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Abstract
Three topics of importance to modeling the integrative function of the heart are reviewed. The first
is modeling of the ventricular myocyte. Emphasis is placed on excitation-contraction coupling and
intracellular Ca2+ handling, and the interpretation of experimental data regarding interval-force
relationships. Second, data on use of diffusion tensor magnetic resonance (DTMR) imaging for
measuring the anatomical structure of the cardiac ventricles are presented. A method for the semi-
automated reconstruction of the ventricles using a combination of gradient recalled acquisition in
the steady state (GRASS) and DTMR images is described. Third, we describe how these anatomically
and biophysically based models of the cardiac ventricles can be implemented on parallel computers.
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1. INTRODUCTION
The amount and rate of accumulation of biological information is increasing exponentially.
This is demonstrated by the fact that there are now more than 200 biological databases
accessible from the World Wide Web. This information explosion is being driven by
development of powerful new technologies such as automated gene sequencing and gene
expression profiling systems. The importance of these achievements cannot be overstated—
they have transformed the nature of both biology and medicine. They have led many to claim
that biology has become an information science.

There is, however, growing recognition that the tabulation of genetic and molecular building
blocks from which biological systems are composed is not sufficient for understanding the
functional properties of these systems. Rather, it is becoming clear that the emergent,
integrative behaviors of biological systems are a result of complex interactions between all the
components from which these systems are composed, and that knowledge of each system
component, however detailed, is not sufficient by itself to understand these integrative
behaviors.

Achieving an integrative understanding of molecules, cells, tissues, and organs is the next major
frontier of biomedical science. Because of the inherent complexity of real biological systems,
the development and analysis of computational models based directly on experimental data is
necessary to achieve this understanding.

Cardiac electrophysiology is a field with a rich history of integrative modeling. Some of the
most fundamental advances in modeling of the cell were first developed in this field (1). The
purpose of this paper is to present an overview of the state of integrative modeling of cardiac
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ventricular electrophysiology. The review covers three broad topics: (a) computational
modeling of the cell; (b) estimation and modeling of cardiac anatomical structure; and (c)
computational modeling of electrical activation and repolarization in the cardiac ventricles.

2. INTEGRATIVE MODELS OF THE CARDIAC VENTRICULAR CELL
A generic model of the cardiac ventricular cell is shown in Figure 1. The model has four major
components: ( a) membrane ion currents; (b) various intracellular Ca2+ compartments,
designated in this model as the subspace, junctional sarcoplasmic reticulum (SR), network SR,
and bulk myoplasm; (c) sarcolemmal and SR exchangers and pumps; and (d) Ca2+ buffers.
Differences between various models of cardiac cell electro-chemical activity arise from
differences in how these four processes are represented.

The first computational model of the mammalian cardiac ventricular cell was developed by
Beeler and Reuter in 1977 (2). The model was limited in scope, describing four distinct
membrane currents in the ventricular myocyte, as based on experimental data obtained from
voltage-clamp studies using the sucrose-gap technique in multicellular preparations of canine
ventricular trabecula. This preparation posed many problems, including an inability to establish
adequate spatio-temporal voltage-clamp and to control for changes in K concentration in the
extracellular clefts.

The first ventricular cell models based on voltage-clamp recordings obtained from isolated
myocytes were reported in 1991. These were the Oxsoft HEART Version 3.3 ventricular cell
model by Noble et al (3) and the Luo-Rudy Phase I ventricular model (4). Both models were
based on experimental data from small mammalian hearts, primarily that of the guinea pig.
The Luo-Rudy Phase I model was followed in 1994 by a more comprehensive Phase II model
incorporating more detailed characterization of membrane currents and intracellular Ca2+

handling. Complete equations for both the Luo-Rudy Phase I and II models have been
published. For this reason, the Luo-Rudy Phase II model has become widely used by the cardiac
research community. In 1998, Jafri et al (5) published an extension of the Luo-Rudy Phase II
model in which mechanisms of intracellular Ca2+ handling were described more fully. Sections
2.1 and 2.2 describe these two models.

2.1 The Luo-Rudy Phase I & II Models
The 1991 Luo-Rudy Phase I model described 6 distinct membrane currents: (a) the fast inward
Na+ current INa; (b) the slow inward current Isi, described using the original formulation of
Beeler and Reuter (2); (c) a time-dependent delayed rectifier K+ current IK; (d) a time-
independent potassium current IK1; (e) the plateau K+ current IKp; and (f) a background K
current. Intracellular Ca2+ cycling, sarcolemmal Na+-Ca2+ exchange, Na+-K+ pumping, and
temporal variation of intracellular ion concentrations were not described in the model.

The fast inward sodium current was described using the Ebihara-Johnson model (6) coupled
with the slow inactivation gate, denoted using the variable j, of the Beeler-Reuter model. The
delayed outward rectifier current IK was based on a formulation proposed by Shibasaki (7) and
included a time-dependent activation gate X, a time-independent (fast) inactivation gate Xi
capturing the inward rectification properties of the delayed rectifier current, and a conductance
modulated by extracellular K+ concentration, denoted as Ko. The formulation of IK1, as in the
Noble et al 1991 model (3), was based on patch clamp data of Sakmann and Trube (8) as well
as other data from single ventricular myocytes. A novel voltage-dependent, time-independent
outward current identified by Yue and Marban (9), and which activated at depolarized plateau
potentials, was also included in the model.
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An improved version of this model (the Luo-Rudy Phase II model) was published in 1994
(10). The Phase II model included the following changes: (a) sarcolemmal Na+-K+ and Ca2+

pumps; (b) Na+-Ca2+ exchange; (c) Ca2+ buffers; (d) a nonspecific Ca2+-activated current; and
(e) Ca2+-induced Ca2+-release and intracellular Ca2+ cycling. A subsequent modification to
this model has decomposed the delayed rectifier current IK into rapid- and slow-activating
components IKr and IKs (11). Because of the extent to which formulations of membrane currents
and model predictions have been validated against experimental data (10,12), and the full
publication of model equations, the Luo-Rudy Phase II model has become the most extensively
used cardiac ventricular cell model.

2.2 The Jafri-Rice-Winslow Model
The 1998 Jafri-Rice-Winslow (JRW) guinea pig model (13) retained descriptions of membrane
currents, pumps, and exchangers used in the Luo-Rudy Phase II guinea pig model, and replaced
the Ca2+ cycling model with one incorporating (a) a mode-switching Markov-state model of
the L-type Ca2+ current and Ca2+-mediated inactivation; (b) the Keizer-Levine Markov state
model of ryanodine-sensitive Ca2+ release channels (RyR) in junctional SR membrane (14);
(c) a modified description of the SR Ca2+-ATPase (15,16); and (d) a restricted subspace within
which Ca2+ from both L-type Ca2+ channels and RyRs interact. Because the focus of this model
is an improved description of intracellular Ca2+ handling, it is described further in Section
2.5.2.

2.3 Cardiac Ca 2+ Dynamics and Excitation-Contraction Coupling
Intracellular calcium concentration plays a critically important regulatory role in a number of
cellular processes. These include excitation-contraction (EC) coupling, metabolism, cell
homeostasis, and gene expression. Sections 2.3.1–2.3.3 describe present models of excitation-
contraction coupling in cardiac ventricular myocytes.

2.3.1 Physiological Overview—The nature of EC coupling is linked closely to both the
micro-anatomical structure of the cell and the arrangement of contractile proteins within the
cell. The basic unit of contraction in the cardiac myocyte is the sarcomere. Individual
sarcomeres are approximately 2.0 μm in length and are bounded on both ends by the T-tubular
system. The T-tubules are cylindrical invaginations of the sarcolemma that extend deep into
the cell and approach an organelle known as the sarcoplasmic reticulum (SR). L-type Ca2+

channels are localized predominantly to this region of the T-tubule membrane.

The SR is a luminal organelle located throughout the interior of the cell and is involved in the
uptake, sequestration, and release of Ca2+. SR can be divided into three main components
known as junctional SR (JSR), corbular SR (CSR), and network SR (NSR). The JSR is that
portion of the SR most closely approximating (within 12 to 15 nm) the T-tubules. The close
proximity of these two structures forms a restricted subspace in which Ca2+ levels are thought
to rise to very high concentrations—a region known as the diad. The two membranes defining
the boundaries of the diad, namely the T-tubular and JSR membrane, both have negatively
charged proteins and phospholipid head groups that serve to bind positively charged ions such
as Ca2+. The majority of the SR Ca2+ release channels, known as the ryanodine receptors (RyR),
are found in the JSR. NSR contains a much lower density of RyR. CSR is a region of SR located
near the T-tubules (17) that displays junctional processes and is separated by a distance of
several microns from the sarcolemma. CSR is likely a Ca2+ release organelle, but one without
interactions with sarcolemmal L-type Ca2+ channels. All three forms of SR are interconnected
to form a network throughout the cell.

Several mechanisms exist to restore Ca2+ concentration to resting levels following release of
Ca2+ from SR. These mechanisms are the Na+-Ca2+ exchanger, the sarcolemmal Ca2+-ATPase,
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and the SR Ca2+-ATPase. The Na+-Ca 2+ exchanger imports three Na+ ions for every Ca2+ ion
extruded, yielding a net charge movement. It is driven by both transmembrane voltage and
Na+ and Ca2+ concentration gradients. It can work in forward mode, in which case it extrudes
Ca2+ and imports Na+, thus generating a net inward current, or in reverse mode, in which case
it extrudes Na+ and imports Ca2+, thus generating a net outward current. Some experimental
evidence suggests that during the plateau phase of the action potential, the Na+-Ca2+ exchanger
works initially in reverse mode, bringing Ca2+ into the cell, and later switches to forward mode,
thereby extruding Ca2+ (18). The second Ca2+ extrusion mechanism is the sarcolemmal
Ca2+-ATPase. This Ca2+ pump hydrolyzes ATP to transport Ca2+ out of the cell. It contributes
a sarcolemmal current that is small relative to that of the Na +-Ca2+ exchanger. The third
extrusion mechanism for myoplasmic Ca2+ is the SR Ca2+-ATPase. This ATPase sequesters
Ca2+ in the SR and is located predominantly in the NSR. The SR Ca2+-ATPase has both forward
and reverse components (15,16). The reverse component serves to prevent overloading of the
SR with Ca2+ at rest.

EC coupling involves a close interplay between L-type Ca2+ channels and RyR within the
diadic space (Figure 2). During the initial stages of the action potential, voltage-gated L-type
Ca2+ channels (also called the di-hydropyridine receptors—DHPRs) in the sarcolemmal
membrane open, allowing the entry of Ca2+ into the diad. As Ca2+ concentration in the region
near the T-tubules increases, Ca2+ binds to the RyR, increasing their open probability and
leading to Ca2+ release from the JSR (and to some extent the CSR) in a process called Ca2+-
induced Ca2+ release (CICR). The amount of Ca2+ released from the SR is significantly more
than the amount of trigger Ca2+ entering via L-type Ca2+ channels. One reason for this is that
there are more RyR than DHPR in the mammalian cardiac ventricular cells. The RyR:DHPR
ratio varies from 8:1 in rat, 5.6:1 in humans, and 4:1 in guinea pig (19). Freeze fracture electron
micrographs show that the RyR are arranged in a regular lattice whereas the DHPR are located
randomly in the T-tubular membrane (20).

The phenomenon of CICR has been studied extensively using both experiments and models.
Experiments have shown that there are three major properties of CICR: (a) low RyR open
probability at rest; (b) high gain; and (c) graded Ca2+ release. CICR occurs in response to the
opening of the RyR due to Ca2+ entry through the L-type Ca2+ channels (21). At rest, the RyR
have a very low open probability, yet when exposed to Ca2+, open probability increases,
causing a rapid increase in myoplasmic Ca2+. The result is that in response to the influx of
“trigger” Ca2+ via the L-type Ca2+ channels, a much greater amount of Ca2+ is released from
the SR via the RyR. The ratio of Ca2+ released from SR to the amount of trigger Ca2+ entering
the myocyte is referred to as the gain of CICR. Graded release refers to the phenomenon
originally observed by Fabiato and coworkers (22–24) that Ca2+ release from JSR is graded
according to the amount of trigger Ca2+ entering the cell via L-type Ca2+ channels.

2.3.2 Common-Pool Models and Whole-Cell Ca2+ Cycling—Two broad classes of
models have been developed and used to investigate the fundamental properties of CICR. These
have been termed by Stern (25) to be common-pool and local control models. In common-pool
models, all Ca2+ flux into the cell via the L-type channels, as well as all Ca2+ release from the
SR via RyR, is directed into a single well-mixed pool. In local control models, there are either
distinct pools for groupings of the L-type Ca2+ and RyR channels, or a spatial representation
of Ca2+ diffusion around the channel. All of the integrative cell models describing intracellular
Ca2+ cycling developed to date are common-pool models. The properties of two common-pool
models, the Luo-Rudy Phase II and the Jafri-Rice-Winslow guinea pig models, are described
in Sections 2.3.2.1 and 2.3.2.2.

2.3.2.1 Intracellular Ca2+ Dynamics in the Luo-Rudy Phase II Model.: The Luo-Rudy
Phase II ventricular cell model has three Ca2+ compartments. Trigger calcium enters the
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cytosolic compartment via the L-type Ca2+ current (ICa)—a current previously described in
the Phase I model by Isi (4). Ca2+ extrusion from the cell is described by the Na+-Ca2+ exchange
current (INaCa) and the sarcolemmal Ca2+-ATPase SRCa2+-ATPase. Ca2+ transport into the
NSR by the SR Ca2+-ATPase is modeled using a unidirectional pump, the rate of which depends
only upon cytosolic Ca2+ concentration. A JSR Ca2+ leak current is included to balance the
SR Ca2+-ATPase at rest.

The mechanism for Ca2+ release from internal stores was developed to yield Ca2+ transients
similar to those observed experimentally. The mechanism of Ca2+ release is to (a) compute
the increase in cytosolic Ca2+ due to influx of trigger Ca2+ over a 2-ms window beginning at
the time of occurrence of the maximum action potential upstroke velocity; (b) compute a
Ca2+ indicator function as the difference between this Ca2+ increment and a threshold
increment value; (c) if the Ca2+ indicator function is greater than or equal to zero, then compute
the release current as being proportional to a sigmoid function of the Ca2+ indicator function
times an exponential function of time—otherwise, the release current is given by the JSR
Ca2+ leak current. The resulting model of CICR reproduces Ca2+ transients with realistic
amplitudes. However, the release mechanism is phenomenological in construction and cannot
be used to simulate processes such as spontaneous release of Ca2+ from SR without specific
modification, as Ca2+ release assumes the prior occurrence of an action potential.

2.3.2.2 Intracellular Ca2+ Dynamics in the Jafri-Rice-Winslow Model.: The Jafri-Rice-
Winslow (JRW) model (13) is based on the descriptions of ionic currents and sarcolemmal
pumps and transporters in the Luo-Rudy Phase II model, while incorporating an entirely new
description of intracellular Ca2+ handling. The model of Ca2+ handling is an attempt to
incorporate three experimental findings: (a) that the flux through sarcolemmal L-type channels
and Ca2+ release from RyR is directed into a common restricted subspace; (b) that L-type
Ca2+ channel displays a “mode switching” behavior in response to high levels of subspace
Ca2+ (26); and (c) that RyR display adaptation (27).

The mode-switching hypothesis proposes that the Ca2+ channel gates in one of two modes,
referred to as Mode Normal and Mode Ca (see Figure 3). In Mode Normal, activation of the
Ca2+ channel leads to rapid transitions to the open state. Ca2+ binding to the channel causes
the channel to switch its gating mode from Mode Normal to Mode Ca. In this mode, transitions
to the open state are very infrequent, thus producing Ca2+-mediated inactivation of the channel.
This model was developed in order to produce Ca2+ inactivation with time course in better
agreement with recent experimental results (18,28,29).

Adaptation of RyR was first observed in lipid bilayers with a population of isolated RyR.
Gyorke and Fill (30) found that in response to an increase in Ca2+ produced by the flash
photolysis of caged Ca2+, RyR open probability increased and then recovered to a new steady-
state value only slightly higher than the previous resting value. When the Ca2+ concentration
was raised further by additional flash photolysis, RyR open probability would again increase
and recover to a new somewhat higher steady-state value. This was termed adaptation of the
RyR because it appeared that the population of RyR could adjust to a new baseline level of
Ca2+ from which re-openings could occur. More recently, Sham and co-workers (31) have
observed a phenomenon called inactivation of RyR. Using confocal microscopy to image
Ca2+ release from small clusters of RyR, they observed that short-duration voltage-clamp
stimuli produced two Ca 2+ release events. The first was caused by activation of the L-type
Ca2+ current, and the second was L-type Ca2+ tail currents during the step back to the holding
potential. By reducing the duration of the voltage step, they observed that the amount of
Ca2+ release during the second event decreased, ultimately reaching zero. They proposed that
this was due either to inactivation of the RyR or local depletion of Ca2+ from SR. They also
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concluded from their measurements that once an RyR is inactivated, it does not reactivate, and
that recovery from inactivation is independent of Ca2+.

Although there seems to be a difference between the phenomena of RyR adaptation and
inactivation, the events are likely to be related. Adaptation is a behavior that has been observed
in populations of RyR, whereas inactivation has been observed in one or a few RyR. It may be
that individual RyR undergo inactivation, and that adaptation is a population behavior that
results from this inactivation.

The JRW model represents adaptation/inactivation of RyR using the model of Keizer-Levine
(14). The rate of transfer between the NSR and JSR was increased to reflect the experimental
finding that Ca2+ is available for release very shortly after uptake. Buffering was described
using the rapid buffering approximation developed by Wagner and Keizer (32).

The JRW model was able to reproduce important properties of interval-force relations. An
example of this is the frequency-force relation. Studies in guinea pig, cat, and human show a
dome-shaped frequency-force curve with a peak at approximately 2.0 Hz (33,34). As seen in
Figure 4, the JRW model produces a domed-shaped frequency Ca2+ curve. This curve can be
related directly to the force-frequency curve using the fact that peak force is a monotonically
increasing function of peak Ca2+ (35). JSR Ca2+ load increases with increasing frequency
(Figure 4B).

However, the model predicts that as pacing frequency increases, the probability that the RyR
are in the adapted/inactivated state also increases, resulting in a lower peak open probability
of the RyR (Figure 4C). Peak Ca2+ depends on SR Ca2+ release, which is the product of the
Ca2+ concentration gradient (between JSR and the subspace) and the peak open probability;
this product (Figure 4D) mimics the observed frequency-force relation.

The JRW model also explains the transient and the steady-state changes in peak force that arise
with changes in pacing frequency. In most species, when pacing frequency is increased,
generated force initially experiences a transient decrease before it increases to a new higher
steady-state value (36). Upon reduction of pacing frequency, there is a transient increase in
peak force followed by a decrease to a new lower steady-state value. This interval-force relation
is reproduced by the JRW model (Figure 5). The model also suggests a possible mechanism
to explain this phenomenon. When the model is paced at a frequency of 0.5 Hz (pacing protocol
shown in Figure 5A), the peak force, as indicated by the peak Ca2+ (Figure 5B), reaches a
steady-state value. After increasing the pacing frequency to 1.5 Hz, there is a transient decrease
in peak Ca 2+ followed by a rise to a new higher steady-state value (Figure 5B), as seen in
experiments. Figure 5C shows that when the pacing frequency increases, there is an immediate
drop of peak RyR open probability since, with the shorter interbeat interval, fewer RyRs recover
from adaptation/inactivation. The rapid drop in RyR open probability is accompanied by a slow
increase in JSR Ca2+ load (Figure 5D). This in turn produces a transient decrease in Ca2+

release due to RyR adaptation/inactivation, followed by a slow phase of increase in Ca2+

transient magnitude produced by JSR Ca2+ loading. When pacing frequency is then decreased
to 0.5 Hz, the peak RyR open probability almost instantly increases to a larger value, while the
JSR load decreases slowly. The combination of these two factors yields an initial large Ca2+

transient, which then declines in time (Figure 5B).

Recently, Rice, Jafri, and Winslow (37–39) have developed a model to describe EC coupling
from the level of the action potential and Ca2+ transient to force generation. This was
accomplished by coupling the JRW model (5) for cardiac Ca2+ handling to the Rice-Winslow-
Hunter model (39) for cardiac force generation. This model has been used to study more
precisely the properties of restitution and post-extrasystolic potentiation.
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2.3.3 Local Control Models—The common-pool models described above have been
successful in describing the membrane properties of the myocyte, and certain aspects of
myocyte Ca2+ dynamics. However, Stern (25) has suggested that all common-pool models are
incapable of describing a fundamental property of CICR-graded release of Ca2+ from SR. The
paradox he described was that while at rest, the RyR must have a sufficiently low open
probability to prevent emptying of Ca2+ from the SR. When local Ca2+ rises owing to influx
of trigger Ca2+ via L-type Ca2+ channels, RyR open probability must increase rapidly, and
significant amounts of Ca2+ must be released from SR, resulting in the high gain of CICR
measured in experiments (40,41). In common-pool models, this rapid increase of RyR open
probability and the resulting release of Ca2+ from SR will contribute to a positive feedback
effect, whereby additional uncontrolled Ca2+ release will occur from RyR. In this scenario, the
release of Ca2+ from SR becomes a threshold, all-or-none phenomenon. This is precisely the
behavior demonstrated by the JRW model (13). Figure 6 shows peak myoplasmic Ca2+ in
response to 200-ms-duration voltage-clamp stimuli to various step potentials (abscissa) from
a holding potential of −80 mV. There is little rise in Ca2+ until a step potential of approximately
−25 mV, at which point peak myoplasmic Ca2+ rises to a maximal value. This response is
maintained to a step potential of roughly −40 mV, at which point the response returns to zero.
Clearly, such a response is not graded. Figures 6B and C show the corresponding L-type
Ca2+ and RyR fluxes (ordinate) as a function of test potential (abscissa). L-type Ca2+ current
is graded, but RyR Ca2+ release is not. For this reason, Stern postulated that there must be some
local control mechanism preventing regenerative release of Ca2+ from SR (41).

The local control mechanism Stern proposed was that CICR properties were determined by
the ensemble behavior of many independent functional release units, where each functional
release unit consisted of a set of L-type Ca2+ channels and an associated set of RyR. Ca2+

release at the level of each functional unit could be an all-or-none event. Graded responses
were a consequence of the fact that the average behavior of a large number of functional units
would reflect the continuous and graded probability of opening of the L-type Ca2+ channel. It
was further proposed that a mechanism called stochastic attrition was responsible for the
termination of release. In stochastic attrition, RyR channels that open in response to an increase
in local Ca2+ will then close at random times. Eventually, enough channels close that release
is terminated.

Recently, Rice, Jafri, and Winslow (42) have developed a stochastic model of the diad. This
model of the diad uses biophysically detailed descriptions of the channels involved. The model
describes the cardiac ventricular functional unit as consisting of one L-type Ca 2+ channel and
a set of eight associated RyR channels. Both trigger and released Ca2+ are directed into a
subspace representing the diadic cleft. An 8:1 RyR:DHPR stoichiometry is selected to mimic
the ratio found in rat—using the 4:1 ratio found in guinea pig yields similar results. A single
compartment is used to represent the diadic cleft since previous modeling studies suggested
that Ca2+ concentration a short distance from the channel mouth reaches uniform spatial profile
very rapidly (43–45).

The L-type Ca2+ channel is a stochastic version of the model described in the JRW guinea pig
ventricular cell model (5). It includes voltage activation, Ca2+-mediated inactivation, and
voltage-dependent inactivation of the Ca2+ channel. RyR are simulated using a stochastic
version of the model developed by Smith and Keizer (46) that captures both opening and
adaptation of the RyR. Both the T-tubular and SR anionic membrane buffers are represented
using the rapid buffering approximation, which assumes that Ca2+ and the buffers bind quickly
so that they are at equilibrium (32). The JSR Ca2+ concentration is represented by a dynamic
equation consisting of Ca2+ release via RyR; refilling from the NSR, which is held fixed at 1
mM; and the Ca2+ buffer calsequestrin, using the rapid buffering approximation.
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The model confirms the hypothesis of Stern (41) that graded release (Figure 7A) and high gain
(Figure 7B) can be obtained by averaging across many independent stochastic functional units.
However, termination of release is mainly a result of local depletion of JSR Ca2+ level, with
RyR adaptation/inactivation serving to modulate duration and magnitude of release. The model
is able to produce many experimentally observed behaviors not simulated with other models.
For example, Sham and coworkers (31) observed that the RyR open time is invariant with open
time of the L-type Ca2+ channel, a behavior produced by the model. Furthermore, the model
shows that whereas the L-type Ca2+ channel is very effective in triggering release from RyR,
RyR are only effective in trigger release from other RyR when RyR open duration is long and
JSR Ca2+ load is high. This indicates relatively low coupling between RyR and suggests a
mechanism that limits the regenerative spread of RyR openings. The model also suggests that
high gain and gradedness can occur by the recruitment of independent functional units without
requiring spatial Ca2+ gradients within a functional unit or cross-coupling between functional
units.

Other investigators who have studied local control mechanisms of Ca2+ release include Langer
& Peskoff (44) and Soeller and Cannell (45,47). These models are the first to be based on
detailed morphological information. The general predictions made by these models are that
(a) Ca2+ influx via the L-type channel increases diadic Ca2+ to tens of μM concentrations very
rapidly following opening of the L-type Ca2+ channel; and (b) that Ca2+ release from RyR is
a very sensitive function of the spatial clustering of RyR, and positioning of RyR relative to
the L-type Ca2+ channel.

In the future, models of the diad that incorporate both the type of spatial detail included in the
Soeller and Cannell models, and biophysically detailed descriptions of channel gating
properties will be required to further our understanding of EC coupling. Further study of the
diad is necessary to understand possible mechanisms of spread of activation and cooperativity
of Ca2+ release between adjacent RyR, and mechanisms of termination of release. It is also
crucially important that simplified models of the diad be developed so that they can be
incorporated in whole-cell models.

2.4 Applications of Single-Cell Modeling
Each of the integrative cell models described above has been used to advance our understanding
of processes influencing action potential shape and duration in the normal ventricular myocyte.
These models have also been applied to investigation of the genetic and molecular basis of
arrhythmia. Specifically, single myocyte models have been used to investigate (a) mechanisms
of early after-depolarizations (EADs) (48,49); (b) mechanisms of delayed after-depolarizations
(50,51); (c) consequences of gene mutation at the cellular level (52); and (d) consequences of
altered gene expression at the cellular level (53,54). In the following, we present an example
of how computational models may be used to investigate the functional consequences of altered
gene expression in heart failure.

Heart failure (HF) is a significant disease in the US, with more than 2 million patients diagnosed
with this illness. Patient prognosis remains poor, with over 15% dying within one year of initial
diagnosis, and a greater than 80% six-year mortality rate. Up to 50% of these patient deaths
are sudden. Remarkable advances have been achieved in understanding the genetic and
molecular basis of heart failure. Measurements of whole-cell inward rectifier potassium current
IK1 show that current density at hyperpolarized membrane potentials is reduced in HF by about
50% in humans (55,56), and by ~40% in the canine tachycardia pacing-induced model of this
disease (57). Measurements of the transient outward current Ito1 show that current density is
reduced by ~75% in human subepicardial cells (58), ~40% in human midmyocardial cells
(56), and is unchanged in human subendocardial cells (56,58). Ito1 is reduced by as much as
70% in failing canine midmyocardial cells (57). Measurements of both steady-state mRNA
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and expressed levels of EC coupling proteins indicate there is an approximate 50% reduction
of (a) mRNA encoding the SR Ca2+-ATPase (59–64); (b) expressed SR Ca2+-ATPase protein
level (59,60,65–67); and (c) and direct SR Ca-ATPase uptake rate (59,68) during HF. There
is a 55% increase in Na+-Ca2+ exchanger mRNA levels, and an approximate twofold increase
in Na+-Ca2+ exchange activity in human (60,69) and canine HF (59). At the cellular level,
action potential duration (APD) is known to be prolonged, Ca2+ transient amplitude and decay
rate are reduced, and the likelihood of arrhythmias such as early after-depolarizations (EADs)
is increased in failing cells (70,71).

Recently, Winslow et al have developed and applied a model of the normal and failing canine
ventricular myocyte to analysis of the functional significance of changes in gene expression
during tachycardia pacing-induced heart failure (53,54). Using the data on mRNA and protein
expression levels cited above, these investigators defined a “minimal model” of end-stage heart
failure as (a) 33% reduction of IK1; (b) 66% reduction of Ito1; (c) 68% reduction of the SR
Ca2+-ATPase; and (d) 75% up-regulation of the Na+-Ca2+ exchanger. They incorporated these
changes sequentially into the computational model and used the model to predict the functional
consequences of each alteration of gene expression in this disease. The results are shown in
Figure 8. Figures 8A (experimental data) and C (model) show that the minimal HF model can
reproduce the increased APD observed in failing myocytes (dotted line) relative to normal
myocytes (solid line). Figures 8B (experiment) and D (model) show that the minimal model
can also account for the reduced amplitude and slowed relaxation of Ca2+ transients observed
in failing (dotted line) versus normal (solid line) myocytes. Most importantly, model
simulations reveal that reduced expression of the outward potassium currents Ito1 and IK1 have
relatively little impact on APD (see dashed line in Figure 8C), whereas altered expression of
the Ca2+ handling proteins has a profound impact on APD (dotted line, Figure 8C).

These results suggested a strong interplay between APD and properties of Ca2+ handling in
canine myocytes. The nature of this interplay was examined in the model. The model indicated
that reductions in expression level of the SR Ca2+-ATPase and increased expression of the
Na+-Ca2+ exchanger both contribute to a reduction of JSR Ca2+ load. This reduction in JSR
Ca2+ load in turn produces a smaller Ca2+ release from SR, reduced subspace Ca2+ levels, and
therefore reduced Ca2+-mediated inactivation of the Ca2+ current. It is the enhanced Ca2+

current which then contributes to prolongation of APD. This is an important insight, as it
identifies the heart failure–induced reduction in JSR Ca2+ load as a critical factor in APD
prolongation and for the accompanying increased risk of arrhythmias related to repolarization
abnormalities (EADs).

Analyses of the type described above are likely to become increasingly important in
determining the functional role of altered gene and protein expression in various disease states
as more comprehensive large-scale data on genome and protein expression in disease become
available (72).

3. MODELS OF THE CARDIAC VENTRICLES
The rapid development of biophysically detailed computer models of single my-ocytes has
contributed greatly to our understanding of processes underlying excitation and repolarization
in the heart. The challenge is now twofold: (a) to continue refinement of these models in order
to make them more accurate, comprehensive, and predictive under a wider variety of normal
and pathological conditions; and (b) to acquire additional knowledge regarding anatomical
structure and spatial heterogeneity within the ventricles—knowledge which ultimately could
enable the development of biophysically and anatomically accurate models of the heart as a
functioning organ.
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3.1 Reconstruction of Ventricular Anatomy
3.1.1 Histological Reconstruction—It has long been appreciated that cardiac fibers are
arranged as counter-wound helices encircling the ventricular cavities, and that orientation of
these fibers depends on transmural location (73–76). Fibers tend to lie in planes parallel to the
epicardium, approaching a longitudinal orientation on the ventricular surfaces, and rotating
toward the horizontal near the midwall. More recently, Nielsen et al (77) have obtained detailed
measurements of fiber orientation throughout the canine ventricles and have used these data
to construct the first computer model describing myofiber structure. This model has now been
used by several groups to construct three-dimensional computer models of electrical
conduction in the cardiac ventricles (78–80). Subsequent detailed reconstructions of ventricular
cardiac fiber angle have been performed in rabbit heart (81).

The existence of a level of anatomical organization beyond that of the myofiber, such as
myocardial lamina or fiber bundles separable by distinct anatomical cleavage planes, has been
a controversial subject for years, and remains so today (75,76,82). Earlier studies purporting
to find myocardial cleavage planes separating lamina or bundles of myocytes (73,83) were
dismissed initially by some as dissection artifact (84–86), and several recent authors have
reasserted the view of the myocardium as a continuous three-dimensional syncytium of cells
(74,85,87). LeGrice et al, however, have recently challenged this idea with their
comprehensive, detailed measurements of canine ventricular macrostructure and
microstructure (88). They have reported that the myofibers are arranged in distinct myocardial
laminae, about four myocytes thick, separated from adjacent laminae by the extracellular
collagen network. This finding is also supported by the recent local reconstruction of
myocardial lamina in rabbit heart by Costa et al (89).

3.1.2 Estimation of Ventricular Fiber Orientation Using Diffusion-Tensor
Magnetic Resonance Imaging—The direct anatomical reconstructions described above
are extremely labor-intensive and time consuming. More rapid techniques for achieving
ventricular reconstructions would greatly enhance our ability to characterize cardiac structure
in both health and disease. Recently, a number of studies (90–93) have suggested that diffusion-
weighted magnetic resonance imaging (MRI) may be used to determine the muscle fiber
orientation of tissues. This approach to fiber reconstruction is based on the fact that diffusion
of water within a tissue in the presence of a magnetic field gradient causes MRI signal
attenuation. Diffusion tensor magnetic resonance imaging (DTMRI) may therefore be used to
estimate a voxel-averaged diffusion tensor, the eigenvectors and eigenvalues of which specify
the principal directions and rates of water diffusion at each voxel of the tissue image. The
eigenvector corresponding to the maximum eigenvalue of the diffusion tensor points in the
direction of maximum rate of diffusion, which has been hypothesized to correspond to the
direction of the long axis of a cylindrical fiber. This observation has been used to map fiber
orientation of the myocardium (90,92), and white matter (94–98).

Quantitative histologic verification of this apparent correlation has been lacking until recently.
The study by Hsu et al (99) provided the first quantitative correlation of DTMRI and histology
fiber angles in an excised portion of the right ventricle. Subsequently, Scollan et al (100)
showed that DTMRI estimates of fiber orientation obtained from perfused, non-beating rabbit
hearts accurately reproduce histologic measurements of orientation made at the same locations
in the same heart.

As shown in Figure 9, orientation of eigenvectors is defined by two angles. The inclination
angle, α, is defined as the angle eigenvectors make with the transverse (image) plane, in a plane
parallel to the epicardial tangent plane. The transverse angle, φ, is the angle eigenvectors make
with the circumferential direction in the image plane, and represents the transmural component
of the eigenvector orientation. Figure 10A (see color insert) shows a map of inclination angle
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of the primary eigenvector, color-coded according to the figure inset, as determined using
DTMRI in a single short-axis cross-section through a perfused rabbit heart. The spatial
variation of the angle is qualitatively consistent with the well-known transmural variation of
inclination angle obtained from histology by others (75–77,101–103). This can be seen by
comparing the data in Figure 10A with interpolated and smoothed inclination angles of a short-
axis section of canine heart from the histologic reconstruction of Nielsen et al (77), as shown
in Figure 10B. Note that for both, large negative angles are common on the LV and RV free
walls and on the RV septal endocardium, but uncommon near the junction of the two ventricles.

The work of Hsu et al (99) and Scollan et al (100) has established that DTMRI may in principle
be used to map fiber angle throughout the myocardium. Nevertheless, to date there have been
no high-resolution reconstructions of the entire ventricular myocardium. One reason for this
is the long imaging times required to reconstruct the fiber fields at high spatial resolution over
large regions. Over such long time periods, changes of ventricular geometry may occur in both
hearts perfused with cardioplegic solution, or hearts maintained in cold cardioplegia, especially
during the first 12 to 18 hours post excision. The occurrence of this motion limits the amount
of time available for DTMRI, and thus limits the spatial resolution that may be achieved.

This motion problem can be eliminated by fixing the heart with formalin prior to imaging. In
addition to preventing motion, fixation prior to imaging also eliminates any possible flow
artifacts seen in perfused heart images. Furthermore, the increased imaging time fixed-heart
imaging would afford could be used to increase the signal-to-noise ratio and spatial resolution.

Quantitative comparison of histological and DTMRI-based estimates of inclination angle
measured in formalin-fixed tissue show an even closer correspondence than do those obtained
in perfused tissue (104). Examples of this are shown in Figure 11A–E, in which inclination
angle (ordinate) determined by histology (open circles) and using DTMRI ( filled circles) are
compared as a function of trans-mural depth (abscissa) for five different transmural sites. The
transmural variation of fiber angles determined by both methods appears quite similar, as seen
by the large Pearson correlation coefficients shown in each panel. These averaged 0.979, all
with a significance level of p < 0.001. The close correspondence is further supported by
comparing each histology measurement with the average DTMRI estimate at the same percent
transmural distance for that site. This provides an RMS average error of 5.3° and standard
deviation of 5.1° (N = 70). The correspondence of the histology and DTMRI measurements
are further quantified in Figure 11F, where the differences between the histology and averaged
DTMRI values for all sites are shown. The mean of this distribution represents the degree of
systematic error (i.e. degree of constant shift of one set of measurements relative to the other)
present. The positive mean of 3.7° is significantly different from zero (p < 0.001). The
distribution median is 3.5°, and the distribution standard deviation of 6.4° is of course similar
to the standard deviation of the RMS error. Transverse angles were also determined for the
primary eigenvectors of the transmural plug. The average value for the plug was 4.6°, 3.4°,
similar to previous histological measures of this angle in dog myocardium of 4.6°, 0.76° and
7.3°, 0.9° (85,86).

As reported in perfused tissue (100), the DTMRI data obtained in formalin-fixed myocardium
also exhibit a systematic pattern of secondary and tertiary eigenvector orientation, with
secondary eigenvector orientation pointing predominantly in the transmural direction. Primary
and secondary eigenvectors can therefore be thought of as defining a plane that extends outward
from the endocardial surface. The orientation of this plane varies as primary eigenvector
orientation rotates with increasing transmural depth. The tertiary eigenvector, by definition, is
the local normal to this plane. Figure 10C is a color map of the inclination angle of the tertiary
diffusion tensor eigenvector in the same short-axis section as shown in Figure 10A.
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Consistent with the general pattern described above, this inclination angle changes from being
roughly horizontal at the epicardial surface, to vertical near the midwall, and approximately
horizontal at the endocardial surfaces. The apparent sheet structure formed by the spatial
distribution of the tertiary eigenvector is qualitatively consistent with that of anatomical
laminae recently described by LeGrice et al (88) in the canine ventricles. For comparison,
inclination angles of the laminae normals in a short-axis section of a finite-element model of
canine ventricular fiber structure are shown in Figure 10D. These data therefore suggest the
possibility that the orientation of the diffusion tensor tertiary eigenvector may correspond to
that of the laminae normals.

3.1.3 Reconstruction of Ventricular Anatomy Using DTMRI—The data reviewed
above suggest the possibility that DTMRI may be used to reconstruct ventricular micro-
anatomical structure at high spatial resolution. We have recently used DTMRI to perform such
reconstructions. The following protocol was developed. First, three-dimensional GRASS
(gradient recalled acquisition in the steady-state) intensity images were collected for
subsequent use in defining the epicardial and endocardial surfaces. Image resolution was 256
× 128 × 128 pixels. Given the field of view, this yielded a set of 128 short-axis slices with in-
slice spatial resolution of 156 × 312 μm, and a slice separation of 469 um. Following acquisition
of the GRASS intensity data set, DTMRI was used to estimate myocardial fiber orientation.
These images were obtained using a slice-selective fast spin-echo diffusion-weighted
technique followed by two-dimensional discrete Fourier transform. Slice thickness was varied
depending on longitudinal position. In regions at and near the base of the heart where epicardial
surface curvature is smallest, slice thickness was set to 2 mm. At more apical regions where
curvature is larger, slice thickness was set to 1 mm. Eight basal short-axis sections were
obtained with a slice thickness of 2 mm, followed by twelve apical short-axis sections at a slice
thickness of 1 mm. This protocol was selected as a trade-off between total imaging time (~20
hours) and spatial resolution, and yields one 256 × 128 × 128 matrix of intensity data which
is used to estimate ventricular geometry, and a coincident 256 × 128 × 20 matrix of points at
which estimates of the 3 × 3 diffusion tensor are available.

Reconstruction of ventricular anatomy from these data involves four steps. First, epicardial
and endocardial boundaries are estimated using both the short-axis GRASS intensity and
diffusion-weighted short-axis slices. This is done using a semi-automated image segmentation
tool called HeartWorks (106). This yields a series of 128 planar contours defining epicardial
and endocardial boundaries. Second, these contours are used to reconstruct the ventricular
epicardial and endocardial surfaces for visualization of ventricular structure. Third, diffusion
tensor eigenvalues and eigenvectors are computed from the diffusion-weighted short-axis
sections which are coincident with a subset of the GRASS imaging short-axis sections, thus
providing estimates of fiber orientation within the myocardium in each of these sections.
Fourth, fiber orientation is interpolated for myocardium in those short-axis sections for which
there are no corresponding diffusion data.

The semi-automated image segmentation algorithms in HeartWorks provide a set of 3 × 128
planar contours that specify epicardial and endocardial (RV and LV) surfaces, where each
contour is represented by a set of ordered points. Given these contours, ventricular surfaces
are reconstructed using a piecewise smooth surface reconstruction algorithm developed by
Hoppe and DeRose which determines an optimal triangular tiling between points in adjacent
contours (107).

Figure 12A (see color insert) shows reconstruction of a rabbit ventricle based on GRASS image
data obtained at a spatial resolution of 156 × 312 × 469 μm. Image segmentation was performed
using the method of active contours. Papillary muscles projecting into the ventricles were edited
from the images using HeartWorks. Left ventricular (LV) and right ventricular (RV) surfaces
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are shown in gold and red, respectively. The epicardial surface is rendered as a wire frame
mesh. The high spatial resolution afforded by GRASS imaging is sufficient to reveal the highly
detailed structure of both the epicardial and endocardial surfaces. Figure 12B–E shows the
reconstructed ventricle of Figure 12A into which 12 of 20 short-axis DTMRI sections are
inserted. Each of these sections shows fiber inclination angle coded according to the indicated
color-map. In general, these sections show a transmural variation in fiber angle from the
epicardial to endocardial surfaces. As described in Nielsen et al (77), there are sharp transitions
in fiber orientation in the midwall near the RV-septal junctions.

There are several advantages afforded by use of DTMRI for ventricular reconstruction. First,
by removing data corruption due to heart motion, fixation enables longer imaging times,
resulting in higher spatial resolution than available when imaging the perfused heart. As one
measure of this higher spatial resolution, the ventricular reconstruction reported here is based
on estimates of the diffusion tensor eigensystem at 196,867 myocardial points in the rabbit
heart. This stands in contrast to roughly 14,300 measurement points reported previously for
rabbit heart (81), and roughly 17,000 points in canine myocardium (108) when using direct
histological reconstruction methods. The absence of perfusion also eliminates potential flow
artifacts. DTMRI in fixed tissue can also be performed at elevated temperatures, thus increasing
water diffusivity and therefore diffusion anisotropy. Second, the imaging time required for the
reconstructions reported here (~20 hours) is significantly less than that required to perform
direct anatomical reconstruction—a procedure requiring many days of effort. Image
acquisition can also be automated through software-controlled operation of the scanner. These
relatively short imaging and reconstruction times should make possible the acquisition of an
extensive library of reconstructed hearts in both normal and disease states. Third, DTMRI
yields the absolute orientation of all three diffusion tensor eigenvectors at each imaged material
point. Histological reconstruction methods at best provide estimates of the angles defining
either fiber or sheet orientation at nearby, but not identical, measurement points.

The qualitative agreement between inclination angle of the diffusion tensor tertiary eigenvector
in rabbit and inclination angle of the surface normal to myocardial sheets measured in canine
myocardium suggests that DTMRI may also be used to reconstruct the laminar structure of the
heart. Confirmation of this hypothesis will require the direct comparison of histological
estimates of the sheet normals with corresponding estimates of the tertiary eigenvector of the
diffusion tensor obtained at the same myocardial points.

3.2 Generation of Computational Models from Anatomical Data
The development of rapid methods for the anatomical reconstruction of cardiac ventricular
geometry and fiber organization offers the exciting possibility that anatomical and
computational models of an extensive library of normal and diseased hearts may be generated,
and that structural and electrical properties of these hearts may be computed and compared.
Section 3.2.1 describes methods for computational modeling of the ventricular myocardium.

3.2.1 Governing Partial Differential Equations—The bidomain equations describe the
flow of electrical current within the myocardium between the intracellular and extracellular
domains. This approach treats each domain of the myocardialtissue as a continuum, rather than
as being composed of discrete cells connected by gap junctions and surrounded by the
extracellular milieu. Thus, quantities such as conductivity and transmembrane voltage
represent spatial averages. Several excellent reviews have been published detailing the
assumptions in, structure of, and solution methods for the bidomain equations (109,110).

The bidomain equations are derived by applying conservation of current between the intra-
and extracellular domains. The equations consist of a coupled parabolic and elliptic equation
that must be satisfied within the myocardium, and an additional elliptic equation that must be
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satisfied in the bath or tissue surrounding the heart. Solution of the full bidomain equations is
known to be important when modeling the effects of electric field stimulation on cardiac
electrical responses. However, in circumstances not involving field stimulation, the bidomain
equations are usually simplified considerably (111). If the tissue surrounding the body surface
is taken to be a good insulator, and the assumption of equal anisotropy is assumed to hold,
namely that

Mi(x
_
) = 1

κ Me(x
_
) (1)

where k is called the anisotropy ratio, then the bidomain equations reduce to the (monodomain)
parabolic differential equation,

∂υ
∂t (x_

, t) = 1
Cm

− Iion(x
_
, t) − Iapp(x

_
, t) + 1

β ( κ
κ + 1 )∇ ⋅ (Mi(x

_
)∇υ(x

_
, t)) (2)

where x is spatial position, v(x, t) is the transmembrane voltage, Cm is the membrane
capacitance per unit area, Iion(x , t) is the sum of the ionic currents per unit area through the
membrane (positive outward), Iapp(x , t) is an applied stimulus current per unit area, β is the
ratio of membrane area to tissue volume, and Me(x ) and Mi(x ) are the extracellular and
intracellular 3 × 3 conductivity tensors at each point x.

The intracellular conductivity tensors at each point within the heart are specified by fiber
orientation and by specific intracellular conductivities in each of the local coordinate directions.
The intracellular conductivity tensor in the local coordinate system, Gi(x ), is defined as

Gi(x
_
) =

σ1,i
σ2,i

σ3,i

(3)

where σ1,i is the longitudinal and σ2,i and σ3,i are the transverse intracellular conductivities,
respectively. This local tensor may be expressed in global coordinates to give the intracellular
conductivity tensor of Equation 2 using the transformation

Mi(x
_
) = P(x

_
)G(x

_
)P T (x) (4)

where P(x) is the transformation matrix from local to global coordinates at each point x. When
working from DTMRI data, the columns of P(x) are set equal to the eigenvectors of the diffusion
tensor estimated at point x. Doing so assumes that the tertiary eigenvector of the diffusion
tensor is equal to the local normal to the sheet—an assumption motivated by the qualitative
similarity of Figures 10C–D, but one which has not yet been verified rigorously. This
assumption can be relaxed, and only information on fiber direction (primary eigenvector) used
if conductivities transverse to the fiber long-axis are assumed equal (σ2,i = σ3,i).

3.2.2 Parallel Solution of the Monodomain Equation—Solution of the monodomain
equation (Equation 2) throughout the ventricular myocardium is computationally demanding,
and is typically performed using parallel computation. In this section, we describe a
parallelization method implemented on an IBM RS/6000 SP POWER3 Symmetric
Multiprocessor (SMP) system running IBM Parallel Environment (PE) for AIX V2.4 and XL
FORTRAN V6.1. Each of the 16 nodes on this system consists of two 200-MHz processors
and 4GB of shared memory. Each processor has a primary instruction cache of 32KB, a primary
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data cache of 64KB, and a direct-mapped secondary cache of 4MB. The implementation
achieves multilevel parallelism by utilizing the Message Passing Interface (MPI) for
communication among nodes, and OpenMP directives for parallel computation within each
node. The implementation is highly portable, running on either SMP architectures, distributed
networks of scalar processors, or hybrid architectures.

The first step of this parallel solution method is discretization of Equation 2. A number of
methods may be used to perform the time integration, including the Euler and Runge-Kutta
methods (111–115). In the simulations reported here, an Euler method with a 2-μs time step
is used. The divergence operator in Equation 2 produces second-order, mixed second-order
and first-order (advective) spatial derivatives. Second-order spatial derivatives are
approximated using a standard 3-point stencil, and mixed second-order derivatives are
approximated using a 5-point stencil. Advective terms were approximated using upwind
differences to prevent numerical instability.

The first level of parallelism involves partitioning the computational grid and associated data
into a set of N subdomains, and then distributing these subdomains to the SMP nodes, which
communicate with one another using MPI. To do this, the ventricles are assumed to be
“immersed” in a regular three-dimensional lattice as shown in Figure 13A. The number of
subdomains N is set equal to the number of processor nodes. In FORTRAN, data are arranged
in the main memory of each node according to the leading dimension of the underlying data
arrays. In Figure 13, this is taken to be the z, y, and x dimensions. Therefore, in order to conform
to the principle of data locality, the myocardium is partitioned into subdomains along the x-
axis (long axis) so that data within a subdomain will be more highly localized in shared memory.
This in turn optimizes memory and cache accesses. Each subdomain therefore consists of a set
of short-axis slices in the y-z plane. Since only 40%–50% of grid points in each short-axis
section are within the myocardium, these points (referred to as active points) are identified and
totaled by use of a mask. To optimize load balancing, the algorithm generates subdomains
consisting of an integer number of short-axis sections.

After performing this domain decomposition, each node loads and initializes only the
parameters and data that pertain to its subdomain. In order to compute the spatial current at a
grid point, membrane potential at each grid point is computed using an 18-point nearest-
neighbor stencil. For most grid points within a subdomain, this information is available in the
node shared memory. For grid points on the boundary of the subdomain, membrane potentials
of the neighbors are retrieved from adjacent subdomains before each iteration of the
computation. This is accomplished by padding the x-dimension of the subdomain with
additional “ghost” cells whose values are computed by the neighboring subdomains and
exchanged between nodes via MPI communication calls at each time step. Figure 13B
illustrates a volume partitioned using this algorithm. The xz-plane is shown on the right, with
circles representing cells updated by processors local to the subdomain, and diamonds
representing ghost cells updated by processors in neighboring nodes.

Once all required data are in the memory of the SMP node, all processors within a domain
begin computation on a distinct short-axis section in the subdomain. Upon finishing, each
processor proceeds to the next available slice in its subdomain. The distribution of workload
between the two processors is guided by OpenMP directives used for parallelizing the loops
that compute the currents and integrate the state variables. The scheduling of the parallel loop
is static, as the overhead of dynamic scheduling is justified only when there is a high degree
of load imbalance.
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3.3 Application of Ventricular Models
Figure 14 (see color insert) shows a computational model of the rabbit ventricle derived from
GRASS and DTMRI data sets using the methods described in Section 3.1.3. DTMRI data were
interpolated into the higher-resolution GRASS geometry data as follows: For each voxel in
each slice of the GRASS data, the nearest neighbor voxels in the DTMRI slices above and
below the GRASS slice were located. The data for the GRASS voxel were computed from a
linear interpolation of the two DTMRI voxels. Data for GRASS voxels for which only one
adjacent DTMRI slice was available (i.e. at the extreme apex and base) were computed by
extrapolation from the nearest neighbor DTMRI voxels.

This anatomic structure was used to define a computational domain over which the
monodomain equation (Equation 2) was solved. DTMRI data were used to set the three
principal directions of the conductivity tensor. Conductivities in these directions were then
scaled to give conduction velocities of 70 cm/s in the longitudinal direction and 25 cm/s in the
transverse direction. Transverse isotropy was assumed. An explicit Euler method (time step 2
μs) was used to integrate through time, and the spatial derivatives were approximated with
finite differences. The spatial step sizes were set to that of the anatomical model (Section 3.1.3).
A Fitz-Hugh Nagumo model by Aliev and Panfilov (116) was used to describe ionic currents.
An epicardial region in the shape of an ellipse, with its long axis oriented approximately
circumferentially, was simulated by applying a super-threshold current pulse. Figure 14A
shows epicardial potential 5 ms, and Figure 14B shows response 35 ms after the pulse. The
epicardial surface has been rendered partially transparent, and all surfaces are color-coded by
voltage (inset). The orange ribbon represents the 10 mv iso-surface wave-front. Owing to the
faster conduction velocity along the fibers, which are oriented approximately longitudinally
on the epicardium, the wave-front is seen to acquire a more longitudinal orientation as time
progresses (Figure 14B).

It is now well established that there is spatial variation in expression of membrane currents
through the ventricular wall (117–122). At present, the following approach is used to adjust
membrane current parameters and hence AP duration within the ventricular myocardium. Franz
et al (123,124) and Cowan et al (125) have used monophasic action potential recordings in
human heart to determine AP duration as a function of activation time (AT), and have shown
an approximately linear relationship between these variables. In this relationship, the y-
intercept specifies AP duration of the earliest activated endocardial cells, and slope determines
AP duration of the remaining cells. Slope values less than −1 produce repolarization times RPT
(defined as RPT = AT + APD) that progress from the epicardial to endocardial surfaces, thus
assuring upright T-waves. A slope of −1 produces uniform transmural repolarization times,
and therefore a T-wave of 0-amplitude. A slope greater than −1 produces an inverted T-wave.

In order to assure that the three-dimensional ventricular model yields an upright T-wave, this
so-called Franz Relationship is assumed to be true, and parameters of model cells are adjusted
to yield a linear relationship between AP duration and activation time. This is done by (a)
stimulating the model endocardial surfaces at the sites of initial breakthrough in normal sinus
rhythm; (b) computing AT at all model grid points using the given anatomical and ionic current
models; (c) adjusting membrane parameters at each node point to yield a single cell AP duration
appropriate for the computed AT, as determined from the Franz Relationship. When electrical
activation and repolarization is simulated, the resulting 3-D heart model qualitatively
reproduces the normal QRS and T wave (Figure 15A).

The 3-D heart model has been used to test the hypothesis that EADs may trigger reentrant
arrhythmias in the failing heart. To do this, cell properties within one region of right ventricle,
representing about 5% of the total myocardial mass, were adjusted to produce extreme
prolongation of APD by reducing Ito1, IK1, and the SR Ca2+-ATPase magnitude, and increasing
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the Na+-Ca2+ exchanger magnitude as described in Section 2.6. These changes, through their
effects on APD, produced EADs in cells within that region. A wave of excitation was initiated
in the model using a single excitatory stimulus applied at endocardial stimulation points. EADs
triggered within the spatially localized region of the model heart were seen to initiate reentrant
waves that were completely self-sustaining for the full 5 s of the computation. Images of
electrical activity on the model ventricular surface are seen in Figure 14D. The simulated ECG
from normal electrical activity and from the drifting scroll wave in Figure 14B is shown in
Figure 15. Morphology of the ECG shown in Figure 15B is similar to that of polymorphic
ventricular tachycardia—a frequent precursor to sudden cardiac death in heart failure patients
(126).

4. DISCUSSION
This paper reviews modeling research in three broad areas: (a) models of single ventricular
myocytes; (b) methods for the reconstruction and modeling of ventricular geometry and micro-
anatomy; and (c) integrative modeling of the cardiac ventricles. We can see that the level of
biophysical detail, and hence the accuracy and predictability of current ventricular myocyte
models, is considerable. Nevertheless, much remains to be done. In particular, as we acquire
increasingly detailed data regarding the kinetic behavior of specific voltage-gated ion currents
and transporter systems in the myocyte, and as we begin to identify the gene and/or gene
systems encoding particular ion currents and transporters, we need to increase the fidelity with
which these mechanisms are represented in the single-cell models. In our view, this means that
we must begin to develop experimentally constrained Markov state models of these processes.
It was the development of such models of the L-type Ca2+ channel and the RyR that enabled
the JRW model to successfully predict many key properties of interval-force relationships, and
that enabled the canine ventricular cell model to predict the powerful influence of intracellular
Ca2+ cycling on action potential duration. In addition, we can see that all existing single-cell
models fail in a fundamental way—none can accurately predict experimentally observed
properties of excitation-contraction coupling such as graded release of Ca2+ from SR.
Interestingly, this failure of common-pool models does not prevent them from accurately
predicting properties of intracellular Ca2+ cycling that occur over longer time scales, such as
the beat-to-beat variation of SR Ca2+ load. However, there clearly are important cellular
behaviors that require accurate representations of EC coupling to model, in particular the
changes in L-type Ca2+ channel–RyR coupling that are hypothesized to exist in certain models
of cardiac hypertrophy and failure (127,128). Capturing these behaviors at the cellular level
requires that simplified models of local control of Ca2+ release be developed.

Diffusion tensor MR imaging now offers a relatively rapid way of measuring ventricular fiber
structure at high spatial resolution. The evidence is clear that this technique provides accurate
estimates of orientation of the fiber long axis. There is the possibility that the tertiary
eigenvector of the diffusion tensor is aligned with thelocal surface normal to the myocardial
lamina. However, this remains an hypothesis, and must be proven by direct comparison of
DTMRI and histological data. Nevertheless, the ability to rapidly acquire fiber orientation data
throughout the ventricles in large populations of normal and diseased hearts should enable
quantitative statistical comparison of normal and abnormal cardiac structure, and may provide
insights into the possible structural basis of arrhythmia in heart disease.

The availability of high-spatial-resolution models of the ventricles will also facilitate three-
dimensional computer modeling of ventricular activation and its relationship to the underlying
fiber structure of the heart in both health and disease. Unfortunately, a detailed understanding
of the spatial heterogeneities within the heart such as variation of intercellular coupling,
regional expression of ionic currents, and Ca2+ handling proteins is still unavailable, although
significant progress has certainly been made (117–122). Clearly, the development of an

Winslow et al. Page 17

Annu Rev Biomed Eng. Author manuscript; available in PMC 2006 March 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



anatomically and biophysically accurate model of the cardiac ventricles still remains a
challenge for the future.
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Figure 1.
Schematic diagram of mechanisms involved in intracellular Ca2+ cycling in cardiac ventricular
myocytes.
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Figure 2.
Schematic diagram of the diad. Ca2+ influx through the DHPR (JDHPR) enters the subspace
(dashed box). This rise in local Ca2+ fosters the opening of one or more of the 8 RyR, producing
additional influx (JRyR) into the subspace. The subspace is lumped into a single compartment;
hence there is no spatial gradient across this space. Reproduced with permission from Rice et
al (42).
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Figure 3.
Schematic diagram showing transitions between states of the L-type Ca2+ channel. Reproduced
with permission from Jafri et al (13).
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Figure 4.
The frequency-Ca2+ relationship of the JRW model. Panels A, B, C, and D show myoplasmic
Ca2+, JSR Ca2+, RyR open probability, and the product of RyR open probability and JSR
Ca2+ as a function of frequency (abscissa, Hz). Reproduced with permission from Jafri et al
(13).
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Figure 5.
The interval-force relationship of the JRW model. Panels A, B, C, and D show membrane
potential, myoplasmic Ca2+, RyR open probability, and JSR Ca2+ load as a function of time
in response to a 0.5-Hz stimulus pulse train (0–32 s), followed by a 1.5-Hz pulse train (34–46
s), then back to .5 Hz. Reproduced with permission from Jafri et al (13).
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Figure 6.
All-or-nothing Ca2+ release in the JRW model. (A) peak Ca2+ in response to 200 ms duration
voltage-clamp stimuli to the indicated step potential (abscissa) from a holding potential of −
80 mV. (B) Total L-type Ca2+ flux (ordinate, μM) measured as in A. (C) Total RyR Ca2+ flux
(ordinate, μM) measured as in A.
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Figure 7.
Graded Ca2+ release in the functional unit model. (A) Integrated RyR flux (μM–left ordinate,
dashed line) and integrated DHPR flux (μM–right ordinate, solid line) as a function of
membrane potential (abscissa, mV). (B) Gain, defined as integrated RyR flux over integrated
DHPR flux versus voltage (abscissa, mV). Reproduced from Rice et al with permission (42).
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Figure 8.
Model versus experimental action potentials and Ca2+ transients. Each action potential and
Ca2+ transient is in response to a 1-Hz pulse train, with responses measured in the steady state.
(A) Experimentally measured membrane potential (mV–ordinate) as a function of time (s–
abscissa) in normal (solid line) and failing (dotted line) canine myocytes. (B) Experimentally
measured cytosolic Ca2+ concentration (μmol/L–ordinate) as a function of time (s–abscissa)
for normal (solid line) and failing (dotted line) canine ventricular myocytes. (C) Membrane
potential (mV–ordinate) as a function of time (s–abscissa) simulated using the normal canine
myocyte model (solid line), the myocyte model with Ito1 and IK1 down-regulation (dashed
line–down-regulation by 66% and 32%, respectively), and the heart failure model (dotted
line–down-regulation of Ito1 and IK1 as described previously, KSR = 0.38 corresponding to
62% down-regulation, KNaCa = 0.53 corresponding to 75% up-regulation). (D) Cytosolic
Ca2+ concentration (μmol/L–ordinate) as a function of time (s–abscissa) simulated using the
normal (solid line) and heart failure (dotted line) model, with parameters as described in A.
Reproduced with permission from Winslow et al (53).
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Figure 9.
Definition of the two angles necessary to determine the orientation of the eigenvectors and
fibers require first the determination of a tangent plane. At a point on the epicardial surface,
we refer to this as the epicardial tangent plane. For all points along a normal directed inward
from that point, a tangent plane is defined as the plane parallel to the epicardial tangent plane.
The inclination angle (α) is then the angle between the image plane and the projection of an
eigenvector (or fiber) onto the tangent plane. We define this angle as such to best correspond
to the manner in which it is calculated using the histological approach—that is, in sectioned
planes parallel to the epicardium of the sample. The transverse angle (φ) is defined as the angle
between the tangent plane and the projection of the eigenvector onto the image plane.
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Figure 10.
(A) Map of primary eigenvector inclination angle obtained from DTMRI for one slice in a fixed
rabbit heart. (B) Fiber inclination angle map obtained from the histological reconstruction of
Nielsen et al (77) for one section of a dog heart. (C) Map of tertiary eigenvector inclination
angle obtained from DTMRI for the same slice as in A. (D) Map of the inclination angles of
the laminae normals obtained from the Nielsen et al reconstruction for the same slice as in B.
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Figure 11.
A: Fiber inclination angle measurements (open circles) and primary eigenvector inclination
angle estimates ( filled circles) obtained from a fast spin-echo pulse sequence for a transmural
site in a plug of tissue taken from the left ventricle of one fixed rabbit heart. B–E: Same data
for the neighboring sites, separated by 1.2 mm in the circumferential direction. F: Distribution
of differences in fiber inclination angle between each histology measurement and the average
DTMRI measurement at the same location for all five sites in A through E.
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Figure 12.
(A) Reconstruction of epicardial (blue wire mesh) and endocardial surfaces (RV endocardium
- red; LV endocardium - gold ). (B–E) Short-axis sections of rabbit ventricular myocardium
in which fiber inclination angle is color coded. Short-axis section numbers, beginning from
the most basal section, are: 1,7,13 (B); 2,8,14 (C); 3,9,15 (D); 4,10,16 (E).
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Figure 13.
(A) The left and right ventricles immersed in a finite difference grid. (B) The xz plane illustrates
the partitioning of the volume into subdomains and the distribution of these blocks of short-
axis sections to three SMP nodes. Node 2 is assigned more slices than the others as there are
fewer myocardium points in the short-axis sections toward the apex. Grid points that are
updated by the node itself are represented by filled circles, and ghost cells that are updated by
the adjacent nodes and communicated via MPI calls are represented by filled diamonds.
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Figure 14.
Epicardial potential 5 ms (A), and 35 ms (B) after a stimulus pulse. The epicardial surface has
been rendered partially transparent, and all surfaces are color-coded by voltage (inset). The
orange ribbon represents the 10mv iso-surface wave-front. (C–K) Sequential views (right to
left; top to bottom) of epicardial membrane potential (red is resting potential, blue is ventricular
cell plateau potential) at 20 ms intervals illustrating reentrant arrhythmia evoked by local
generation of EADS in heart failure. Anatomical model provided by P Hunter, Auckland
University, NZ.
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Figure 15.
(A) normal model ECG. (B) ECG computed during the reentrant activity of Figure 14C–K.
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