearly demonstrates the significance of the cardiac lymphatic
system, especially the relation between cardiac lymphatic and other myocardial
parameters such as intra-myocardial pressure which generates lymphatic ligation
during systole and may be helpful in generating lymphatic pump effects during
diastole. The relations between transcapillary exchange and the retaining of
enzymes and other substances released during myocardial ischemia, and of
course the relationship between cardiac lymph flow and coronary perfusion are
discussed here. A short summary of the formation and flow of cardiac lymphatics
is given in Table 1.

Mathematical model of coronary perfusion

The model used here for the coronary perfusion is essentially the same model
described earlier [lJ, except for an additional parameter of lymphatic resistance to
flow. It is known that the flow generation in the lymphatic system is not the same
as in the other blood vessels due to the existence of the lymphatic pump and the
lymphatic valves. However, the rate of lymphatic flow is less than 1% of the
incoming coronary perfusion and the results obtained by a numerical simulation
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scheme are very similar to the results obtained in the previous paper by a closed
form expressions. The model assumes that a single capillary embedded in the
myocardium is exposed to four different pressures:
1. the coronary arterial pressure,
2. the coronary venous pressure,
3. the transmural hydrostatic pressure difference, and
4. the transmural colloiosmotic pressure, as determined by the concentration of
the various substances and the oxygen tension.

The values of the pressures, shown at the top of Fig. 1, are based on the
measurements of many investigators published in the literature. The exact values
of the myocardial venous pressure are based on the published data of Armour and
co-workers [21-24]'
The coronary arterial and venous pressures, shown in Fig. 1, already reflect the
effect of the intramyocardial systolic pressure. The capillaries were taken as rigid
tubes with a very small diameter that does not change under the influence of the
transmural pressure. The flow across the wall is determined by the well known
Starling hypothesis.

(1)

where V is the velocity across the wall, k is the filtration coefficient, P is the
intraluminal blood pressure, PI is the intramyocardial tissue pressure, 1T1, and 1Tz
are the effective osmotic pressures, inside and outside the capillary, respectively,
and assuming the blood is an homogenous incompressible Newtonian fluid
flowing in a laminar and axisymmetric flow with no body forces and with negligi
ble inertia, the governing equations, in cylindrical coordinates, are given by
continuity,

1 0 ou
- - (rv.) + .=...::L =0
r or J oz '

Table 1. Cardiac lymphatics: formation and flow.

Increases with

Catecholamines and cardiac and sympathetic nerve stimulation
[3]
Left ventricular pressure [16]
Ischemia, more than 1 hour [19] (effect of collateral flow?)
Coronary sinus ligation (20)
Hypoxia (15. 18)
Hypertonic mannitol or saline infusion [17]
Isoproterenol. verapamil (in conscious dogs) [14]

(2)

Decreases with

Ischemia, less than 20 minutes,
with increase after reperfusion
(14]



646

'"AX. All. PRES." .SO
'"AX UEI. rlES."./Z
'"AX. 111.1ISS.PRES.",m

{\ (\

I\ i \
AtJUlAll :,~.-\ I,t

I \ \ '+;11 i, '--.
I • I .,' \ '

! i '" \ "/ ,I·
I -"ElOUS',;.' '.\' /

I .\ . .,
'/

'I I " E '

CtrlllAlY Hili
"n.' 7'.24

IUISHl1llAl Hili

"".' 1.~7

i,
i'

I

l ,/., !\ /\ /\ .\
r•....J....J '...J I....J U

I.JUSTlTlAl UDllME "I'.' 1J.l

COICEllItTlOI
la' 1
[8-1
lC' I. 5
on, .2
RES' m

Ii. ,

f\!
I
!

11 /1
I ,lISSUE

~.. ~ !vi:
, I
I . I

j
. I ,
i . l

~
'lm," .

-'\-- --.--
!::::=========---;-:~'-~~.1000 '- - ---"1 I" [---------

0.5

Figure I. Pressures (upper portion), flows and intramyocardial fluid volumes (middle portion) and
enzyme concentration (lower portion) in the myocardium in 'normal' physiology.



647

and momentum,

oP (02V 1 ov v 02V ).=...::.J..=lJ -=-.:..L+_.::....:...L-.-l+_1
or or2 r or r OZ2'

subjected to the following boundary conditions:

ou-' =0 and v =0 at r =0or I '

ul =0 and u2 =0 at r =R,

VI = v2 =k(P, - P2 - a) at r =R,

PI =Pa and u2 =0 at Z =0,

PI =Pv and u2 =0 at z =L,

(3)

(4)

where u is the longitudinal velocity, v is the radial velocity, a is the transmural
colloid osmotic pressure difference, Pa is the incoming arterial pressure and Pv the
venous pressure, and lJ is the viscosity. j = 2 denotes the intramyocardial external
domain and j = I the intravascular domain. The pressures at z =0 and z =L are
averaged over the cross-section.
The flow can be solved using the assumptions of homogeneous incompressible
Newtonian fluid, a laminar and axisymmetric flow with no body forces, and a
negligible inertia. The flow equations (1-4) are solved simultaneously with the
equations for the transcapillary exchange of fluid and for the lymphatic drainage.
These parameters will determine the rate of change of interstitial fluid within the
myocardium.
The solution yields the following expressions for the inlet and outlet flow rates
from a single capillary, (qin) and (quUl)' respectively:

(5)

The difference between the two flows gives the transmural flow rates:

l1R4 6 ( 62£2)
qtm = qin - quut = -- 1- - (cosh6 -1) (Pa + Pv - 2PJ

8lJL sinh6 6 (6)
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During systole, at certain instances, the driving intramyocardial pressure may
generate sufficient forces to nearly dry the myocardium of interstitial fluid. It is
assumed that a minimal value of the interstitial volume of fluid exists. Upon
reaching this value the transluminal flow into the capillaries is stopped. Results of
the numerical calculation for the 'normal' case are presented at the center of
Figure 1, showing the changes with time of capillary and transluminal flows, the
lymphatic drainage and the changes of the interstitial fluid volume.
The 'normal' conditions were determined by equating the values of peak flows
and pressures to those published in the literature, with the lymphatic drainage
taken as 0.5% of the incoming coronary flow. Integrations of the flow gives, for
the normal case, that 1.12% of the incoming flow is passed through the capillary
walls and into the interstitial space, while only 0.62% is returned through the
wall. The rest must return to the circulatory system via the lymphatic system.
The model can now be used to study transcapillary exchange of various
substances. From the previous results it is clear that under conditions of unequal
permeabilities of substances across the capillary wall, into and out of the intersti
tial volume, the lymphatic system will have the responsibility of carrying exces
sive amount of the substances, in order to maintain steady state. Indeed, mea
surements reported in the literature demonstrate different values for substance
concentration between blood serum and lymphatic fluid. Cardiac lymphatic
concentrations of various substances, and the changes associated with patho
physiological conditions, are given in Tables 2 and 3. Table 4 summarizes the
differences in enzyme concentration between blood serum and lymph. The
changes of these values due to changes in cardiac capillaries permeability, lymph
resistance to flow and other parameters may thus be highly significant in the
diagnosis of myocardial ischemia, when based on enzyme evaluation. This point
is incorporated into the model, and presented below.

Analysis of enzyme concentration

Myocardial infarction is considered as the result of insufficiant coronary perfu
sion and subsequent defficiency of oxygen. Hence, it is coupled with accumula-

Table 2. Sodium, potassium and chloride concentrations in cardiac lymphatics.

Sodium

Potassium

Chloride

142-162meq/1

2.8-4.9 meq/I

113-129meq/1

Decreases after more than one hour of ischemia
Increases in congestive heart failure
Increases with: more than 1 hour of ischemia, coronary sinus
ligation
Decreases with: congestive heart failure, coronary sinus liga
tion
Increases with more than 1 hour of ischemia



649

tion of products of anaerobic metabolism. In addition to problems related to
coronary blood flow one must consider the changes in interstitial composition of
these products and especially those which playa larger role in pathophysiology.
These changes result not only from anaerobic metabolism and myocardial cell
injury, but from changes of the capillary permeability as well. Hence, it is of
utmost importance to study the nature of transcapillary exchange on one hand
(input into the interstitial subsystem) and the lymphatic drainage (its output) on
the other. For example, interstitial edema tends to aggravate ischemia, by
mechanically affecting the capillary flow, while a decrease in interstitial fluid PH
tends to increase intercapillary sludging and thrombosis. In addition, the buildup
of potassium ions and lysosomal enzymes tend to enhance the vulenerability of
ischemic nyocardium to fibrilation and tissue destruction.
Measurements of blood enzymes concentration do not yield immediate infor-

Table 3. Protein, wbc and rbc in the cardiac lymph

PLATELETS [l/mm3)

PROTEIN:

WBC'

RBC

[g/looml)

[l/mm3)

normal 3.6-4.9
albumin 2.2
globulin . . . . . . . . . . . . .. . . . . . .. .. . . . .. .. . . . . . . . .. . . . . . .. .. 1.6
long term ischemia slight increase
congestive heart failure slight decrease
normal 800-5400
1 hour ischemia elevated
CHF . . . . .. .. . . . . . .. . .. . . . . . .. . . . . . . . . . . . . . . . . . . . . . .. decreased
normal 16000-205000
2 hour ischemia elevated
CHF elevated
normal 10000-20000

• about 80% are lymphocytes

Table 4. Various enzyme concentrations.

GOT
GPT
LDH
MDH
ICDH

Normal heart serum

7.2
6.9
42
80
6.9

Normal heart lymph

31.0
5.3
130
180
3.8

GOT= aspartate aminotransferase (glutamic oxalacetic transaminase); GPT= alanine amino
transferase (glutamic pyruvic transaminase); LDH = lactate dehydrogenase; GLDH = glutamic
dehydrogenase; MDH = malate dehydrog.enase; ICDH = isocitrate dehydrogenase; CPK = creatine
phosphokinase.
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mation. Szabo et al. (2) showed that induction of experimental myocardial
infarction resulted in elevation of enzyme concentration (LDH, MDH, GOT and
CPK) in the cardiac lymph during the first hour after ligation of the coronary
branch, while the corresponding rise in serum activity occured only 2 to 6 hours
later.
To study the pattern of various enzyme concentration the compartamental
system shown in Fig. 2 was used. Figure 3 describes the parameters as related to
the various compartments described in Fig. 2. The coronary arterial flow Q(t) is
reaching the capillary bed with the same enzyme concentration as that of the
systemic blood pool CB(t). Because of the transluminal pressure drive and the
capillary wall permeability, 'DEL', fluid will flow either into or out of the
interstitial space. Enzyme permeability is assume to have different values for flow
in these different directions; d l denotes wall permeability from the capillary bed
into the interstitial space, and d2 represents the reversed direction. The larger
quantity ofthe incoming flow is passed via the coronary venous system, S(t), with
a concentration of Ct( t), into the systemic blood pool. The amount of transcapill
ary flow, together with the lymphatic flow, L(t), will change the volume of the
interstitial fluid VL(t) and the concentrations of the various substances. In ad
dition there is a uniform production, 'PR', of enzyme in the interstitial volume.
The assumption of uniform production can be changed by any other assumption,
but is preferred here due to lack of knowledge on rates of enzyme release. The
lymphatic volume VI is taken as constant, thus resulting in time dependent
enzyme concentration CL(t). The amount of lymphatic drain into the systemic
blood pool, is determined by the lymph resistance to flow 'RES'. Process of
enzyme reabsorption, denoted by 'RE', assumed proportional to the compart
ment volume, is assumed in all the compartments.
Applying the law of conservation to the different compartments gives the
following results:
Lymphatics:

d(VLCL)/dt =VLC, - VLCL - RE(l).

Interstitial space:

where d2 =0 for Vc >0, and dl =0 for Vc <0.

Capillary:

(7)

(8)

(9)
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Blood:

(10)

where Vc = R(t); Va = Q(t);.Vu = S(t); V, = Vol(t) and VL = L (t).
Mathematical simulation using this set of equations, up to a steady state, gives
the pattern of change in enzyme concentration in the various compartments as a
function of time. The results for the 'normal' case with a specific values of PR and
RE, are described in the next section. The values of PR and RE were determined
from the conditions of a steady-state value for the normal ratio of concentration
between blood serum and cardiac lymphatics.

Results

Coronary arterial perfusion pressure

Figure 4 describes the pressures, flows and enzyme concentration for a 50%
increase in coronary arterial perfusion pressure. Figure 5 shows the same descrip
tions for a 50% decrease in arterial pressure. In both cases the other pressures
remain the same.
The results show that an increased coronary perfusion increases capillary flow
significantly with a continuous flow throughout the cardiac cycle. However, the
larger quantities of capillary flow would not be handled by the lymphatic drainage
system and a steady state solution required a 25% decrease in capillary per
meability, which caused a decrease in the transluminal fluid exchange and in the
maximal interstitial fluid volume. The increased lymphatic drain caused a signifi
cant decrease in tissue concentration of enzyme. (However, in reality, there is no
anaerobic activity under this conditions.) Decreased coronary perfusion pres
sure, on the other hand, caused a significant decrease in transcapillary and
lymphatic flow, and a much smaller value of maximal interstitial volume of fluid.
This will lead to insufficient supply of oxygen and myocardial ischemia. Under
this conditions the values of enzyme concentration, in both lymph and intra
myocardial tissue, reach almost twice their normal level. The values taken for this
demonstration may be extreme, but it is used to stress the interrelation between
the various parameters. The results of continuous changes in coronary perfusion
pressure are described in Figure 6. The discontinuities in the line are due to a need
to change the value of the capillary permeability to maintain steady state. The
results show a very sharp increase in enzyme concentration, both in the lymphatic
system and the intramyocardial tissue. However, these changes will not be
significant when measured in the systemic blood.
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lntramyocardial pressure peak

Similar patterns are obtained for a change in intramyocardial pressure peak,
shown in Figures 7 and 8. It is obvious from the results that the system can stand
with very small changes any increase in intramyocardial pressure which will result
from stronger contractions of the myocardium. However, any weakening of
myocardial contractions which leads to smaller values of intramyocardial pres
sures will change significantly the values of transluminal exchange of fluid and the
volume of interstitial fluid in the myocardium. This reduction in the amount of
fluid transfered through the capillary wall may alter the metabolic energy supply
to the myocardial tissues, which may lead to a further decrease in the strength of
contraction and intramyocardial pressure. As can be seen from Figure 9, a
decrease of 25% in intramyocardial pressure leads to a 50% reduction in trans
capillary flow and consequentially to 67% reduction in interstitial fluid volume.
The reason for this drastic change is the need to change capillary permeability.
Again the changes in enzyme concentration will not be detected if measured in
the lymphatic drainage vessels of the heart. These results point to the important
role of the contracting myocardium in the control of transcapillary exchange.
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Additional changes

Figures 10 and 11 describe the changes associated with changes in the lymphatic
resistance to flow and with the permeability of the capillary wall. Again, as in the
previous case, these changes will not affect the coronary perfusion but will
significantly alter the transluminal exchange values and the value of interstitial
fluid volume. It is important to note that the model predicts that changes in
transcapillary permeability will be visible in measurements of systemic blood
enzyme concentrations.

Discussion

The model described here is capable of predicting the overall behavior of the
coronary perfusion and the intramyocardial variables, such as volume of intersti
tial fluid, lymphatic and transcapillary flows, and the concentration of various
substances. The model can also be used to study the transfer of various blood
substances to the myocardial tissue and, from there, into the lymphatic system. It
should be noted that there is a lack of knowledge on the physiological range of
these values and, more important, on the range of variation of these parameters
under normal and pathophysiological conditions. Yet, the model shed light on the
relationship between change in one of the parameters and all the others. A study
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currently under way at the Julius Silver Institute at the Technion is aimed at
measuring the range of these parameters for a detailed evaluation of the model.
Another important feature of the model is in the study of physiological and
mechanical variations between the subendocardial and subepicardial layers,
where the intramyocardial pressure is different and the anatomical picture, like
capillary count and consequently the interstitial volume surrounding each capil
lary, are different. It also shows the importance of studying the lymphatic system
to the understanding of the behavior of the heart and a better evaluations of
clinical parameters which are determined by the measurements of substances
present in the blood.
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Discussion

Hoffman: Although the interstitial lymphatic flow is very small, I agree with you
that the heart tolerates increases in the interstitial fluid very badly and that a very
small increase in the total percentage of water has a marked effect on flow in the
heart. So I think it really has an importance quite beyond its magnitude.
Dinnar: Maybe I ought to point out that results of Sabo et al. show the signifi
cance of the high concentration of lymphatic substances. They took lymphatic
fluid and injected it back into the coronary circulation of dogs. In four out of five
dogs injected with the lymphatic fluid they caused ventricular fibrillations within
a few minutes. Thus, lymphatic fluid is very important, especially in cases where
we have pathophysiological problems such as an obstruction of the lymphatic
system. In some cases where surgeons do not pay any attention to the lymphatic
fluid, and let the lymphatic system drain into the chest, the result can be very
traumatic.
Beyar: One point which is difficult to understand is the high venous pressures of
70-80mmHg in your model based on Armour and Klassen (Can. J. Physiol.
Pharmacol. 59: 1250-1259,1981) reported venous pressures. If you assuine such
pressures to exist at the venous side of the microcirculation, it follows that there is
a very high pressure gradient between the veins and the coronary sinus. Where
does such a pressure gradient occur and by what mechanism?
Dinnar: I assume here that during the peak of the intramyocardial pressure, the
effect of this pressure in the coronary arterial pressure must definitely be imposed
on the venous side. The extent, whether it is 50, 70 or 80 mm Hg, is only an
hypothesis. We do not have exact data because measurements are very scarce.
Logically, it must be a high value because it is vulnerable to the increased
intramyocardial pressure, and we know that the myocardial pressure is very high.
Hoffman: The pressures that Klassen and his group have recorded in the veins are
real. For a long time many of us thought that they were artifacts, but they are not.
But their interpretation is different. Basically, what you are seeing is an impulse
response. You are getting a huge amount of blood suddenly pushed out of the
myocardium in systole and you are getting a change from kinetic to potential
energy which then builds up in the veins, which are not built to take this huge flow
without a rise in pressure. That does not mean what the pressure is in the
myocardium, and there is, in fact, a substantial gradient between the venous
pressures in the small veins and the coronary sinus. That probably is exactly the
same effect. I think you have to interpret it very carefully. The pressure is real but
the interpretation is different.
Spaan: It is important that you consider the mass transfer over the capillary and
include the lymphatics. It is an important step. I would like to come back to the
venous pressure measurement. As a standard procedure in our experiments we
measure the pressure in an epicardial vein, not in a coronary sinus, but in a small
vein. What we see is that the pressures in that vein are steady, at around 2, 3, or
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4mm Hg. As soon as you have a little occlusion of venous flow, then you are going
to see those large amplitudes. And with complete sinus occlusions you can indeed
have those high pressures build up. But in normal situations and at low venous
pressures you do not see them. It is just a ripple in the pressure.
Dinnar: There is question about the exact value, its relation to intramyocardial
pressure and the variations between subepicardial and epicardial vessels. I agree
that the values in the epicardial vessels are much smaller than the values I used
here for subendocardial layers. But if you can make the appropriate measure
ment, you may be able to detect backward flow which is squeezed into the
capillary, or squeezed from the capillary back into the interstitial space. We still
do not have the way to measure it.



40. Disturbances in myocardial lipid homeostasis
during ischemia and reperfusion
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Abstract

Fatty acids are essential for myocardial functioning. They playa pivotal role as
oxidizable substrates for cellular energy production. In addition, maintenance of
the integrity of membrane phosphoglycerides, consisting in part of polyunsatur
ated fatty acids, is crucial for adequate cellular performance. Evidence is ac
cumulating that the normal level of nonesterified fatty acids (NEFA) in normoxic
cardiac tissue is extremely low, i.e. in the order of 20-50 nmol· g-t wet weight.
During ischemia, lasting for longer than 10 minutes, NEFA accumulated in the
flow-deprived tissue. Accumulation was most outspoken in the subendocardial
layers, if residual flow was below 0.3 mi· min-t . g-t wet weight and ATP levels
dropped below 5-7 J,Lmol· g-t dry weight. Arachidonic acid showed the highest
relative increase. A concomitant increase of Iysophosphoglycerides has been
measured. Arachidonic acid and Iysophosphoglyceride levels decreased during
the first 5 minutes of reperfusion following 60 minutes of ischemia, and tended to
increase thereafter. The present findings clearly indicate that fatty acid home
ostasis in myocardial tissue is disturbed during ischemia and reperfusion. Possible
mechanisms underlying these derangements are discussed.

Introduction

As in most other organs, fatty acid homeostasis in the heart is a complex system,
characterized by a variety of fatty acid pools, lipid-converting enzymes and
transport routes for fatty acids and their derivatives. In general, free fatty acids or
nonesterified fatty acids (NEFA) are delivered to the heart cells complexed with
albumin in the blood. Through not completely elucidated mechanisms, NEFA
are transported across the luminal and abluminal membranes of the endothelial
cells via the interstitial space, across the sarcolemma into the sarcoplasma of the
heart musle cells. The majority of the NEFA molecules will be oxidized in the



666

mitochondria to deliver energy for electro-mechanical activity. Part of the NEFA
will be incorporated into esterified fatty acid pools such as triacylglycerol, phos
phoglycerides and cholesteryl esters.
Under flow restricted conditions resulting in oxygen deprivation ofmyocardial

cells, fatty acid homeostasis will be disturbed [1, 2, 3]. Lack of oxygen will reduce
or abolish mitochondrial ~-oxidation. In turn, accumulation of fatty acid deriva
tives such as acylCoA and acylcarnitine will occur [1]. In addition, impaired
turnover of phosphoglycerides will be most likely the cause of the well-estab
lished accumulation of arachidonic and other polyunsaturated fatty acids in
ischemic myocardial tissue [2, 3].
In contrast to glucose metabolism in the heart, reports on modeling of cardiac
fatty acid metabolism are scarce. This is probably due to the complexity of the
metabolic patterns of fatty acid homeostasis. Conflicting results on, for instance,
the content and turnover of the various fatty acid pools under normoxic and
ischemic circumstances have to be considered as well [4, 5].
In the present study we have investigated the content of the various lipid pools
in normoxic cardiac tissue and their relative fatty acid composition. Knowledge
about the exact content of lipids in the heart is required for a proper understand
ing of in vitro findings indicating regulatory and even deleterious effects of lipids
on myocardial functioning [5].
In addition, the time course of changes in the NEFA content in ischemic and
reperfused myocardial tissue has been investigated. Special attention was paid to
a possible relationship between the extent of underperfusion and the reduction of
tissue ATP levels on the one hand, and myocardial NEFA content, with special
reference to arachidonic acid, on the other. Since changes in tissue phospho
glyceride content can be expected when arachidonic acid accumulates, the effect
of ischemia and reperfusion on the most relevant myocardial phosphoglyceride
moieties has been investigated as well.

Methods and procedures

The experiments were performed on open-chest mongrel dogs, premedicated
intramuscularly with 10mg fluanisone and 200 JLg fentanylcitrate per kg body
weight. Anesthesia was induced intravenously with sodium pentobarbital (10mg/
kg body weight) and, after endotracheal intubation, was maintained with nitrous
oxide in oxygen (60/40, vol/vol) in combination with a continuous infusion of
sodium pentobarbital (2 mg/kg per hr). The lungs of the animals were artificially
ventilated with a positive pressure respirator (Pulmonat). Body temperature was
kept constant at 37.so c. After incision of the chest, the pericardium was opened
over the anterolateral aspect of the heart. In the dogs submitted to ischemia alone
(without reperfusion of the affected area) regional myocardial ischemia was
induced by stenosis of the left anterior interventricular coronary artery using an
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inflatable silastic cuff. The mean coronary artery pressure distal to the stenosis
was about 3.0 kPa and was kept constant with an autoregulating feedback system
[2J. In the dogs submitted to ischemia followed by reperfusion, the left anterior
interventricular coronary artery was completely occluded with the use of a small
titanium clamp for 60 min. Reperfusion of the affected area was allowed for
another 60 min by removing the clamp. A subgroup of 10 dogs served as controls.
Flow in their coronary arteries remained unimpeded throughout the experimen
tal period.
Insertion of catheters for hemodynamic measurements and for collection of
blood have been described in detail before [2J. Regional myocardial blood flow
was measured with radioactively labeled microspheres [2, 6J. Transmural biop
sies for lipid analysis, and for determination of ATP, were taken from the
ischemic and normoxic area at time intervals indicated in the Results section
below. The experiment was terminated after taking the biopsies at given time
intervals after induction of ischemia. Blood was collected from the femoral artery
and the local cardiac vein, draining the area perfused by the left anterior inter
ventricular coronary artery, to measure AV differences of arachidonic acid and
lysophosphoglycerides during the pre-ischemic, ischemic and reperfusion phase.
Tissue ATP was measured in freeze-dried tissue specimen with a fluorometric
method as previously described (7]. Extraction and determination of myocardial
lipids have been described in detail before [2, 8]. Routinely, after storage of the
biopsies at -80°C, aliquots of deeply frozen tissue (15~300mg) were pulverized
in an aluminum mortar with a stainless steel pestle, previously cooled in liquid
nitrogen. The tissue powder was transferred to test tubes cooled with liquid
nitrogen. The test tubes were placed at -2eC and the tissue powder was wetted
with 2ml of methanol at - 21° C. The content of the test tubes was allowed to
warm to room temperature and was subsequently weighed. Chloroform was
added until a mixture of chloroform and methanol of 2 :1 (vol/vol) was obtained.
The anti-oxidant butylated hydroxytoluene (0.01%) was present in the methanol
and chloroform. Subsequently, a mixture of heptadecanoic acid, cholesteryl
heptadecanoate, and triheptadecanoine was added to the extraction mixture to
correct for losses during the assay procedure. NEFA, triacylglycerol, cholesteryl
esters, and total phospholipids were isolated from the extracts by thin-layer
chromatography using TLC plates coated with Silica gel F254 (Merck, FRG).
The plates were predeveloped with chloroform: methanol: Hp: acetic acid
(10: 10: 1:1vol/vol) until the liquid front had reached a level 1cm above the site of
application of the lipid spots. Hexane:diethyl ether:acetic acid (24: 5 : 0.3 vol/vol)
was used as devoloping solvent. The lipid spots were made visible with Rho
damine G, scraped from the plate and transferred into test tubes, containing
0.5 ml BF3-methanol solution (7% BF3). The fatty acid moieties of the various
lipid classes were methylated at 20°C for 15 minutes (NEFA), at 100°C for 30
minutes (triacylglycerol), and at 100°C for 45 minutes (cholesteryl esters and
phospholipids). The methyl esters were extracted from the methylating mixture
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with pentane. After evaporation of the pentane, under a stream ofN2 at 37°C, the
methyl esters originating from NEFA, triacylglycerol, and phospholipids were
dissolved in trimethyl pentane, containing appropriate amounts of methyl pen
tadecanoate as an internal standard. The methyl esters of the cholesteryl esters
were rechromatographed on silica gel plates to remove the anti-oxidant butylated
hydroxytoluene. In case the phosphoglyceride subgroups were measured, the
original chloroform/methanol tissue and blood extracts were chromatographed
with the use of a silica gel column [8]. The neutral lipid containing fraction was
subsequently separated into NEFA, triacylglycerol and cholesteryl ester fractions
using the TLC system described above. The phosphoglyceride containing fraction
was chromatographed applying a two-dimensional TLC technique [8]. Further
details of the quantitative estimation of phosphoglyceride subgroups in cardiac
tissue have been published before [8J.

Results

The values of the content of NEFA, triacylglycerol, cholesteryl esters and total
phosphoglycerides in normoxic dog myocardium are summarized in Table 1. No
significant differences in the content of these lipids could be detected between
subepicardial, mesocardial and subendocardial layers, with the exception of
triacylglycerol (data not shown). The content of the latter lipid group was about 2
times higher in the subepicardial layer than in the more inner layer of the left
ventricle. Since, in most animals, fat could be observed macroscopically in the

Table 1. Lipid content and relative fatty acid composition of normoxic dog myocardium. The values
measured in the meso layer of the free wall of the left ventricle are shown (mean ± SD, n =6-10) and
expressed as nmoles fatty acid equivalents g-I wet weight.

Lipid group NEFA Triacyl- Cholesteryl Phospho-
glycerol esters glycerides

Amount
(nmol/g wet weight) 28± 14 5,530 ± 4,384 203± 175 43,068 ± 2,048

Relative fatty acid
composition (%)a
14:0 0.4 2.2 1.0 0.5

16:0 29.8 21.5 9.8 8.6

16: 1 10.6 5.0 3.4 1.6

18 :0 28.2 9.6 3.2 16.4
18: 1 14.2 41.2 21.2 18.0

18:2 8.8 16.6 41.3 25.2
20:4 5.0 0.7 14.4 28.3

aThe various fatty acids are indicated by their chemical notation.
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vicinity of the superficial epicardial coronary arteries, it is likely that the gradient
of triacylglycerol is caused by fat cells at the epicardium and does not necessarily
reflect differences in the content of esterified fatty acids in the myocytes of the
various layers. The amount of non esterified fatty acids (NEFA) in heart muscle
represents only about 0.06% of the total amount of fatty acids present in heart
tissue. The majority of fatty acids is incorporated into phosphoglycerides
(88.2%). Palmitic acid (C 16: 0) and stearic acid (C 18: 0) are the main constitu
ents of NEFA. Oleic acid (C 18: 1) accounts for about 41% of all fatty acids
incorporated in triacylglycerol. Linoleic acid (C 18: 2) and arachidonic acid (C
20: 4) are the main constituents of fatty acid in the total phosphoglyceride pool.
The data presented in Table 2 show that phosphatidylcholine (PC) and phos
phatidylethanolamine (PE) are the main phosphoglycerides moieties in this lipid
group. Lysophosphoglycerides such as lysophosphatidylcholine (LPC) and lyso
phosphatidylethanolamine (LPE) were present in very small amounts, represent
ing 0.5 and 0.4% of the total amount of phosphoglyceride molecules, respec
tively.
After 2 hours of ischemia induced by narrowing of the left anterior inter
ventricular coronary artery total NEFA content was significantly increased in
subendocardial and mesocardiallayers of the affected area (Fig. 1). The increased
tissue content of the individual NEFA in the subendocardial layer is depicted in
Figure 2. The longer chain, unsaturated fatty acids, such as linoleic acid (by about
600%) and arachidonic acid (by about 1000%), showed the highest relative
increase. The relationship between residual blood flow and the extent of ac
cumulation of NEFA has been delineated in more detail in Figure 3. This graph
clearly indicates that NEFA accumulates in cardiac tissue underperfused for 2
hours if residual flow in that area is reduced to less than 40% of that in the
normoxic areas of the heart. The accumulation of NEFA has been found to be a
relatively slow process. No significant increase of total NEFA in the subendocar
dial layers at 10min after the onset of ischemia could be detected. Fifty minutes
later the accumulation of NEFA in these ischemic layers was significant, e.g.
168nmol· g-J in comparison with 25 nmol· g-J wet weight in the non-ischemic
areas. The data in Table 3 show the time course of the accumulation of arach
idonic acid (C 20: 4) in the ischemic subendocardial layer in more detail. A time
delay of at least 10min following the start of ischemia is clearly present.
A possible relationship between the decrease in tissue ATP levels and ac
cumulation of arachidonic acid has been explored in two ways. First, the content
of arachidonic acid in the subepicardial, mesocardial and subendocardial layers,
rendered ischemic for 120min, has been compared with the ATP content mea
sured in the same layer in the vicinity of the lipid sample (Figure 4). This figure
indicates that arachidonic acid readily accumulates when the tissue ATP level
drops below 5-7 /J.mol· g-J dry weight. In Table 3 the time course of the decrease
in tissue ATP in the ischemic subendocardial layers is shown. Comparison with
the pattern of arachidonic acid accumulation observed in the same layer indicates
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Figure 1. Regional myocardial blood flow and NEFA content in subepi, meso-, and subendocardial
layers of normoxic and ischemic regions of dog left ventricular myocardium. Values shown in this
figure are median values and 95% confidence limits of 16 biopsies from the area perfused by the
partially occluded left interventricular coronary artery (ischemic region, dark bars) and of16 biopsies
from the area perfused by the left circumflex coronary artery (normoxic region, light bars) obtained in
eight dog hearts. • Significantly different from the values in the corresponding layers of the normoxic
area of the heart (P<O.05). (Reprinted with permission from the American Heart Association from
[2].)

that the decrease of ATP precedes the rise of arachidonic acid. Ischemia of a
duration of 120min had no significant effect on the tissue triacylglycerol, chol
esteryl ester and total phosphoglyceride content of the ischemic area.
The effect of reperfusion of previously ischemic heart tissue on tissue levels of
arachidonic acid and (lyso)phosphoglycerides has been investigated in a sub
group of 15 dogs. In these open-chested, anesthetized animals, the left anterior
interventricular coronary artery was completely occluded for 60min. After re
moval of the clamp reperfusion of the affected area was allowed for another
60 min.
Total NEFA was significantly increased in the subendocardial layers at the end
of the ischemic period and following reperfusion (Table 4). It should be noted
that the lipid content shown in this table has been expressed as nmoles of fatty
acid equivalents per gram of dry weight of tissue instead of wet weight as in the
previous tables and figures. The reason to do so was the observation that the
percentage wet weight of ischemic and, in particular, reperfused myocardial
tissue, increased significantly. Expressing the tissue content of lipids on the basis
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Figure 2. Content of individual NEFA in the subendocardial layer of the normoxic and ischemic area
of dog left ventricular myocardium. Median values and 95% confidence limits of 16 biopsies from the
subendocardial layer of the normoxic region (light bars) and the ischemic region (dark bars) in eight
dog hearts are shown. Biopsies were taken after 120 minutes of ischemia. Data are expressed as
individual fatty acid per gram of net tissue. 14 :0 refers to myristic acid, 16: 0 to palmitic acid, 16 :1 to
linoleic acid, 18: 0 to stearic acid, 18: 1to oleic acid, 18: 2 to linoleic acid, and 20: 4 to arachidonic acid.
• Significantly different from the values in the corresponding layer in the normoxic region of the left
ventricle at P<O.OS. (Reprinted with permission from the American Heart Association from [2J.)

ofwet weight might therefore mask small changes in tissue content of the material
under investigation. Upon reperfusion total NEFA remained elevated with a
tendency to increase further at 60min after restoration of flow.
Arachidonic acid levels increased significantly during ischemia, but decreased

,
Table 3. Time course of the changes of subendocardial ATP and arachidonic acid contents during
ischemia. Median values and 95% confidence limits are given.

Substance Control Ischemia (min)

10 60 120

ATP 17 13a 6- Sa
(J.l.mol· g-1 wet weight) 12-19 10-15 4-12 3-13
Arachidonic acid 2 2 8.Sa 16a

(nmol· g-I wet weight) 0-3 1.5-3 4-12 8-40

a Indicates significantly different from control values by paired analysis (n =5-30).
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Figure 3. Relationship between content of nonesterified fatty acid (NEFA) and myocardial blood flow
in samples from ischemic and nonischemic myocardium 120min after onset of stenosis of the left
anterior interventricular coronary artery. Myocardial blood flow was determined in tissue directly
surrounding the site where biopsies for determination of NEFA content were taken. Values were
obtained in tissue specimens from all 3myocardial layers. Data were grouped according to myocardial
blood flow and divided into cohorts of 0.1 mi· min-I. g-I. Median values and 95% confidence limits of
each cohort are presented. Figures near the median values refer to number of observations. Dashed
area represents the 95% confidence limits of data of all samples from non-ischemic areas. (Reprinted
with permission from the American Physiological Society from [6].)

during the initial reperfusion phase. Fifty-five minutes thereafter the measured
values were found to be increased again. LPC levels were significantly increased
at 60 min of ischemia. During the initial reperfusion period the content of this
lysophosphoglyceride returned to normoxic values. However, the content started
to increase again after prolonged reperfusion. No significant changes in the tissue
level of LPE could be detected during ischemia and reperfusion.
Analysis of arterial and local cardiac venous blood (from the area perfused by
the left anterior interventricular coronary artery) collected during normoxia,
ischemia and reperfusion revealed that no significant uptake or release of arach
idonic acid and LPE occurred throughout the experimental period. With respect
to LPC, a small but significant release could be measured during the pre-ischemic
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Figure 4. Relationship between the contents of arachidonic acid and ATP in samples taken from
ischemic and non-ischemic subepicardial, mesocardial and subendocardial layer 120 minues after
onset of stenosis of the left anterior interventricular coronary artery. ATP content was determined in
tissue specimen taken in the vicinity of the biopsies for fatty acid determination. The data were
grouped according to ATP content and divided into cohorts with ATP values ranging from 4-6, 7-10,
11-17 and 18-25/-tmol· g-I dry weight. Median values and 95% confidence limits of each cohort are
presented. The figures near the median values refer to the number of observations. The dashed area
represents the 95% confidence limits of the data of all samples from the non-ischemic area.

Table 4. Content of nonesterified fatty acids (NEFA), arachidonic acid (AA), Iysophosphatidyl
choline (LPC) and Iysophosphatidylethanolamine (LPE) in normoxic, ischemic and reperfused
subendocardial tissue. Mean values and standard deviations are given-. Values are expressed as nmoles
fatty acid equivalents g-J of dry weight of tissue.

Time

Lipid group
NEFA
AA
LPC
LPE

Normoxic 60 min of 5min of 60min of
value ischemia reperfusion reperfusion
(n = 15) (n=6) (n =4) (n =5)

175 ± 30 608± 102> 615 ± 354> 1400 ± 1152>

8± 2 96± 33> 43± 4Qa 154± 126>
395 ± 150 608 ± 218> 372± 105 543 ± 229>

519 ± 412 548± 276 390± 198 765 ± 371

>Significantly different from corresponding normoxic values (P=:;0.05).
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period. However, after the onset of ischemia and reperfusion no significant
difference between arterial and local venous concentrations could be observed
(data not shown).

Discussion

Content of lipids in normoxic myocardial tissue

The content of NEFA in normoxic myocardial tissue has been a subject of
continuous debate [5]. Although the values published range from 25 to at least
22,000 nmols per gram of wet weight of tissue, results of recent carefully con
ducted studies are in favor with the notion that the level of nonesterified fatty
acids in myocardial tissue is extremely low [2, 5]. On the basis of the present
investigation we can conclude that less than 0.1% of all fatty acid in the heart is
present in the nonesterified form. After correction for NEFA present in blood
and interstitial fluid, a concentration of about 10nmoles NEFA/ml sarcoplasmic
fluid has been calculated as a reasonable value for heart cells.
High levels of NEFA, as measured in normal heart tissue, are most likely
caused by technical imperfections during the assay procedure [5]. Storage of
tissue specimens at temperatures above -800 C, incorrect extraction procedures,
and assay techniques with low specificity for NEFA will readily increase the
values of NEFA measured. In addition to technical considerations, a variety of
findings have indicated that low NEFA levels have to be expected in normoxic
heart tissue with respect to normal function. Rose and co-workers [9] estimated
on basis of their multiple indicator dilution experiments an intracellular NEFA
concentration in the order of 20 nmol/gram intracellular fluid. In vitro studies
with isolated enzymes [5] and mitochondrial fractions [10] have indicated that
NEFA concentrations above 100nmol/ml are detrimental to an appropriate
function of cellular intermediate metabolism. Groot and colleagues [1] have
reported that the Km of the fatty acid activating enzyme system (fatty acylCoA
synthetase) is in the order of 8 JLM. Since fatty acids are avidly oxidized by heart
cells under aerobic conditions and the Vmax of the enzyme system is substantially
higher than the flux of fatty acids through the oxidative pathway [2, 12], a low
intracellular level of NEFA is compatible with the measured Kmof fatty acylCoA
synthetase as mentioned above.
In contrast with NEFA, less information is available about the physiological
content of lysophosphoglycerides in cardiac tissue. Table 5 shows that, for
instance, the content of Iysophosphatidylcholine varies from 25 to about 1200
nmol· g-I wet weight of tissue in the various studies reported in the literature. A
similar range was found for Iysophosphatidylethanolamine. Shaikh and Downar
[13] have shown that inappropriate extraction procedures will readily result in
artificially elevated Iysophosphoglyceride levels in cardiac tissue specimens. In
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addition, the presence of a variety of Iysophosphoglyceride converting enzymes
in the myocytes [16, 17J makes high concentrations of these phosphoglyceride
species in normoxic tissue less likely.

It has been well established that maintenance of the integrity of membrane
phosphoglycerides is a prerequisite for adequate cellular functioning [18). En
zymatic degradation of phosphoglycerides by phospholipase A2, present in myo
cardial structures, will primarily result in the formation of nonesterified fatty
acids and Iysophosphoglycerides. Since the majority of the fatty acids incorpor
ated on the A2 (~) position of phosphoglycerides are polyunsaturated long chain
fatty acids, accumulation of arachidonic and linoleic acid can be anticipated.
Whether substantial amounts of Iysophosphoglycerides accumulate in the cardiac
cell is still a matter of debate [3, 13-15J since the presence of, for instance,
Iysophospholipase will promote degradation Iysophosphoglycerides into non
esterified fatty acids (mainly saturated and mono-unsaturated fatty acids) and
glycerol 3-phosphatides.
Evidence is accumulating that irreversible myocardial cell damage due to
ischemic insult is associated with loss of integrity of cellular membranes [19, 20).
The accumulation of polyunsaturated NEFA such as arachidonic and linoleic acid
in ischemic myocardial tissue (Figure 2) is in favor of the idea that myocardial
phosphoglyceride homeostasis is disturbed during oxygen deprivation [2, 3, 6, 14,
21J. Canine subendocardial layers are very sensitive to ischemic insults, most
likely due to a relatively more severe reduction of flow in these layers as
compared to the middle and subepicardial ones. In this respect, the observation
that NEFA accumulation is more pronounced in subendocardial than subepicar
dial layers (Figure 1) is in accordance with a functional relationship between
ischemic damage and NEFA accumulation. Prinzen et aI. [6J and Chien et aI. [3J

Table 5. The content of lysophosphoglycerides in normoxic cardiac tissue.

Lysophosphoglyceride Content Species References
(nmol' g-I
wet weight)

Lysophosphatidylcholine 1400 rabbit Sobel et al. 1978 [14J
40 pig Shaikh and Downar, 1981 [13J
414- cat Corr et aI., 1982 [15J
25b dog Chien et aI., 1984 [13J
112 dog Roemen and Van der Vusse, 1985 [8J

Lysophosphatidylethanolamine 1200 rabbit Sobel et aI., 1978 [14J
60 pig Shaikh and Downar, 1981 [13J
315- cat Corr et aI., 1982 [15J
85 dog Roemen and Van der Vusse, 1985 [8J

_With the assumption that 1gram of tissue contains 150mg protein.
b With the assumption that 1 gram of tissue contains 2mg DNA.
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have reported that the time course of NEFA accumulation resembles the time
course of the onset of irreversible loss of cell function in ischemic myocardial
tissue as reported by Jennings et al. [19]. Both groups of investigators have shown
that accumulation ofNEFA is a relatively slow starting process (Table 3). Despite
a very rapid cessation of fiber shortening in the subendocardial layers (within
seconds) as well as a rapid decrease of creatine phosphate and pH (within 2
minutes) and a fast increase of inorganic phosphate and lactate in myocardial
tissue [22), all indicating a severe disturbance in mechanical and biochemical
function of the affected cells, accumulation of NEFA in the myocardium was not
measurable during the first 10 to 20 minutes of the ischemic insult [3, 6]. Thereaf·
ter accumulation of these fatty acids gradually occurred. Since the first signs of
irreversible damage to myocardial cells has been reported to take place between
30 and 60 minutes [19] after the onset of ischemia the similarity of both time
courses is quite suggestive.
From the experimental work of Jennings and colleagues [19), the notion
emerges that loss of function of ischemic myocytes is strongly related to the
decrease in cellular ATP level. They have shown that changes in ultrastructure
and membrane function occurred when myocardial ATP content was below
5J.l.mol· g-l dry weight. This value corresponds to about 25% of the normoxic
level of ATP. We found (Table 3 and Figure 4) that ATP reduction preceded
NEFA accumulation and that arachidonic acid significantly accumulated when
ATP levels were below 5-7 J.l.mol· g-l dry weight of ischemic tissue, a value in
good agreement with the above mentioned observations of Jennings et al. [19]. In
addition, recently Chien et al. [23] and Gunn et al. [24] have shown that when
ATP levels in myocytes are reduced by other than ischemic means (in their
experiments by reducing metabolic activity with specific inhibitors), arachidonic
acid will be specifically released from phosphoglycerides when the ATP level will
drop below 25% of its original· value. Although these findings might suggest a
causal relationship between a fall in tissue ATP levels and degradation of mem
brane phosphoglycerides, at this moment no definite mechanism can be proposed
to explain this relationship in full detail. The depletion of ATP will hamper the
formation of arachidonyl CoA, an intermediate required for the incorporation of
arachidonic acid into phosphoglycerides. In addition, the accumulation of AMP
(due to impaired ATP regeneration under ischemic circumstances) will also block
the enzymatic process involved in the formation of arachidonyl CoA. Enhanced
degradation of phosphoglycerides has to be considered as well. In this case, a
direct relationship between ATP depletion and arachidonic acid release is less
evident, since myocardial phospholipases are ATP independent enzymes. The
activity of the last mentioned enzymes may be enhanced in ischemic tissue by
increased intracellular Ca2+ levels due to impaired ATP dependent Ca2+ pump
activity or by better contact between the phosphoglyceride substrates and the
enzyme proteins due to morphological changes in the affected cells.
Accumulation of long chain non esterified fatty acids in ischemic myocardial
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tissue can be detrimental by itself. Beside the vulnerability of various cytoplasmic
and mitochondrial enzyme systems to increased NEFA concentrations (for recent
survey see [5]), intercalation of NEFA into cellular lipid bilayers can occur
resulting in marked effects on membrane Ca2+ ATPase and permeability [25].
Increased eicosanoid synthesis from arachidonic acid can be expected as well,
possibly giving rise to the formation of substances, with either protective or
deleterious effects on the ischemic myocardial structures [26].
The acceptance that the increase of tissue arachidonic acid levels is a sensitive
marker of enhanced phosphoglyceride degradation raises the question whether
other degradation products accumulate as well. After the publication of Sobel
and co-workers [14], reporting a substantial increase of lysophosphoglycerides in
ischemic rabbit myocardial tissue, a variety of investigators have studied this
phenomenon with contrasting results. Shaikh and Downar [13] have reported a
quantitatively very small, but significant increase in porcine hearts. Chien et al.
[3] failed to observe any change in lysophosphatidylcholine content in ischemic
dog hearts. Corr and coworkers [15] reported a significant increase in both
lysophosphatidylcholine and lysophosphatidylethanolamine in feline hearts
made ischemic for 10 minutes. Recently, we found a significant increase in
lysophosphatidylcholine in dog hearts oxygen deprived for 60 minutes (Table 4).
Chien et al. [3] have explained the lack of stoichiometric relationship between
arachidonic acid and lysophospholipaside accumulation by subsequent action of
lysophospholipases, present in myocardial tissue [16, 17]. The concomitant in
crease of saturated long-chain fatty acid favors this idea, although release of these
fatty acids from other endogenous sources such as triacylglycerol cannot be
excluded [27].
From the data presented in Table 4, we can calculate that during 60 minutes of
ischemia the increase of total NEFA amounted to 433 nmol . g-I dry weight in the
subendocardial layer. The sum of LPC and LPE increased with 242 nmol· g-I dry
weight during the same period of time. If we assume that both NEFA and
lysophosphoglycerides are degradation products of phosphoglycerides and no
further conversion of NEFA has taken place, the present findings indicate that
less than half of the lysophosphoglycerides generated in ischemic myocardial
tissue will be degraded by virtue of lysophospholipase activity.

It should be noted that the increase of both NEFA and lysophosphoglycerides
is small in comparison with the total amount of phosphoglycerides in heart tissue.
An increase of about 400 nmoles lysopohosphoglycerides or NEFA per g dry
weight of tissue corresponds with degradation of about 0.37% of all phospholipid
molecules present per hour. Although this amount represents only a small
fraction of the total content of phosphoglycerides in myocardial tissue, this
change might have a great qualitative impact on the function of the tissue
affected.
Reperfusion of ischemic tissue is a prerequisite to save the tissue from a certain
death. However, reperfusion in itself might be deleterious to the previously
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ischemic area when no special precautions are taken [28]. Although reperfusion
induced damage is still a matter of debate, aggravation of disturbed lipid home
ostasis has been proposed as a possible mechanism. On the one hand, restoration
of flow to the ischemic area causes the washaway of NEFA and Iysophosphogly
cerides leading to the loss of these important substances which will prevent
adequate resynthesis of the degraded phosphoglyceride molecules. On the other
hand, reperfusion will promote the supply of ions such as Ca2+ to the previously
ischemic cells which has been shown to result in increased Ca2+ levels inside the
cell [29]. As a consequence, phospholipase A2 might be activated and phos
phoglyceride degradation will continue or will even be enhanced. On the basis of
the present results no definite conclusion can, however, be made. Although total
NEFA content remained unchanged during the first 5minutes of reperfusion, the
levels of arachidonic acid decreased to 45% of the ischemic value. Since analysis
of local venous blood did not show a change of the arachidonic acid concentration
as compared with control or ischemic blood [Van der Vusse et aI., unpublished
observations], release of this fatty acid from the reperfused tissue is less likely.
Although significant production and release of 6-keto Flo during the initial
reperfusion has been found [Engels and Van der Vusse, unpublished observa
tions], the amount produced accounted for maximally 5% of the arachidonic acid
accumulated. On the basis of these findings resynthesis of phosphoglycerides
during the initial period of reperfusion has to be considered. The simultaneous
decrease of Iysophosphoglycerides is in favor of this idea, since we were unable to
measure a significant increase of the concentration of Iysophosphoglycerides in
venous blood, draining the reperfused area of the heart [Van der Vusse et aI.,
unpublished observations]. Since the decrease of tissue contents of arachidonic
acid and Iysophosphoglycerides were found to be transient, enhanced hydrolysis
of phosphoglycerides probably occurred during prolonged reperfusion. The
mechanism of the late-onset phosphoglyceride degradation remains to be eluci
dated.
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Discussion

Sideman: Ifyou were to define the limiting metabolic reaction in the heart, so that
you could model the metabolism of the heart, what would be the limiting
component you would choose?
Van der Vusse: With respect to lipid metabolism, no unambiguous answer to that
question can be given at present. Lipid metabolism is not only governed by the
activities of enzymes involved in metabolic pathways but also by transport of fatty
acids and their derivatives across membrane barriers. In addition, the regulatory
role of Z-protein has to be considered as well.
Downey: A comment concerning the relationship between residual blood flow
and infarction. In our dog model of 48 hours of coronary occlusion, we find that
the transition between living and dead tissue occurs at a blood flow of about
0.4 ml/min/gm. Tissue with more flow survives while that with less dies.
Van der Vusse: I like to admit that the agreement between your findings and ours
(Le. accumulation of NEFA in ischemic areas with a residual blook flow lower
than 0.4 ml/min g) is remarkable. We have also noticed that NEFA accumulates
in the affected area when ATP levels drop below 5-7 JLmol/g dry weight. It is
noteworthy that Jennings and co-workers (Am J Pathoi 92: 187-215, 1978) have
reported that myocardial cell function is greatly impaired when ATP levels are
reduced to 6 JLmol/g dry weight and lower due to ischemia. On the basis of these
parallels we may conclude that accumulation ofNEFA in general and arachidonic
acid in particular is involved in the process of ischemic myocardial injury.
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Abstract

A theoretical analysis and an experimental procedure for determining the tem
perature fields in the left ventricular (LV) wall are presented. The bio-heat
equation which accounts for heat conduction, convection and heat production in
the LV wall is formulated and solved to yield the transmural as well as the
epicardial temperature distributions at a variety of operating conditions.
A typical hyperbolic temperature distribution across the myocardium, with a
maximum near the midwall, is predicted for the normal heart. The temperature
profiles in an ischemic or infarcted zone deviate from the normal behavior,
displaying a gradual decrease in the midwall temperatures and a tendency for a
monotonous endocardial to epicardial temperature decrease in the transmural
necrotic region. The calculated epicardial circumferential temperature distribu
tion map of an acute infarcted LV is in agreement with the experimental epicar
dial temperatures measured by using a thermal imaging technique. The data show
a typical decrease in temperature in the infarcted zone with a relatively narrow
(approx. 1cm) border zone between the infarct and the normal tissue. The model
may thus be used as a tool to evaluate the static and dynamic features of the
myocardial flow distribution in normal and pathological situations.

Introduction

The problem of the heat transfer in the LV wall is interesting from the theoretical,
experimental and clinical points of view. However, only limited experimental
data exist regarding the temperature distribution within an infarcted segment of
the LV wall [1J. Extending an earlier theoretical analysis of the healthy heart [2J,
the problem of the irregular heart has recently been presented [3), demonstrating
that the temperature distribution of the LV wall is a function of the local heat
production, the local energy metabolism, the heat convected by blood perfusion
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and the heat conducted through the muscle tissue.
Recent developments in imaging systems for measurements of the temperature
distribution at the epicardium in open chest preparations suggest the clinical
application of thermocardiography as a tool for assessing the performance of the
injured myocardium during ischemia and perfusion. Extending previous studies
wherein the bio-heat equation is solved for a symmetric 'normal' LV [2] and
infarcted asymmetric LV [3], we now formulate and solve the asymmetric heat
transfer problem associated with an infarcted or ischemic segment of the LV,
relating particularly to the epicardial temperature maps which can be obtained
experimentally.
As reviewed by Bowman [4], the solution of the bio-heat equation in various
tissues has long been used as a tool to evaluate tissue perfusion. However, with
few exceptions, lumped rather than distributed local values were considered. The
purpose of this work is to evolve the solution of the problem of heat transfer in an
infarcted myocardium based on the distributed parameters of transmural flow
and oxygen consumption and to compare it to experimental measurements (in
dogs) of epicardial temperatures before, during and after acute coronary occlu
sion. If successful, this procedure may be reversed so as to evaluate the regional
perfusion by non-invasive measurements of the epicardial temperature field
during open heart surgery so as to determine the instantaneous local perfusion
throughout, and following, a by-pass operation.

The mathematical formulation

The bio-heat equation which accounts for the conduction, convection by blood
perfusion and heat production due to metabolic activity is applied here to the
equatorial cross-section of a thick-walled spheroid (Fig. 1). Assuming a constant
and uniform thermal diffusivity constant a =klQc where k is the thermal con
ductivity constant, Qthe density of the tissue, and c its heat capacity constant, the
general form of the bio-heat equation is given by:

1 au a2u 1 au 1 a2u- -~- =~ +- -~- +2"~+C\(r,<p,t)u +Cir,<p,t) (1)a ot or r or r o<p

for

where u is the difference between the instantaneous local temperature of the
tissue, T, 'and Tb, the blood temperature; R1, R2 are the radii of the endocardial
and epicardial layers, respectively; <p is the circumferential angle and t is the time
duration of one heart beat cycle
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T =const
or

T = f (h, Too)

Figure 1. Spheroidal presentation of the LV.

m(r t) . n • n . C
C\(r,q>,t) = ' k '::"b b. k\(r,q»,

C( ) _qm(r,t)k( )
2 r,q>,t --k- 2 r,q> .

(2)

(3)

The subscript b denotes the blood; m(r,t) is the instantaneous local perfusion rate
per unit mass of muscle, qm(r ,t) is the metabolic heat production rate, evaluated
by utilizing Beyar and Sideman's analysis of cardiac mechanics [5], myocardial
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perfusion [6] and energetics [7,8]. As described earlier [2, 3] qm(r,t) is cycle-time
averaged here and, assuming that 75% of the calculated local oxygen consump
tion MV02(r) is converted to heat, qm(r) = 14.75 QMV02(r) [Jig tissue· sec].
k,(r,cp) andkir,cp) are weight factors that may assume any value between zero and
one and denote the local inactivity of the muscle due to flow or oxygen insuffi
ciency, respectively, in cases of infarction and ischemia.
The initial and boundary conditions are given as follows:
a. A periodicity equation, since each beat is assumed to be identical:

u (r,cp,O) =u(r,cp;r); RI~r~R2' 0~cp<21T.

b. At the endocardium:

u(R"cp,t) =0; 0~cp<21T, O~t<r,

(4)

(5)

i.e., the temperature of the endocardial layer equals the temperature of the blood
in the LV cavity.
c. At the epicardium the temperature may be given either by:

(6)

or by

(7)

where h is the free convection heat transfer constant; u'" is the difference between
the surrounding (room)temperature and the blood temperature; CPo, CPI' CP2 (all
between 0 and 21T) are defined for the specific case under consideration.
Equation (6) represents an external constant temperature, as may be the case

at the septum (which is in contact with the blood that fills the RV cavity) or at the
free wall of the LV in an intact, closed, thorax. Equation (7) describes an open
chest case where the heart is in contact with air and the epicardial temperature is
set according to free convection heat transfer.
Finally, the continuity condition for the circumferential direct;on is given in

accordance with the specific problem under consideration.

Symmetrical cases

If a circumferential symmetry for the healthy LV is assumed, the cp-dependence is
eliminated. Solutions of (1)-(7) are obtained by using central differences for the
spatial derivatives and a forward difference for the time derivative. As described
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earlier [2], the numerical network is defined so as to fit the blood flow and oxygen
consumption network given by the solutions of Beyar and Sideman [5, 6, 8].
As determined for the normal healthy heart [2], the time dependence of the
local temperature is very weak and a time averaged equation may be formulated
by integrating (1) over the whole cycle without introducing a significant error,
yielding

(8)

where ii is the local temperature averaged over one cycle (which is solved by the
shooting method) and

1 it 1A(r) = - -- dt,
1: 0 r(t)

1 itC,(r) =- C,(r, t)dt.
1: 0

Asymmetrical cases

(9)

(10)

(11)

The occurrence of a regional pathology negates the assumed symmetry of the LV
muscle since the gradient of the temperature now has a circumferential as well as
a radial component. Another situation of asymmetry is defined by accounting for
the inhomogeneous boundary conditions when studying the effect of the RV on
the LV myocardial temperature. Equations (6) and (7) apply then at the different
regions of the epicardium.
The time averaged equation for the asymmetric LV is given by:

a2ii aii a 2iio=~ + A(r) -~ + B(r) "5"' +C1(r,q:»ii +C,(r,q:»,
or- or oq:>- -

where

1 IT 1B(r) =--- --,-- dt.
1: (I r-(t)

(12)

Central differences are used for computation of all the derivatives and (11)
turns out to be block tridiagonal system equations (or a block tridiagonal plus two
terms that result from the circumferential periodicity conditions). A detailed
description of the mathematical solution are given elsewhere [3]. Briefly, the
general scheme of the solution procedure is as follows:
a. The system of equations is written in a block form.
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b. The special structure of the matrix is utilized to get a fast (and elegant) LV
decomposition.

c. The resolved two triangular linear systems are then solved.

The physiological constants

The physical constants used in this study are summarized in Table 1. The relevant
hemodynamic parameters of the normal heart function under restig conditions
are summarized in Table 2 for man and dog.

Experiments

Materials and equipment

Healthy normal dogs were used to study intact open chest by thermocardiogra
phy. Heart exposure was gained by left thoractomy under general anesthesia.
The dogs were intubated and ventilated. The proximal left anterior descending
(LAD) coronary artery was ocluded by an atraumatic vascular clip for 90 min
utes, followed by 210 minutes of reperfusion. Regional subendocardial and
subepicardial blood flows were determined by using radioactive microspheres.
Heart rate was maintained at 120 bpm.
Real-time infrared imaging was used (Probeye Series 400 Thermal Video
Systems with a 6-element indium antimonide detector) to map the epicardial and
surface temperature differences with a thermal resolution of 0.1 0c. A Hughes
Thermal Video System was used. The camera head was 60 to 70 cm from the
heart. A high speed rotating mirror within the camera head scanned the heart.
Temperature was detected by using indium antimonide. The temperature signal
was sent from the camera to an image processor, where the infrared image was
created and updated 20 times per second. The signals could also be recorded on
discs or video tapes.
After 5 minutes of LAD occlusion, the myocardial surface temperature in the

Table 1. Contants used in the model (9).

Parameter Value

0.0058 W cm- 1 °C-l
1.02g cm-'
1.07 g cm-'
3.725J g-l °C-I
3.725J g-l °C-I
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affected region decreases rapidly, with color changing from red to orange to
green. Typically, the change from a normal area to the center of an hypotermic
area is 37.0-34.2 = 2.8°C. Immediately after reperfusion the blood flow can be
followed by the real time images with colors going from green to orange to red.
Four measurements of flow and temperature distribution were taken during
the experiment:
a. Control measurements of the healthy myocardial surface.
b. After 90 minutes occlusion of the LAD.
c. After 2 minutes of reflow with release of the occlusion.
d. 210 minutes after reopening of the artery and reperfusion.

Calculation procedure

To simplify the analysis of the data from the different dogs, we assumed that the
dogs were of an average size; that the oxygen consumption at each point was
proportional to the blood perfusion value there, normalized with respect to the
normal values of oxygen consumption given by Beyar and Sideman [8]. The
difference between the right ventricle and the LV blood temperatures was taken
as 0.3 °C [10]. The LV blood temperature and the free convection heat transfer
coefficient were determined by the requirement that the model calculated aver
age of the epicardial temperatures along the circumference will equal the experi
mental results for the control preocclusion state.
These assumptions give the values of the coefficients A(r), B(r), C.(r, <p),

Cz<r,<p) in the bio-heat equation (11). The numerical net is changed so that points
fit the measured data points. The solution is found by using (5) and (7) and the
continuity condition at the circumferential direction as boundary conditions.
Notice that small spatial changes in the blood perfusion causes m(r,t) and qm(r,t)

Table 2. Hemodynamic parameters at rest for human and dog data [2, 5, 6, 8].

Parameter Human HR Dog HR

60 90 120 90

Initial short semiaxis (cm) 2.3 2.3 2.3 1.91
Initial (end diastolic) volume (ml) 101.9 101.9 101.9 52.0
End systolic volume (mt) 33.7 28.0 24.0 21.0
Stroke volume (ml) 68 74 78 31
Cardiac output (ml min-I) 4096 6654 9349 2844
Ejection fraction (%) 67 72 76 60
Arterial pressure (mm Hg) 131185 128/85 129/85 126/85
Average oxygen consumption (ml S-I g-I) 0.0013 0.0019 0.0026 0.0017
Average coronary perfusion (ml S-I g-I) 0.011 0.013 O.oI8 0.011



690

to be cp-dependent. This dictates that two blocks be added to the compact tri
diagonal block form of the system of equations. The mathematical procedure is
the same as described above.

Results

Temperature distribution in the healthy heart

A symmetric approximation
The temperature distribution within a healthy LV wall, which is assumed to be a
symmetrical body, is characterized by the following features [2]:
a. The endocardial temperature is usually higher than the epicardial tempera
ture.

b. The temperature attains its maximum value near the midwall (Fig. 2).
c. The local temperature is practically constant over one cardiac cycle, showing
changes with time that are usually smaller than 0.005°C. The transmural
changes with location are more than a hundred times greater.

The agreement with reported experimental data [1, 11-13J is rather satisfactory.

An asymmetrical - healthy heart
Accounting for the effect of the temperature in the right ventricle (RV) on the LV
wall leads, by definition, to an asymmetrical problem. This situation is formul
ated by introducing different epicardial circumferential temperature domains, (6)
and (7), i.e., the boundary conditions posed on the external surface are inhom
ogeneous, with the septal temperature taken as the temperature ofthe RV blood
and a free convection heat transfer coefficient controls the remaining free wall.
The detailed configuration and the detailed mathematical analysis is given else
where [3J.
Similar to the case of a transmural infarct (see below), it is seen in Fig. 3 that the
effect of the septal boundary conditions on the LV transmural free wall tempera
ture is restricted to a very narrow border zone. Clearly, solving for the tempera
ture profile in a segment of the LV by utilizing the symmetrical assumption, while
neglecting the effect of adjacent segments subjected to different conditions, is
justified.

Temperature distribution in a diseased heart

Transmural infarction
As seen in Fig. 4, the temperature profile in the center of an infarcted area is a
monotonically decreasing, almost linear, curve between the relatively high endo
cardial temperature and the lower epicardial temperature.
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Figure 2. Myocardial temperature distribution for several values of heart rates, HR. A healthy, close
chest, case with Tb = 37.5°C.

Although an infarct has a very pronounced effect on the transmural tempera
ture distribution, the boundary between the normal and the infarcted tissue is
confined to a relatively narrow zone. This is demonstrated in Fig. 4 where the
epicardial temperature curves for q:> =31T/20 and q:> =41T120, which represent two
adjacent points 2.5 cm apart on the epicardial layer, differ by 2.75 0c.

Subendocardial infarction

As shown in Fig. 5, the transmural temperature distribution through a suben
docardial infarction of up to 50% of the wall thickness is not markedly different
from that for the normal tissue. Thus, as long as the subepicardial layers maintain
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Figure 3. Effect of transmural infarct on the temperature distribution at various circumferential cross
sections.

their function (and flow), the subendocardial ischemia seem to have a negligible
effect on the epicardial temperature. This rather surprising result is easily ex
plained by the relative importance of the heat conduction mechanism as com
pared to the heat removed by convection in the healthy muscle tissue as well as in
the infarcted one.
Figure 6 represents the dependence of the temperature on the severity of the
transmural ischemia and the associated reduction in perfusion and metabolic heat
production. Clearly, a relatively mild ischemia associated with a small reduction
in regional oxygen consumption has only a minor effect on the temperature at the
epicardium at this region.
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Figure 4. Effect of the depth of the infarcted region on the myocardial temperature distribution.

Discussion

Sensitivity to various parameters

The effect of various parameters on the temperature distribution in the LV
myocardium are summarized below:
a. The heart rate strongly affects the temperature distribution within the healthy
LV wall (Fig. 2), with higher transmural temperatures at the higher heart rates.
As expected, the temperature distribution in the infarcted region does not
depend on the heart rate since bC'th the heat production and blood perfusion at
the infarcted zone are close to zero and the effect of the adjacent tissues on the
infarcted zone is minor.
b. The LV cavity blood temperature, Tb, has almost no effect on the reduced
myocardial temperature since changing the blood temperature by 6 T leads to the
same change in the muscle temperature.
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c. The RV blood temperature has but little effect on the temperature profile in the
free LV wall region, because the RV effects are limited only to the septum.
d. The air temperature u" in the free convection open chest case affects the
epicardial temperature in an almost linear manner; a change of 1°C in u" changes
the epicardial temperature by about 0.1 0c.
e. The free convection coefficient, h, affects the epicardial temperature in an
almost linear manner. Increasing h by 4.2W/m2°C affects a decrease of 0.1 °C in
the epicardial temperature.
f. The severity of the ischemia leading to decreased heart production, as man
ifested by manipulating the values of k, and k2 in (2) and (3), has a strong effect on
the local temperature distribution. However, the effect of the injured region on
adjacent regions is minor. Similarly, a subendocardial infarct or ischemia has a
minor effect on the epicardial temperature provided that the blood flow in the
epicardial muscle, and its function, remain unchanged.
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Comparisons with experimental results

The temperature distributions for the healthy 'symmetric' heart are consistent
with experimental results of ten Velden et al. [9, 10] and Elzinga et al. [1] and are
given in detail elsewhere [2]. The data of the LV temperature distribution in an
infarcted region are incomplete [1] and thus a direct comparison of our model
results is yet impossible. However, the measurement of the epicardial tempera
tures before, during and post-infarction by the thermal imaging technique de
scribed here makes it possible to relate the model predictions to experimental
results. A circumferential temperature distribution was combined with circum
ferential flow distribution, as measured by radioactive microspheres.
The net of measurement points used in this experiment necessitates to define a
new numerical net and spoils the compact block tri-diagonal structure of the
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system of equations. Here, two blocks are added in both corners of the matrix to
the former three diagonals and a new LV factorization algorithm is formulated
especially for this structure of the matrix.
The results of the comparison with different canine hearts are shown in Fig. 7,
with a fairly good agreement between the model calculations and the measure
ments.

Conclusions

a. The temperature distribution within the healthy LV wall is characterized by a
maximum in the midwall region.
b. The temperature in the infarcted necrotic wall shows a monotonic temperature
decrease from the endocardial to the epicardial surfaces.
c. The temperature distribution in an ischemic tissue has an intermediate pattern
between healthy and infarcted tissues.
d. The temperature distribution within the wall and at the epicardium is highly
dependent on the surrounding conditions like the room temperature and free
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heat convection constant, the heart rate, the blood perfusion rate and the
metabolic rate.
e. The effect of infarcted tissue on the temperature distribution, although very
pronounced locally, do not extend its effect to normal tissues thus demonstrating
a narrow border zone and justifying the application of symmetrical models to
calculate the temperature distribution in the LV.
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Discussion

Clark: Vascularization of the ventricular wall is very seldom uniform and homog
eneous. For example, in a relative sense the subendocardial layer of the wall is
often generously vascularized compared with the mid and outer layers of the wall.
The temperature distribution within the wall will undoubtedly be affected by the
vascular distribution pattern. Given such a nonuniform distribution, could this
point be easily accounted for in your model?
Barta:We can indeed account for this point, but we did not do it for lack of data to
compare to. Other possible changes concern the non-symmetric geometry. It can
be done and will be done when more data become available.



Clinical implications



42. Long-term assessment and management of
chronic cardiac failure

E.H. SONNENBLICK and T.H. LEJEMTEL

Abstract

In the long-term management of chronic heart failure, the aim is to reduce
morbidity and thus, improve quality of life on one hand, while not increasing
mortality on the other. Unfortunately, these two end points are not closely
related and, indeed, may even be dissociated. Morbidity, while initially caused by
limited pump function, depends ultimately on intactness of the peripheral circula
tion and specific organ function [1]. Pump performance can be altered by either
systolic or diastolic dysfunction, or both. Systolic dysfunction can be charac
terized by a lowered ejection fraction, but this does not correlate with morbidity
as characterized by a decrease in exercise duration. Diastolic dysfunction may be
characterized by inordinately elevated filling pressures which may result from a
thickened left ventricular wall, and/or inordinately delayed ventricular relaxation
which interferes with left ventricular filling. Indeed, all of these abnormalities
may be combined in these circumstances, while systolic function may be well
preserved. Obviously, management is different when systolic function is abnor
mal than when diastolic function alone is impaired. Mortality provides a very
discrete end point and is best predicted by both the reduced level of ventricular
performance (ejection-fraction) and the degree of exercise impairment (VOl 

Max).

The initial aims of therapy are to increase cardiac output while lowering ventricu
lar filling pressure acutely. This is generally not associated with an enhancement
of maximum exercise performance. Moreover, the acute improvement in pump
function does not predict the extent of improvement in exercise performance
observed during chronic therapy. Once acute improvement in left ventricular
performance has been obtained with either unloading agents, for example,
angiotensin converting enzyme inhibitors, or inotropic agents, such as, phos
phodiesterase inhibitors, it generally fails to translate immediately into an in-
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crease in exercise performance which appears to be limited by inability of the
peripheral muscular vasculature to dilate adequately in response to exercise [2,
3]. However, over a period of time that is measured in weeks, with the persistence
of hemodynamic improvement, there is a readjustment of the peripheral circula
tion to allow an improvement in peripheral skeletal muscle blood flow during
exercise, and this improvement in skeletal muscle blood flow is the predication
upon which improved exercise performance occurs [4]. As a matter of fact, on a
chronic basis, improvement in peripheral blood flow and exercise performance
may take place independent of alterations in left ventricular performance as
characterized by the ejection fraction [5].
Accordingly, in the assessment of long term management, one uses indices of

exercise performance to judge an improvement in quality of life and this tends to
occur in response to either vasodilators or inotropic agents. However, this
improvement in exercise performance which also correlates reasonably well with
an improved quality of life does not require an improvement in ejection fraction,
and indeed, the ejection fraction may stay the same or fall, while improvement in
exercise performance is sustained. In contrast, long-term survival appears to
correlate with the ejection fraction, independently of what happens to quality of
life. Thus, there is a great discrepancy in the long term outcome of therapy, in that
quality of life may be enhanced by an improvement in the peripheral circulation
while duration of life remains limited by the persistence of the primary cardiac
damage and a persistently lowered ejection fraction [6].
The long term aims of therapy may well be different, depending on the stage of
the disease. With mild cardiac dysfunction and reasonably intact myocardium,
the long term aim should be preservation of myocardial tissue since this may
significantly impact on patient survival. Once substantial myocardial destruction
has already occurred with tissue loss, fibrosis, and severe reactive hypertrophy,
therapy is essentially palliative, and combinations of vasodilators, and when
needed, inotropic agents, offers one approach to the optimal improvement of
quality of life. Current data would not support the view that very substantial
improvement in prolonging life can be obtained. However, such palliative cardiac
therapy may stabilize a rapidly deteriorating process and therefore, reduce
mortality for a limited period of time.
At earlier stages and with milder disease, vasodilators may be of help by
producing a sustained reduction in cardiac size and central congestion, which may
positively effect the progression of the disease. On the other hand, protection of
the myocardial tissue with calcium channel antagonists and/or ~-blocking agents
may potentially produce greater therapeutic benefits than that of vasodilators.
This remains to be evaluated.
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Discussion

Palsson: You were talking about reduced cardiac output, but you did not see any
reduction in the oxygen uptake ... I wonder if the oxygen transport characteristic
of the red cell may be adapting to the diseased state. Namely, do you have
evidence for a shift in the hemoglobin binding curve?
Sonnenblick: The maximum oxygen uptake is substantially limited in heart failure
relative to the normal individual. Whether there is a shift in the Hg dissociation
curve is not clear, an increase in oxygen extraction does occur.
Palsson: The red cells may have the ability to adapt by changing the concentration
of 2,3-DPG and producing a right shift in the oxygen curve.
Sonnenblick: It may contribute but it will not give you that much more oxygen.
Weiss: I would like to ask about the a-receptor blocking experiments. Have you
ever tried local a-blockades, on the assumption that perhaps the general block
ades would be so severe that there was no possibility for cardiac output buildup?
Sonnenblick: Local blockade was the approach used by Dr T. LeJemtel.
Baan: Maybe I misunderstood but in your studies you saw quite an increase in
cardiac output. Where does it go if it does not go to the muscles?
Sonnenblick: In our opinion, there is no acute improvement in maximal exercise
performance with any medication but some increase in sub-maximal performance
may occur. With dobutamine, some increase in flow goes to the skin and the gut.
With captopril, the increase in flow goes to the kidney. Improvement in the
muscle blood flow does occur acutely with phosphodiesterase inhibitors such as
milruione, and modest improvement in exercise tolerance can be seen early.
Spaan: How much does the improvement of the muscular peripheral circulation
improve the performance of the heart? Is it a drawback to the improvement of the
heart by exercise?
Sonnenblick: It is not necessarily a drawback, but there is an elemant of disap
pointment which reflects ventricular performance. The ejection fraction correl
ates very well with the long-term survival. Unfortunately, in severe, late failure
we fail to see an improvement in the ejection fraction, despite improvement in
exercise performance. Thus symptoms are ameliorated while the basic function of
the heart, namely the ejection fraction is not improving but may even be getting
worse.
Lab: If you were able to halt or reverse the functional deterioration of the heart,
then presumably, chronically, the whole system will reverse itself. In other words
the patient will get better.
Sonnenblick: That would theoretically be true but unfortunately most of the
forms of heart failure are not highly reversible. In a sense a massive myocardial
infarction creates a work overload associated with a reactive hypertrophy of the
remaining normal muscle. Were the reactive hypertrophy controlled and volume
remodelling of the wall prevented, progression might be altered.
Kostis: The problem starts with the heart. If you take care of the heart, would the
periphery adapt itself?
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Sonnenblick: I believe that you can manipulate and improve the periphery
without much effect on the heart. Improvement in symptoms is predicated largely
not by an alteration of what the heart does, but by enhanced muscle flow delivery
(i.e., recapacity to dialate the periphery). Thus symptomatic improvement is
independent of any improvement of the cardiac function, although the cardiac
output remains a limiting factor. What leads to that initial abnormality? This
tremendous discrepancy in terms of exercise performance is still in the limitation
of peripheral blood flow. The cause of the normal extent of peripheral dilatation
and sustained arteriolar vascular resistance in heart failure remains unclear. The
increased sodium content in the peripheral vascular bed may lead to the swelling
of the endothelial cells, associated with a decrease in capacity to dialate. The
mechanism does not appear to be neurogenic.
Lab: Is there a case for natural hormone here?
Sonnenblick: A role for ANF has not been established.
Gallagher: What happens to peripheral vascular control if you put 'a new engine'
in?
Sonnenblick: Improvement in exercise still requires time and the adaptation
requires weeks to occur. It is an interesting question that deserves further study.



43. Acute and chronic cardiac failure: the oxygen
transport system gone awry

K.T. WEBER and J.S. JANICKI

Abstract

The cardiopulmonary unit is the body's oxygen transport system which links the
metabolizing tissues to the atmosphere and its supply of oxygen. As an obligate
aerobic organism, man is critically dependent on this metabolic unit to sustain
oxidative metabolism and life itself.
Cardiac disease which may lead to an acute and/or chronic failure of the heart
to supply the tissues with oxygen at a rate which is commensurate with their
aerobic requirements, disrupts the functional integrity of the cardiopulmonary
unit. In understanding the concepts of oxygen transport one has a means to better
understand the evaluation and management of the patient with cardiac failure, as
well as to characterize the pathophysiologic behavior of the oxygen transport
system that has gone awry.

Introduction

Oxidative metabolism is the principal source of energy for the body to maintain its
various biologic functions. The human body therefore is an obligate aerobic
organism. As a result, its metabolizing cells must not only be linked to the
atmosphere and its source of oxygen, but oxygen must be delivered to the cells at
a rate which is commensurate with their aerobic requirements. The heart, lungs
and circulation, together with hemoglobih-, function as the body's oxygen trans
port system. This Symposium has focused principally on the heart and its electri
cal and mechanical characteristics. Specific disorders in cardiac rhythm and
myocardial perfusion have been considered in the context that they disrupt the
orderly process of muscle contraction. From a broader clinical perspective,
diseases of the heart interfere with the integrity and functional integration of the
heart and lungs which form the cardiopulmonary unit, responsible for subserving
the body's requirements for oxygen. In health as well as in disease it is the
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cardiopulmonary unit that will guarantee that the body's obligatory dependence
on oxidative metabolism is satisfied. Whenever the heart falters and does not
sustain oxygen delivery, it has failed its purpose. Acute and chronic cardiac
failure represent circumstances where the oxygen transport system has gone
awry. The purpose of this report will be to consider each of these broad clinical
entities and how their accompanying pathophysiologic features compromise the
inter-relationship and the interdependence that exists between the cardio
pulmonary unit and the metabolizing tissues. We begin by first examining man's
oxygen requirements.

Mammalian oxygen requirements and oxygen transport

The methods for obtaining oxygen were altered as animal life evolved from an
aquatic to a terrestrial existence [1]. Oxygen could no longer ~ obtained from
water; instead, it had to be derived from the atmosphere. The pattern of respira
tion also had to be altered. At the same time, the overall need for oxygen was
increased as land-living animals became warm blooded. The mobility of land
living mammals depended on their ability to perform muscular work and the
energy required to do so was derived from oxidative sources. An oxygen trans
port system evolved to meet these enhanced oxygen requirements; a system
which could both provide oxygen at a rate commensurate with the aerobic
requirements of the tissues and which could do so on a moment to moment basis.
The cardiopulmonary unit serves this purpose.
The oxygen requirements of mammals are considerable and mandate that not
only is their cardiac output and minute ventilation much larger than those of fish
[1], but that their tissues' need for oxygen controls the performance of the heart
and the lungs. The precise nature of the control logic for the oxygen transport
system remains to be elucidated, but input signals appear to arise from a variety of
sources, including skeletal muscle, the sympathetic nervous system, and the
cardiovascular, respiratory and central nervous systems.
Table 1depicts the oxygen requirements for the body's various organs as well as
the oxygen they extract and the proportion of the cardiac output they receive in
sustaining their oxidative metabolism [2]. Overall, the body receives more oxy
gen each minute than its organs' require. Moreover, blood flow distribution bears
little relationship to the oxygen requirements of these organs. The kidneys
exemplify this dicotomy in that the portion of the cardiac output they receive, and
thereby the oxygen delivered, is not proportional to their oxygen uptake. The
function of the kidneys in maintaining the osmotic pressure of the extracellular
space supercedes its need for oxygen. A high glomerular fIltration rate has a
greater priority than the oxygen utilized by the kidney and thus renal blood flow
represents 20% of systemic blood flow.
At rest, the human body consumes approximately 3.5 ml/min/kg of oxygen.
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This level of oxygen uptake (\'02)' which for an averaged sized individual equals
250 ml/min, requires that the lungs bring 8 to 10 l/min of fresh air into the lungs
each minute and that the heart circulates 4 to 61/min of blood through the lungs
and to the tissues each minute. From the arterial blood the tissues extract a
portion of the oxygen they receive (see Table 1). The oxygen delivered to the
tissues each minute can be calculated from the product of the cardiac output and
the arterial oxygen content, where oxygen content is equal to the concentration of
hemoglobin, its percent saturation and the oxygen combining capacity of the
blood [2]. For a cardiac output of 51/min and an average arterial oxygen content
ofl9ml/dl (i.e., 14ghemoglobin/dl x 0.96 x 1.34 ml/g) , the tissues receive 950ml
of oxygen each minute. Thus, oxygen delivery is normally four times greater than
the prevailing oxygen requirements and as a result overall tissue oxygen extrac
tion need only be 25% (Table 1).
With muscular work cardiac output and minute ventilation each rise in propor
tion to the prevailing \'02. Ventilation can normally increase 8 to 10 fold above its
resting level to preserve oxyhemoglobin saturation and arterial oxygen content
even in the face of heavy muscular work. Hence, ventilation normally poses no
limitation to performing aerobic work. In untrained individuals cardiac output
increases but 4 to 5 fold above its resting level and therefore it is the limit of the
heart's ability to raise oxygen delivery that determines the body's aerobic
capacity.
In physiologic terms, heart failure may be defined as that circumstance in which
the heart is unable to provide the metabolizing tissues with oxygen at a rate which
is in keeping with their aerobic requirements [3]. Cardiac failure refers to disor
ders of the myocardium that account for this defect in pump function while

Table I. Oxygen utilization, transport, and extraction in normal human subjects at rest.

Blood flow Arterio- O~ O~ uptake
venous extraction'

(l/min) (% total) O~ (%) (ml/min) (ml/minl (% total)
difference 100g)
(ml/dl)

Viscera 1.40 24 4.1 21 58 2.3 25
Skeletal muscle 1.20 21 8.0 41 70 0.2 30
Kidneys 1.10 19 1.3 7 16 5.3 7
Brain 0.75 13 6.3 31 46 3.1 20
Skin 0.50 8 1.0 5 5 0.2 2
Other organs 0.60 10 3.0 15 12 5
Heart 0.25 3 11.4 59 27 9.0 11

Overall 5.80 4.0 25 234 3.5

• Using assumed arterial O2 content of 19.4 vols % and body surface area of 1.75 m2 (taken from [2)
with permission).
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circulatory failure relates to disorders extrinsic to the myocardium which compro
mise resting and exercise cardiac output. Acute cardiac failure is present when
there is an abrupt reduction in oxygen delivery (e.g., acute myocardial infarc
tion). In chronic cardiac failure, the severity ofthe impairment in oxygen delivery
relative to prevailing oxygen requirements will determine the severity of failure.
With a severe reduction in cardiac output, the body's V02 at rest may not be
satisified. Less severe expressions of disease require the physiologic stress of
exercise and the increased V02 attendant with muscular work to elicit this defect
in oxygen delivery. Hence, chronic cardiac failure may be characterized as mild,
moderate or severe depending on the level of muscular work which is required to
elicit this defect in oxygen supply and demand. The clinical syndrome of con
gestive heart failure need not be present even though the patient has chronic
cardiac failure [4]. Congestive heart failure represents a constellation of signs and
symptoms that arise from hypoperfused tissues and congested organs and which is
mediated by salt avid kidneys, expanded intravascular and extravascular vol
umes, and by the activation of the neurohumoral system (e.g., the adrenergic and
renin-angiotensin systems).

Acute cardiac failure

Acute cardiac failure is most commonly seen following an acute myocardial
infarction, with an exacerbation of chronic cardiac failure, or following open
heart surgery. The one characteristic that is common to each state is the reduction
in systemic blood flow. As cardiac output falls, metabolizing tissues extract
greater quantities of oxygen to sustain oxygen availability. One can simul
taneously estimate the severity of failure, the reduction in cardiac output, and the
elevation in oxygen extraction by monitoring the oxygen saturation of the mixed
venous blood found in the pulmonary artery [3]. Because the amount of hemo
globin in venous and arterial blood is the same, the amount of oxygen leaving the
capillaries is represented by the oxygen saturation of venous blood. In operating
on the steep portion of the oxyhemoglobin dissociation curve, the oxygen satura
tion of mixed venous blood is a sensitive indicator of oxygen availability in
patients with acute heart failure. Hence, oxygen saturation in the pulmonary
artery can be used to estimate systemic blood flow and systemic oxygen extrac
tion. Figure 1 depicts the relationship between cardiac output and mixed venous
oxygen saturation. It can be seen that as cardiac index falls, so does oxygen
saturation indicating the greater extraction of oxygen which has occurred within
the tissues. Figure 2 depicts the relationship between systemic arteriovenous
oxygen difference and mixed venous oxygen saturation.
The ability of the tissues to extract more oxygen in the face of declining oxygen
delivery serves as the cell's reserve in oxygen availability. Anaerobic sources of
energy are not utilized until systemic oxygen extraction approaches 60% or more.
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Figure 1. The relationship between cardiac index and mixed venous oxygen saturation in the pulmo
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Figure 2. The relationship between systemic arteriovenous (A-V) oxygen difference and mixed
venous oxygen saturation. Reproduced from (3) with permission.

Thus, oxidative metabolism is sustained until the cardiac output has fallen rather
markedly. Lactate production, heralding the onset of anaerobiosis occurs when
the mixed venous oxygen saturation is <40% corresponding to systemic blood
flow of approximately <1.51/min/m2 or less.
Other hemodynamic features of acute cardiac failure include an elevated left

ventricular filling pressure, generally>15 mm Hg, an elevated systemic vascular
resistance of >1600 dynes' sec· cm-5, and a mean arterial pressure of 70-80
mm Hg. Right atrial pressure mayor may not be elevated above normal
(>5 mmHg) depending on the state of the right heart, intravascular volume, and
pulmonary vascular resistance.
The treatment of acute cardiac failure focuses on raising cardiac output and
thereby oxygen delivery [3]. A reasonable therapeutic target for most patients is
to raise cardiac index to 21/min/m2 or more. For an averaged sized individual this
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Figure 3. The relationship between lactate concentration of mixed venous blood and its oxygen
saturation. Reproduced from (3) with permission.

amounts to a systemic blood flow of 3.51/min and an oxygen delivery of 500ml/
min or more. Under these conditions mixed venous oxygen saturation will rise to
>50% and systemic oxygen extraction will fall to <50%. Left ventricular and
thereby pulmonary venous pressure should be reduced to <20 mm Hg to allevi
ate pulmonary congestion and any oxygen transfer abnormality that may be
attendant with interstitial and alveolar edema. In a certain number of patients,
systemic hypotension is also present to further confound tissue oxygen delivery.
Under these circumstances, pharmacologic agents which promote arteriolar
vasoconstriction, restore mean arterial pressure, and preserve oxygen delivery to
the heart and brain are indicated [3J.

Chronic cardiac failure

In chronic cardiac failure, cardiac output is also reduced oftentimes to levels seen
with acute heart failure. The chronic hypoperfusion state, however, is accompan
nied by enhanced tissue oxygen extraction and compensatory responses within
the peripheral circulation, neurohumoral system, and intravascular space which
permit the patient to adjust to the low flow state. Because of these compensatory
responses from compartments outside the heart, parameters of cardiac perform
ance such as the cardiac output, left ventricular filling pressure, ejection fraction
or heart size, may not be distinguishable between patients at rest having severe
versus milder expressions of cardiac failure [4J. In order to bring out differences in
cardiac performance and to estimate the severity of chronic cardiac failure we
utilize incremental muscular work to progressively raise 02 requirements and
which provides a physiologic stress. We specifically determine the impairment in
aerobic capacity, measured from the noninvasive monitoring of breath-by-breath
respiratory gas exchange, as an index of cardiocirculatory reserve [4]. The
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maximal oxygen uptake, or plateau in V02 seen during incremental treadmill
exercise (V02 max), is used to grade the severity of chronic cardiac failure as
follows [2, 4J: little or no failure is present when V02 max is >20 ml/min/kg,
which we term class A; mild to moderate failure is present when V02 max falls
between 16 and 20 mVmin/kg (class B); moderate to severe failure exists if the
V02max is 10 to 16ml/min/kg (class C); and severe failure is represented by aV02
max of <lOml/min/kg (class D). The maximum exercise cardiac index and stroke
volume index which are seen in these different classes are shown in Figure 4.
Maximum cardiac index averages >8, 6-8, 4-6 and <41/min/m2 for class A, B, C
and D patients, respectively. Thus, the noninvasive determination of V02 max
also predicts the cardiac reserve. It should be apparent that the stroke volume
response to exercise is lost in class D patients; they have no pumping reserve.
Studies of systemic oxygen extraction performed in our laboratory during
incremental treadmill exercise do not indicate that there is an abnormality in the
ability of the tissues, specifically muscle, to extract oxygen. Systemic oxygen
extraction rises to values in excess of 70%. Figure 5 depicts the response in mixed
venous oxygen saturation and systemic oxygen extraction to graded treadmill
exercise in classes A to D.
Anaerobiosis with lactate production occurs during exercise at different levels
of muscular work for each exercise class based on their impairment in oxygen
delivery. Figure 6 indicates that mixed venous lactate concentration exceeds
12mg% (2SD above the normal resting value for this laboratory) when V02 is
<8,8-11,11-14 and >14mVmin/kg in class D, C, B, and A patients, respectively.
The appearance of lactate production can be detected noninvasively from the
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response in respiratory gas exchange as previously reported [2, 4]. Thus, as is the
case for acute heart failure, concepts of oxygen transport are applicable to a
better understanding of chronic cardiac failure which arise as a result of ischemic
or myopathic heart disease.
The treatment of chronic cardiac failure is focused on improving the systolic
performance of the failing heart, particularly during physical activity. In particu
lar, a sensible target is to raise resting cardiac index by 30% to 35%. In addition,
however, and quite distinct from the bedridden, hospitalized patient with acute
cardiac failure, the central issue for the ambulatory patient with chronic cardiac
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failure is focused on where the enhanced systemic blood flow should be directed.
The answer of course is to the metabolizing tissues in accordance with their
aerobic requirements. To divert blood flow and oxygen to less metabolically
active tissues is wasteful and counterproductive. Chronic elevations in left ven
tricular filling pressure to >20 mm Hg are present at rest and particularly during
physical activity (see Figure 7). Nevertheless, these patients do not experience
arterial oxygen desaturation with exercise [5]. Treatment should be focused on
reducing the resting filling pressure by 30% or more and attenuating the rise in
filling pressure during exercise.
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Discussion

Sonnenblick: You subtly equate cardiac index to contractility but ejection frac
tion is more adequate to describe contractility, and cardiac index is not equal to
ejection fraction.
Weber: I have not equated contractility with the cardiac index; I would even
question whether the ejection fraction is an index of contractility in view of its
dependence on loading.
Sonnenblick: We as well as others have shown that ejection fraction does not
correlate at all with exercise performance. A major limitation to exercise in heart
failure is an inability to supply oxygen to the exercising muscles. In the ,process of
severe peripheral vascular desease the inability to exercise is due to malfunction
of the arteries which deliver oxygen to the exercising muscles and not to a fixed
increase in cardiac output.
Weber: Blood and 02 will not get to the given organ, such as the working limb,
because of various causes of circulatory failure (hypervolemia, anemia, mitral or
aortic valve stenosis) or because of myocardial failure. I have focused only on
cardiac or myocardial failure and the impairment in oxygen delivery. Several
studies have shown that even when cardiac output is raised pharmacologically,
there may be a redistribution of blood flow and therefore no change in O2 delivery
to the limb. On the other hand, certain drqgs have been shown to acutely raise
oxygen delivery to the working limb and to lower its rate of lactate production. In
a study conducted in your laboratory by Siskind, it was shown that it was possible
to delay the onset of lactate production when the cardiac output was raised with a
drug that was a bipyridine derivative. We have also shown this to be true for this
inotropic agent. There is a delicate balance between the heart's performance and
the periphery, and this varies from patient to patient. Nevertheless, cardiac
output is the major determinant of O2 delivery. In the case of the peripheral
circulation, we may also have contrasting or counter opposing effects during
exercise. On the one hand, for example, we have a distended left atrium which
leads to the release of atrial natriuretic factor which leads to vasodilatation of the
renal circulation. On the other hand, and at the same time, we release nor
epinephrine into the circulation during exercise and this will promote renal
vasoconstriction. These are contrasting effects and we do not know which is
activated more than the other. We need more studies to address this issue. It is my
view that while regional differences in blood flow and 02 extraction occur to limit
the aerobic capacity of the limb, cardiac output is the major factor responsible for
this impairment.
Spaan: If you have pulmonary problems, will your analysis work?
Weber: This is beyond the intended scope of this presentation. However, we can
summarize it briefly here. A patient with lung disease utilizes the majority oftheir
ventilatory reserve with exercise. If you determine the maximum voluntary
ventilation, you have some idea of this reserve. How much of this reserve do you
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use in exercise? If you are normal or if you have heart failure, you use less than
50%. If you have primary ventilatory impariment, you use more than 50% of this
reserve. Another point: you develop arterial oxygen desaturation more fre
quently in ventilatory disease, but not in heart failure. Next, your ability to reach
the anaerobic threshold and a plateau in maximum oxygen uptake is generally
prohibited in the ventilatory group, but not the cardiac patient. With these three
criteria you can separate the ventilatory from the circulatory cases of dyspnea.
Beyar: If you have a cathetar in the coronary sinus measuring POz and lactate
production, you can evaluate the differential effect of the periphery and the
heart.
Weber: We always wanted to place a catheter in the coronary sinus and exercise
our patients to assess the heart's metabolic reserve, but the sinus catheter is a little
stiff and may perforate the coronary sinus. So we have looked at using other
forms of stress in a supine patient, at rest. Certainly, the metabolic reserve of
these hearts, what we called 'the aerobic limit' of these hearts, may in fact be a
major issue which leads to the inappropriate cardiac output response. Moreover,
Dr Janicki has shown that the right atrium and the wedge pressure track one
another in class 0 patients which suggests that the pericardium may also contrib
ute to the abnormal exercise in stroke volume. Why does the ejection fraction
(EF) not relate to aerobic capacity? I cannot say. We have also reported on this
disparity. Perhaps it is related to the fact that we cannot predict who is going to
develop a segmental wall motion abnormality or mitral regurgitation during
exercise. Such an event can lead to a disparity between EF and maximum VOz
uptake.
LeJemtel: You are saying that the cardiac efficiency is the limitation but it is not.
If you implant a new heart, it would take the patient two months to regain a VOz
above 25mVkg .min.
Weber: The cardiac output response to exercise is a major problem. You will
agree that the problem starts with the heart. Congestive heart failure is a
symdrome or constellation of signs and symptoms that arise from hypoperfused
tissues and congested organs. The periphery, the kidney, and the lungs all
participate in producing congestive heart failure. We can transplant the pump but
it will take a certain time to change the periphery, the renal circulation, the
neurohumoral system, etc. All are important. In addition andwith the transplant,
we have a dennervated heart, I am just trying to emphasize the important factor
which relates to the inability of the heart to raise the cardiac output adequately
with exercise. I do not see an essential disagreement.
Kostis: The disagreement is on howmany variables come into play. Why the same
LV disfunction does not always cause the same decrease in cardiac output and
why the same decrease in cardiac output does not cause the same decrease in
renal or muscle flow.
Sonnenblick: The transmission between the engine (heart) and the wheels (cir
culation) is complex and this is what becomes disordered.
Weber: But what will happen under exercise?
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44. Interactions: mechanics, metabolism and
perfusion

MODERATOR: H. WEISS

Weiss: I would like to comment about mechanics, oxygen consumption and
cardiac metabolism during infarction or ischemia. It's clear that the myocardial
response to a reduction in blood flow is a loss of mechanical function and a
decrease in oxygen consumption. lhave studied this problem for many years, as
have many other people. It is clear that during coronary artery blockage there is a
large rapid drop in oxygen consumption and many changes within the cell such as
loss of high energy phosphates. Because the matabolic rate drops to 20% of the
control, the mechanical function also stops. Dr G(illagher and Dr Li have shown
the loss of mechanical function within the area of ischemia and pointed out again
the very sharp mechanical disfunction which seems to be coupled with very sharp
differences in metabolism. One of the aspects of this is in alterations of lipid
metabolism and mechanical properties. It would be very useful to couple those.
We have been' measuring oxygen consumption in the ischemic zone for many
years and it would be interesting to see what happens to myocardial efficienty.
Maybe not in the center, but in less ischemic tissue there are probably going to be
large changes in the mechanical efficiency or in oxygen cost of doing work. This
has not been extensively studied. Finally there have been several studies, of Perl
and others, trying to model the mechanical aspects ofischemia. These can, if they
pose experimental questions, be extremely useful for the experimentalists. It is
my hope that this interaction of metabolic rate, local metabolic factors within the
heart, the mechanical events, efficiency and modeling will eventually lead to
some synthesis which gives a better understanding of what is occurring within the
ischemic zone.
Klocke: In relation to perfusion, two points may be worthy of continued discus
sion. The first concerns our understanding of autoregulation. A number of
laboratories have now demonstrated that autore,gulation can be modulated im
portantly by factors not previously considered in detail. We used to say that when
flow was reduced below resting levels by coronary arterial constriction, the flow
reduction began only after the distal bed was maximally vasodilated. It is now
clear this is not always true. Dr Weiss and others have elegantly demonstrated
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that metabolic influences are not always overriding in autoregulation. I would
identify factors modulating (or potentially modulating) autoregulation as an area
needing further attention.
My second point concerns chronic rather than acute responses to interventions
which can limit flow. Chronic models of some of the pathophysiologic states that
we are studying, e.g., coronary stenosis, need to be developed. I have an open
mind as to the possibility that adaptations of the sort that Dr Sonnenblick
suggested earlier in the peripheral circulation may occur in the heart as well.
Gallagher: In line with what Dr Klocke has just mentioned, I suggest that another
area that has not received sufficient investigation is control of blood flow to the
right ventricle. The issue was raised briefly during Dr Hoffman's presentation on
how coronary blood flow on the right side of the heart is controlled but as far as I
can tell there really is not any resolution to the question. There are a few reports
suggesting that autoregulation, as seen on the left side of the heart, does not occur
in the right ventricle, and that the response of the right ventricular vasculature to
different pharmacologic agents and possibly nerve simulation is also different.
This is a potentially wide open area for investigation.
Sideman: The interactions between the right and left sides should definitely be
related. I am sure that much work is being done, and we have heard more than
one related presentation here. Dr Barta's presentation was briefly concerned
with the effect of the right ventricular temperature on the left ventricular muscle.
These interactions are definitely to be tackled in force and, hopefully, we will do
it in the future.
Spaan: I would like to make a comment on coronary perfusion. It is clear that if
you determine the time constant from the venous side of the circulation you find it
to be larger than if you determine the time constant from the arterial side. This
means that if one tries to estimate, from experiments, the myocardial compliance
from the arterial side one finds it one order of magnitude lower than if you do it
from the venous side. It seems that there is a discrepancy that has to be under
stood one way or the other. Some work on that has to be done in the coming
years.
Beyar: I would like to come back again to hypertrophy and the subendocardial
layers under conditions of hypoxia. We would like to know what is the relation
ship between the stress developed within a certain layer in the LV wall, the
oxygen demand and the possible diminished supply. What are the mechanical
parameters which govern the development of cardiac fiber force under limited
oxygen supply? There is probably a very complex relationship. Is the tension that
each fiber develops during ischemia proportional to its local flow, consistant with
experiments that show a linear relationship between the flow and the tension
which develops in the muscles? Or is it a much more complex relationship which
relates to other numerous metabolic factors?



45. Relating models to experiments

MODERATOR: S. SIDEMAN

Sideman: It is important to emphasize that modeling and simulation are not, and
should never be, the ultimate goal of our efforts. In its best expression, a
simulation model should reflect clinical and other basic physiological data and, by
the power of logic, mathematics and computers, allow us to gain insight into the
multivariable, multi-parameter, complex system under study. 'Modeling' is a
normal thought-process in which we use some facts and a few assumption to
evaluate a certain phenomenon and predict some characteristic trends of the
system. Since the physiological data which serve to validate our models are
independent of our stipulations, we face the danger of believing and validating
our assumptions by relying on the sometimes fortunate agreement between facts
and model predictions. It is obviously adviceable to follow Albert Einstein's
statement that the best model has the least number of assumptions and the most
experimental confirmations. As we can only approach this ideal, one has to view
the 'confirmed' concepts and assumptions, based on 'general agreement with
data', with the proper measure of respect and suspicion.
Perfection notwithstanding, the sheer act of constructing a model propagates
new concepts which, when proven true, elucidate and highlight part of the
complex physiological system. Not least important, it provides guidelines for the
design of experimental work, and the marriage of a good theoretical analysis with
reliable experimental data is certainly a winning union which promises some
healthy and continuously productive offsprings. This is the challenge which this
gathering of cardiac clinicians, physiologists, engineers, biophysicists and mathe
maticians is called to face.
Hoffman: One point that I would like to make concerns the uniqueness of
models. They should fit the relevant data. But the main point that I would like to
make is that models should be used to predict and evaluate potential situations
rather than just fit and describe available data. Hence, the collaboration and
cooperation of theoretical and clinical people is a must.
Bassingthwaighte: Responding to Dr Hoffman's argumentation on modeling, I
think that we were challenged on a couple of points. One is a point of agreement
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that if you have more free parameters you can probably get a better fit. Ifyou take
a linear regression, a y on x regression, and you make it parbolic, the odds are that
you can get a slightly better fit, by making another coefficient available for the
fitting. That does hot mean that either model is correct. The yon x regression is a
perfectly explicit model, a fact that is seldom appreciated; a noisy y-variable is
dependent on a noise-free x-variable and the minimization is the sum of squares
of the y-distances of the points from the line. One has to be very careful when one
uses any model fitting such as a y on x regression, as to whether the model is
meaningful or not, or whether it is simply a descriptor. But 1do not buy in general
the idea that models with more parameters give more freedom or improvement in
fitting. The name of the game is to circumscribe the parameters with the data; the
key is a surfeit of data, and by so constraining the parameters you can be
predictive. 1want to pick up on Dr Hoffman's idea that there should be 'unique'
values of parameters. Relating to the y on x regression, is the answer that you get
on that regression line unique? Clearly not! Ifyou added one other data point you
may have a different line. So there is never uniqueness in any model fitting"lO any
data, unless they are absolutely perfect. 1oppose the idea that one should seek
uniqueness in modeling. The best you can do is to get the best resolution of the
data tested against a variety of hypotheses. You can then compare hypotheses,
but none of them can be anything but the best fit. The word 'unique' is mis
leading.
Arts:When you are thinking about a model, you have to be able to compare it to
reality. The model of Dr Perl, for instance, shows how ischemia affects mechan
ics. There are quite a number of experimental possibilities to check it. You can
measure deformations of the heart. You can measure local coronary blood flow,
with the microsphere method. You can even measure deformation in relation to
fiber orientation, if you can detect fiber orientation. There can be some matching
you can calculate. As the constitutive behavior of the material is known from
isolated muscle experiments, the theory and experiment can be merged into each
other.
Sideman: The point that Dr Hoffman made is very well taken but very hard to
perform. His point is that models should not only describe or fit data but should
predict, should be a tool which allows to check new assumptions or a new concept
and introduce new questions into the field. 1do not think, though, that reviewers
appreciate this kind of speculation game. The point made concerning the 'predic
tion capacity of a model, rather than its uniqueness, is however the road we
should follow.
Spaan: We made a distinction here between making models and doing experi
ments. 1would like to stress that if one interprets an experiment, one uses a model
either explicitly or implicitly. A nice example is an end-diastolic resistance index.
Some say 'I do not use a model', but then they apply an index to interpretate
vasoconstriction. One ignores that there is a theoretical model behind the index
and that the data is interpreted accordingly. Hence, the 'end-diastolic resistance
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index' is interpreted as the real ED resistance, which is a meaningless concept.
The distinction between models and experiments is artificial. It is very important
for experimental people that they make their thoughts explicit in a model. Then,
at least, one can evaluate the experiment and extrapolate the conclusions to a
different set of conditions.
Hoffman: I agree. Everything you do is obviously a model, whether it is explicit
or not. Clearly, the more explicit you make it the better off you are likely to be. I
was just saying that because of the enormous complexity of the heart there can be
a tendency to go off into technicalities of the model.
Arts: Dr Hoffman remarked that models should be predictive and that we should
do experiment to check ideas. We had ideas about torsion before doing any
experiments. Our model predicted a value for the ratio of torsion divided by the
amount of shortening. Then we did the experiments and the value we got was 10%
off the predicted value with a standard deviation of 10%. We repeated the
experiments with 2-D echocardiography and the same value came out. This
parameter ratio of torsion to shortening reflects an equilibrium of stresses in the
wall and that makes this parameter meaningful. If you are interested in trans
mural differences of stresses in the cardiac wall, I suggest that you look at the ratio
of shortening to torsion.
Sideman: I would like to relate to the Technion simulation program. The Tech
nion's three dimensional simulator includes mechanical aspects, hemodynamics
and flow, metabolic and energetic aspects, electrophysiology, imaging and con
trol. The latter is a subject which we have not applied ourself to as yet and needs
great attention.
Needless to say that an ambitious task of this magnitude requires close coopera
tion and collaboration between the c1initians, experimentalists and the theoreti
cians so as to make this simulator meaningful.
Today's discussion brought into focus many old and new problems which are
really at the heart of the cardiac system, and give us all food for thought and some
ideas concerning the interactions affecting cardiac performance. We have heard
suggestions and advice concerning the theoretical approach, and I would like to
address a few remarks to the forgotten experimentalists. Obviously, they should
be very careful when they take data, and use the correct equipment and the exact
gages. However, they should also use the right model and use this equipment
correctly. I have just seen a paper which came from Holland where they showed
very clearly that if you do not place your gage in the correct direction and in the
right place, the data can be quite misleading and one can erroneously develop a
new physiology of the ventricle just because one did not place the gages properly.
The fact is that the gages are usually good in all experiments, but the knowledge
of where to put them comes from theory and helps get correct measurements.
Also, experimentally accurate data does not make the interpretation correct.
Another request that I have to the experimentalists is to record seemingly simple
'unrelated' data, like heart beat, blood pressure, etc., because eventually we try
to use this data ...
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To conclude, we have started something important, a dialogue between theory
and practice. Now we can attempt to tackle pathology quantitatively. We have
seen a beginning at this meeting. We should go about it carefully and this will
eventually lead us to a better understanding of the cardiac system.

Concluding remarks

Sideman: In closing this meeting, we thank all the participants for presenting
excellent studies and for their active participation in the discussions. Personal
thanks go to the scientific advisory committee headed by Dr Sonnenblick and
particularly to Dr Beyar and Dr Bassingthwaighte for their continued help and
productive suggestions. Also, the members of the organizing committee and
particularly Dr Welkowitz, gave their help and support. I am sure you will all join
me in thanking Mr Henry Goldberg, again, for his generosity and vision in
making this workshop possible. With his support and our ingenuity and per
sistence we should, by working together, achieve our goals of better understand
ing of cardiac performance and of developing the quantitative analytical tools for
predicting cardiac operation under various constraints.
Welkowitz: I would like to thank everybody here on behalf of Rutgers University
and Rutgers Medical School and invite you all to come back and visit us more
extensively. Also, since I am now at the Technion on sabbatical leave , I thank you
on behalf of the Technion as well for this wonderful meeting. Finally, I am sure
you will all join me in thanking Dr Sideman for making this meeting a most
efficient and very enjoyable experience.
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microcirculation 409
occlusion 68,422,458,459,481,482,489,
534,537
pressure 195,381,434,435,436,460,519,
520,522,523,524,525,527,531
reserve 567, 577
resistance 373, 374, 391, 563
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sinus 387, 662, 717
stenosis 525,526, 722
vasodilatation 435,524,525,527
veins 387
venous flow 389
venous oxygen pressure 524
venous pressure 396, 643, 645
vessels 433
volume 430
walls 374
Counterpulsation 509
Creatine phosphate 241,244,246,247,254
Current, inward 49,168,235,293
membrane 49, 51
voltage relationship 160

Depolarization 3, 4, 5,6, 9, 14,22, 93, 94,
175, 201, 500

Diastolic,
arterial pressure 391
compliance 347, 456, 457
dysfunction 701
filling 346, 347, 348, 566, 701, 712, 715
flow ~1, 433, 5~
function 348
impedance 416
pressure-time 503
pressure-time index 524
pressure-volume 347, 348
relaxation 526
wall stresses 435
Dichrotic notch 507
Diffusion 590,591,594,595,596,623,635,
637
resistance 596
Digitalis 152, 453, 459
Dilution curves 626, 635
Dipyridamole 426
Disc resistance 64, 65, 74, 75
Distensibility 389,396,397,399
Dunckan multiple ranges test 188, 571
Dynamic Spatial Reconstructor 422, 424
Dynamics, growth process 615
Dyskinetic contraction 235
Dyssynchronous activation 208
Dyssynchronous contraction 182

Early systole 421, 426
Echocardiography 483, 725
Ectopic activity 116, 235
Edema 440
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Ejection 462, 566
fraction 435,463,474, 475, 490, 555, 701,
702, 712, 716, 717
~~ DO,~3,~7,~9,~3,463,~,

468,566
tolerance 704
Elastance 195,208,324,328,515
Electric,
anisotropy 87
excitation 61, 134, 321, 329, 330, 331
field model 77,95,108,134
stimulation 186
Electro-mechanical coupling 544
Electrocardiography (ECG) 80,116,187,282
Electron microscopy 79
Electron tracers 79,82,88
ElIipsoidal geometry 115,355,454
ElIiptization 328, 330
Emboli 367, 368, 369
End diastole 196, 313, 343, 348, 421, 483
End diastolic,
length 462, 458
pressure 435,455,456,537,555
resistance index 724
transmural pressure 347
volume 201,205,208,211,322,347,557,
359,435,560
waIl thickness 551
End systolic,
length 458,459,502
pressure 201, 215
pressure-volume relation 181,185,187,192,
m,m,W,m,2~m,2M,n~lli,

214
volume 201, 205, 215, 435, 514
waIl thickness 483
Endo/epi flow ratio 372
Endocardial,
circumference 479
contraction 444
flow 372, 531, 566
maps 115
pacing 205, 214
segment length 456
surface 328
tension 460
viability ratio 501, 507,508, 509, 511, 512,
513

Endocardium 118,125,128,202,206,207,
321,326,327,494,500,686

Endothelial ceIls 625, 705

Energetics 549,550,553,559,630,686
Energy,
balance 543
metabolism 683
production 662
Enzymatic reactions 619
Enzyme concentration 648,650, 655, 658
Enzyme inactivation 587
Epicardial,
activation maps 115,119
arteries 378
border zone 134,147,148
deformation 363
electrogram 186, 191
fiber strain 363
flow 372, 520, 531
layers 330
pacing 214
surface 359
temperature 683,689,694,696
veins 389
Epicardium 182, 206, ~3, 500
Epinephrine 533, 541, 547
Erectile tissue 422
Escherichia coli 612, 613, 614, 615, 616
Excitability 4, 135, 136, 139, 140, 143
Excitable,
cells 108
gap 141,143,144,147,148
membrane 110, 174
Excitation 4,7,14,15,19,22,23,61,77,134,
138, 148, 171, 331

Excitation-contraction coupling 177, 227, 228,
261,267,274,281,282

Excitatory potentials 80
Excitable ceIls 136
Exercise 702,710,713,714,715,716,717,718
duration 701
performance 701, 702, 705
tolerance 704
ExtraceIlular,
depolarization waveforms 3,7,10,14,26,
29,72,74
transmembrane potentials 14
transverse resistances 90
Extrasystole 231,264,266,267,271
Extravascular pressure 373
Extravascular resistance 374

Facilitated transport 635
Fatty acid(s), 622, 669, 671



derivatives 666
dilution curves 628
homeostasis 666
metabolism 666
Fiber,
intramural arrangement 230, 309
mechanics 299, 302, 552, 722
networks 300
strain 302,353,355,359,360,470,471
stress 353,354,356,357,360
stress, thick wall 356
stress, thin wall 355
Fibrillation 125, 127
Fibrosis 24
Fibrous tissue 300
Filling, 467
pressure 701,715
Finite element model(s) 116, 117, 313, 314,
463,466,468

Fluanoson 357
Fluid matrix 299
Fluid pressure 351
Fluorescein isothiocyanate 568,569,571,574
Force velocity relationship (FVR) 256, 552,
555,556

Force-interval relationship 261,262,265,267,
278

Frank-Starling law 347,348
Frank-Starling mechanism 330, 435, 438, 455,
458,459

Gap junction(s) 31,63,79,80,91,92,152,
161, 164, 165, 173

Generator cell 162, 165
Geometry 351, 353, 354, 362, 441, 465, 554
end-diastolic 322
myocardial structure 70
Green-Lagrange strain tensor 301
Glomerular filtration 708
Glycolysis 607,608,609,619
Graft flow reserve 449
Growth, bacterial populations 612
Growth time constant 613

Halothane 229,480
Heart,
failure 344,704,705
rate 709,217,221,224,265,434,567,578,
641,693
volume 426, 428, 429
work 567
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Heat production 684
Heat transfer 683
Helical coordinate system 315,339
Hemodynamic 373,501,559
Hemoglobin 551, 559, 610, 704, 709
High-resistance junctions 90, 92, 174
Hill's equation 320
HIS bundles 118, 201
Hodgkin-Huxley 7,41,45,95,281,283
Hodgkin-Huxley, modified 95
Hydrostatic pressure 301,303,307,312,341
Hyperpolarization 45, 46, 49, 80
Hypertension 556, 557, 563
Hyperthyroid(ism) 220,221,222,224,226,
567,582

Hypertrophy 260, 422, 531, 551, 552, 553,
554,555,556,559,561,562,563,566,568,
576,578,582,641,702,704,722

Hypothyroidism 217, 220, 221, 223, 224
Hypoxia 178,241,246,247,248,249,294,
567,572,577,578,722

Imaging, 421, 441, 638
infrared 688
Impedance 409,410, 411
Inactivation 9,281,291
Inductive elements 411
Infarct(ion) 63, 116, 117, 128, 148, 171, 172,
463,467,468,469,470,471,472,474,475,
477,502,526,527,648,650,682,683,684,
686
size reduction 459
zone 492, 502
Inotrophy(ic) ,
agents 242, 502, 701, 702
response, maximum 540
state 255, 263
stimulation 538,539,541,544
support 547
Intact heart 234, 241
Intercalated disc (disk) 39,62,72,77,78,
79,82,85,87,93,100,109,110,174,175

Interstitial,
current 30
edema 712
fluid (ISF) 82, 84, 85, 87, 88
flbid volume 648, 652, 655, 658
lymphatic flow 662
potential 29,32,33,36
space 644
Intraaortic 460,501,502,505
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Intracellular,
action potential 32, 227
calcium 233,237,239,252,261,293,677
pH 241, 244, 248
reaction rates 627
resistance 30
Intramural pressures 429
Intramyocardial,
blood volume 394, 396, 421, 423
compliance 390,394,395,404,416,551
electrogram 534
metabolites 249
phosphate 248
pressure 374, 387, 394, 400, 432, 438, 648,
655,658,662
pump model 390,394,395,396'
vascular resistances 433
Intrapericardial pressure 428
Intrapulmonary pressut:e 388
Intrathoracic pressure 378
Intravascular,
blood volume 442
pressure 373
resistance 374
space 422
volume 432

~onic current 71,293
Ischaemia (Ischemia) 63,141,177,199,206,
208,227,228,231,232,234,235,236,241,
246,347,433,437,453,454,455,456,460,
463,479,492,494,495,502,504,509,513,
514,519,520,522,524,526,333,534,535,
537,540,543,547,644,648,652,662,666,
669,672,673,675,678,682,683,686,694,
696, 714, 721,-722, 724

Ischemic,
area 484, 485, 495, 499
arrhythmia 227, 235
border zone 456, 458, 484, 485, 485, 491,
493,499

Isometric contraction 227,230,273,274,275,
462

Isoproterenol 533, 542
Isotonic contraction 227, 230, 234, 239
Isovolumic,
contraction 182, 184, 229, 231, 264, 265,
267,268,275,357,360,363,453,459
deformation 321
phase 201, 456
pressure 194, 196
pressure waves 181,187,194

relaxation 348, 359
systole 501, 507, 509

Junction(al),
cleft 1, 99, 101, 108
membrane 99,108
potetltials 80
resistance 63

Krogh tissue 590

Lactate 713, 714, 717, 523
Lagrangian numerical solution 632
Laplace 184, 243, 336, 459
Large deformations 901, 465
Lateral deformation 331
Leakage,
current 61, 68, 70, 75
resistance 68, 75, f73
Left bundle branch block 211
Left ventricular (LV),
contraction 323
energetics 551
geometry 313,316,339,441,464,549,550,
553
mass 441,443,445,447,557
mechanics 558
oxygen consumption 199,551,567
performance 201, 314, 328, 339, 346, 348,
441,446,447,501,550,725
perfusion 441, 446, 447
preload 205,341,348
pressure 201,357,358,501,503,555
pressure-length loops 457
pump work 353
resistance, internal 555
volume 201,357,563
wall 305,465,466,473,477,553,683,695,
701,722
wall temperature 695
wall thickness 553
Length-tension relations 209
Lipid metabolism 682
Lumped parameter models 409,412
Lymphatic,
drainage 647, 652
flow 644, 658
fluid 662
ligation 644
pump 644
resistance 644,648,650,659,662



Lysophosphoglycerides 665,667,675,576

Mechanical alternans 232
Membrane,
action potential 173
capacitance 42
capacitance ratio 77
conductance 117, 168
currents 49,51, 171
phosphoglycerides 676
potential 42,73,154,155,157,175
repolarization 269
resistance 158, 164, 166
transport 622
Metabolic,
demands 643
networks 585,586
rate 217,221,224,721
reactions 585,621
Michaelis-Menten kinetics 48
Metabolism 610, 626, 721
Micro-reentry 23
Microcirculation 367,378,389,396,411,600,

601
Microembolization 383
Microsphere method 377
Microvasculature 575
pressure 394
resistance 396
spasm 547
volume 389
Microvessels 579, 582
Mitochondria 66~
Mitochondrial beta-oxidation 666
Mitral valve,
flow 354
stenosis 716
Monophasic action potential 227,229,230,
234, 231

Myocardial,
blood flow 441, 481, 484, 485, 492, 500,
534,567,571,573,576,578,643,670,673,
682, 704, 710, 716, 721
blood flow distribution 479,482, 486, 494,
683
blood volume 421,422,424,426,430
capillaries (see Capillaries)
cells 109
circulation 651
compliance 722
contractile proteins 253
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failure 716
fiber (see also LV fibers) 117, 148, 301
function (see also LV function) 521, 522
infarction (see Infarction)
ischemia (see Ischemia)
mechanics 313,331
necrosis 538
oxygen comsumption 188,511,576
perfusion 442, 684, 689
structure 318
substrate utilization 622
syncytium 152, 161, 168
temperature 686, 691
volume 118,424,429,463
work 434,579
Myocytes 152,219,424
Myofilaments, 79,279,262,281,282,662
Myopathy 547, 714
Myoplasm 62,63,64,163,270
Myosin, 253, 254, 256
ATPase 526
fast 260

NADH 608,642
Natriuretic Factor (NEFA) 662,666,667,
669,670,672,673,674,675,677,678,679,
682

Newtonian fluid 645, 647
Nitroglycerine 374
Nitrous oxide 229
Nonischemic dysfunction 479, 491, 492, 493,
494,495,489,499,500

Nonuniform anisotropy 18, 24, 134
Normoxia 570, 572, 672, 673, 675
Nuclear magnetic resonance (NMR) 242,245,
340,357,358,533,541,543,547

Occlusion(s) 453,455,457,458,495,500,536
Oscillatory current(s) 151,152,154,159,161,

162
Osmotic pressure 612, 708
Ouabain 151, 159, 160, 167, 168, 172
Oxygen,
balance 509,550,563
comsumption 186,188,192,217,221,224,
226,229,462,502,511,517,523,547,552,
567,569,571,574,576,578,579,582,684,
686,689,721
delivery 641, 713
demand 462,502,507,509,525,549,550,
551,556,559,722
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extraction 521,57,568,569,576,643,704,
709, 710, 712, 713, 714
saturation 523, 569, 710, 711, 714
supply 453, 502, 509, 513
tension 645
transport 704,707,708
uptake 704,709,712,713
Oxyhemoglobin, dissociation curve 710

Pacemaker, 147,149
response curves 52, 53, 57
Pacing 181,185,194,196,206,207,210,242,
249,264,265

Pacing site 181, 188, 189, 190, 193, 196
Papillary muscle 176,199,227,228,229,230,
234,242,262,271,273,274,462

Passive pressure-volume relation 319-320, 322
Pentobarbital 426, 480
Perfusion, 440, 549, 550, 558, 559, 686, 721
boundary 479,480,481,484,486,489,492,
493,494,499,500
pressure 373,375,401,403,407,421,425
time constant 589
Pericardial,
constraint 351
effusion 347
pressure 341, 346, 347, 348, 344, 345, 347
space 421
Pericardium 215, 341, 342, 343, 344, 345, 348,

351
Peripheral,
circulation 701, 705, 722
coronary pressure 382, 383
dilatation 705
femoral arterial pressure 456
resistance 322
vasculature 702
Permeability-surface area 623,625,628,633
Pharmacokinetics 591,594,622
Phasic coronary flow 387,400,409,411
Phosphates 241,244,246,247,249,252,254,
537

Phosphoglycerides 662,668,669,679
Phosphorylation 253,254,255
Poisson's ratio 466
Polyunsaturated fatty acids 662,666,676
Positive staircase 267, 281
Positron emission tomography 526, 622, 638
Post-extrasystolic potentiation 264, 266, 268,
271,273,274,275,533,541

Post-ischemic dysfunction 534,536,537,543.

Postsynaptic,
depolarization 95
potential 95
Potassium,
accumulation 77,93,94,95,98,99,100,
101, 105
channel conductance 45,46, 55
Post-junctional membranes 101
Pre-junctional membranes 95,101
Preload 32,324,325,347,455,514,559
Premature contraction 116, 220
Pressure,
curves 188, 199
distribution 400
flow curve 375, 414, 415
length curve 454, 456, 462, 515
flow relationship 434
generation 190
gradient 62
overload 549, 550, 562
time derivative 188, 192, 193, 194, 549, 553
volume area (PVA) 278,414, 415, 455
volume relations 191,194,326,339,359,
459,397,462,464,466,474

Propagation velocity 62,77,97,99,106,108,
109, 115, 118, 321

Propanolol 203,453,462
Pulmonary artery 421, 711
Pulsus alternans 454, 458, 459
Purkinje 41,49,56,79,82,116,117,118,119,
120,124,131,281,290

QRS,
complex 181, 186, 191
duration 185, 190, 196, 467

Ramp perturbation 413, 414, 415
Recirculation fraction 270, 278
Red cell metabolism 607, 608, 612, 619
Reentry 133,137,139,141,146,147,234
Refractory,
fibers 145
period 4, 118, 119, 120, 133, 136, 146, 173
Regional
contractility 456, 467, 525
flow 367,369,377,443,627,633
ventricular function 490,453,454, 460
wall thickening 485,490
Relaxation 196, 200, 253, 363, 453, 459
Reperfusion 453,455,457,459,460,534,541,
662,665,667,670,673,679,689



Repolarization 9,26,27,70,119,217,226,
263

Resistance 86,374,383,385,387,389,394,
~1,~3,4M,G,G2,G3,G~G9,C2,

556
Resistive,
capacity (RC) model 409,412,416
flow ~1, 414
stress 336, 337, 411
Resting (membrane) potential 11,83,151,166,
217,221,223

Restrictive cardiomyopathy 261, 274, 275
Right ventricle (RV) (ventricular), 438
apex 202
diastolic pressure 341, 345, 346, 351
failure 437
free wall 202
free wall pacing 192
geometry 441
myocardial blood flow 438
papillary muscles 218
pressure 346, 391, 4~
stroke volume 441
systolic hypertension 433
temperature 694, 722
vasculature 722
Roentgen opacity 421, 425, 426
Ryanodine 241, 242, 252, 273, 274, 275, 279

Saltatory conduction 100, 174
Sarcolemma 625,665
calcium current 273
permeation 626, 630
Sarcomere, 313, 334, 552, 553
length 313, 319, 322, 334, 359, 360, 551,
557,566

Sarcoplasmic,
calcium 281,282,283,286,293,544
reticulum 235,241,268,279,281,282,284,
289,544
space 282,284,286,288,289,292
Segment shortening 454, 455, 470, 499, 500,
540

Septum 345,695
Simpson's rule 443
Sinoatrial (SA) node cell 5,41,42,46,47,48,
49,56

Sinusoidal perturbations 410
Skeletal muscle 241, 708
Slow current 44,282
Slow myosin 260
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Smooth muscle 92, 419
Sodium,
channel 5,156
conductance 5, 9, 11, 12, 64
current 8, 11, 12, 14, 43, 44, 45
equilibrium potential 97
pentobarbital 218
calcium current 43,46
potassium current 46
Sonomicrometry 481,483,484,486,489,493
Spherical geometry 353,454
Starling law 435, 566
Starling resistor effect 390
Strain 299, 301
Stress,
samplification 493
length-area (SLA) 549,552,553,558
maps 473
strain relationships 299,300, 3M, 305, 320,
467

Stroke volume 201, 202, 205, 443, 463, 506
Stunned myocardium 533,534,536,538,539,
540,541,542,543,544,547

Subendocardial,
flow 438, 519, 520, 523, 688
function 527
hypoxia 558
infarction 691
ischemia 523
layers 434,436,519,676, 722
oxygen consumption 576
segment shortening 531
vascular bed 519
Sucrose gap 95,97,110,228
Supra-ventricular pacing 181, 182, 184, 185
Surface maps 115
Sympathetic control 47,48
Sympathetic stimulation 47, 708
Syncytium 61, 82, 153, 176
Systemic, arteriovenous differences 711, 714
Systemic, circulation 514, 715
Systole 208, 227, 313, 314, 328, 388, 410
Systolic,
dysfunction 701
flow 391,416, 701
impedance 417
isovolumic phase 467
performance 195
pressure 433, 514, 541, 438
shortening 458
wall stresses 435
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wall thickening 479, 484, 520
diastolic interactions 417

Temperature profiles 683,688, 690, 693, 694,
695,696

Tension time index (TIl) 501, 502, 507, 508,
509, 517

Tetanus (tetanic) 241,242,243,244,245,246,
247, 252, 271

Thermocardiography 684
Three-dimensional (3-D),
contraction 445
constitutive law 299
diastolic function 449
elements 466
geometry 117, 314, 317, 328, 331, 464, 468,
633
systolic function 449
Threshold,
depolarization 234
excitation 227
potential 166
Thrombolytic therapy 534
Thyroid,
hormone 223,225
Thyroxine 217,221,567,568,571,573,574,
575,576,577,578,579

Torsion 339,725
Tracer kinetics 622
Transluminal exchange 650, 652, 655
Transcapillary exchange 643,655,658
Transmembrane,
current 9,32,156,148,160
potential 9, 12, 14, 15, 20, 32, 51, 218
voltage 49, 155, 159
Transmural,
flow 403,560,561,684
infarction 690
ischemia 477
osmotic pressure 647
pressure 341,343,345,373,378,397,407,
551, 554, 645
pressure-volume relationship 387
wall thickness 454
Transverse,
propagation 3, 12, 13, 16, 18, 19,21,23, 26,
27,31
resistivity 86, 87
Triaclyglycerol 668
Triggered activity 234
Tropomyosin 253

Troponin 235, 253, 254, 262
T-tubules 174, 177
TfX-sensitive action potentials 174
Turbulence 387
Twist angle 470
Twisting 477
Two-,
compartmental model 278
resistance model 463
dimensional axi-symmetric model 464
dimensional contractions 316
dimensional echocardiography 480, 490,
491, 492

Tyrode's solution 151, 153, 159, 218, 219

Uniaxial,
material laws 303
strain 301, 302
stress 302

Vagal stimulation 50, 56
Vascular,
arborization model 367
branching model 368
capacitance 373, 378
compartments 397
resistance 375
transmural pressure 396
volume 389
waterfall 416
Vasoconstriction 551
Vasodilatation (vasodilation) 407,410,419,
559, 560, 716

Vasodilators 347,502,702
Vasomotor tone 413
Vasopressin 525
Velocity,
conduction 500
shortening 260
Venous,
outflow 392
oxygen consumption 579
oxygen saturation 567, 568, 578
oxygen tension 559
pressure 374, 642, 643, 647
Ventilation 708, 709
Ventricular,
action potential 71,217,222,223
activation time 210
contraction 195, 467
diastolic filling 342



end-systolic pressure-volume 204
endocardium 204
fibrillation. 177, 232, 644, 662
free wall 188
function 535
ischemia 459
lumen 374
models 299
muscle 82, 110, 226
myocardial volume 425
myocytesl55, 224
pacing 186,188,195,201,202,205,207,
208, 209, 211, 214, 215, 410
performance 453, 502
power 507,508,509,510,513
pressure 194,247,354,375,416
stroke volume 208, 215
tachycardia 152, 168, 169
volume 199
volume-elastance 196, 197
Verapamil 49
Viscoelastic,
elements 411
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model 412, 413, 416, 419
Voigt viscoelastic element 412
Voltage clamp 4, 8, 9, 41, 42, 151, 156, 160,
268

Volume of distribution, effective 635
Volume conduction 116

Wolfe-Parkinsons-White Syndrome
(WPW) 146

Wall,
forces 390, 433
permeability 650
stress 362, 437
thickening 484,487,488,489,490,499,
500, 522, 531

Waterfall, 407
behavior 385, 373, 374
model 377, 378, 387
Windkessel model 34, 392

Youngmodulus 465,468

Z-protein 682




