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Modeling the passive cardiac electrical conductivity
during ischemia

Jeroen G. Stinstra, Shibaji Shome, Bruce Hopenfeld and Rob S. Macleod

Abstract— A geometrical model of cardiac tissue was used
to compute the bidomain conductivities. We simulated ischemic
conditions by adapting the geometrical model to morphological
and electrical changes reported in literature. The simulated
changes included 1) expansion of capillaries 2) cell swelling and
3) the closure of gap junctions, which coincide with changes
associated with the three phases of ischemia reported in the
literature. Simulations were carried out in a finite element
model describing 64 myocytes and the apparent conductivity
was calculated by computing the amount of current is this
piece of tissue due to an externally applied electric field. In the
first case, capillary swelling led to a reduction in extracellular
longitudinal conductivity by about 20%, which is in the range
of reported literature values. Moderate cell swelling did not
affect extracellular conductivity considerably. In order to match
the reported drop in total tissue conductance in experimental
studies during the third phase of ischemia, we simulated a ten
fold increase in gap junction resistance. This ten fold increase
correlates well with the reported changes in gap junction densities
in literature.
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I. I NTRODUCTION

Ischemia is a state in which cells are receiving abnormally
low amounts of nutrients. Ischemia in the heart is typically
caused by the partial or complete blockage of a coronary artery
and is a precursor to a host of changes in cardiac tissue prop-
erties. Primary changes include alterations in myocyte [19]
and vascular morphology [11] and gap junction resistance [3].
Somewhat less significant changes occur in the conductivity of
the interstitital space as a result of changes in the concentration
of potassium ions due to ischemia [23].

Although there is substantial uncertainty regarding the effect
of ischemia on conductivity, there appear to be three phases of
conductivity changes: (1) immediately upon perfusion arrest,
there is a substantial and sharp increase in longitudinal extra-
cellular resistance [11], [15]; (2) after perfusion arrest, a more
gradual rise in longitudinal extracellular resistance lasting for
at least 15 minutes [23]; and (3) overlapping with the second
phase, a rapid rise in longitudinal intracellular resistance
approximately 15–30 minutes after perfusion arrest [10], [11],
[15].

The above observations seem to agree with studies report-
ing measurements of whole tissue (bulk) resistance during
ischemia [4], [13]. In these studies, although different species
were used, and ischemia was sustained for different time
periods, the change of bulk resistance in time is similar.

Previous findings suggest several possible mechanisms for
these three phases of ischemia induced conductivity changes.

Following the arrest of coronary flow an immediate increase
in the extracellular longitudinal resistance by about 30% has
been observed [11]. Kléberet al.proposed that this increase is
due to the collapse of capillaries after cardiac arrest. However
measurements by Fleishhaueret al. [6] suggest that the cap-
illary system does not contribute to the overall extracellular
conductivity and thus a change in capillary volume would
not alter the extracellular conductivity. The simulations in this
report will show that the conductivity of the capillary system
is substantially lower than that of the interstitial space, because
transverse currents have to pass in and out of the capillaries
through a highly resistive capillary wall and longitudinal
currents have to flow around numerous red blood cells that
almost completely clog the capillaries. Hence, we propose an
alternative mechanism, namely that the immediate increase in
longitudinal resistivity during the first phase is caused by a
small but rapid decrease in the size of the interstitial space
as fluid shifts from that space into the capillaries because
of the decrease in capillary hydrostatic pressure directly after
perfusion arrest.

The second phase, during which there is a more gradual rise
in extracellular longitudinal resistance [15], occurs as a result
of cell swelling, which initially decreases the volume of the in-
terstitial space as fluid from there flows into the myocytes [23].
After the osmotic balance between the cell and the interstitial
space is reestablished, both the cell and the interstitial space
may swell, with water being divided between those spaces
according to their respective volumes, as the higher osmolality
of the interstitial space draws water from more distant, non-
ischemic parts of the heart [19]. The proportional increase in
both the intracellular and interstitial volumes probably does
not greatly alter the bidomain conductivities. The extent of
cell swelling may depend on whether the ischemia is low
flow or no flow. In the case of no flow ischemia, metabolite
washout is minimal, so interstitial osmolyte accumulation at
least partially balances intracellular accumulation and only
modest increases in cell volume may occur [22]. In low flow
ischemia, in contrast, washout of interstitial osmolytes would
maintain an osmotic imbalance between the interstitial and
intracellular spaces, resulting in greater swelling [22].

The third phase of resistance changes, a rapid increase in
intracellular resistance, is likely attributable to the closing
of gap junctions [10], [13], [15]. According to Beardslee
et al. [1], about 15 minutes after blocking perfusion to the
myocardium, a considerable dephosplorylation of Connexin-
43 takes places, which leads to the closure of gap junctions.
Furthermore, it was shown that prolonged ischemia in isolated
rabbit hearts resulted in doubling of intracellular calcium
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concentration and a drop in intracellular pH to about 6.0 before
a sharp rise in the bulk tissue resistance was observed [13]. A
recent study on cultured mouse astrocytes showed a correlation
between prolonged intracellular acidifcation with the decou-
pling and internalization of Connexin-43 [5]. These results can
be extrapolated to the cardiac domain, since cardiac tissue also
contains Connexin-43, and thus supports the hypothesis that
the sharp rise in intracellular resistance is correlated with gap
junction uncoupling.

Experimental studies have shown that the time of onset of
different phases of arrhythmia correlate in time with onset of
changes in tissue impedances. A common way of studying
the origin of arrhythmias in a three dimensional substrate of
myocardium, is by using a computer model simulating the
effect of changes in the substrate. However these models are
primarily based on changes in the driving currents within
and across the myocyte membrane. One of the effects that is
commonly not taken into account in the these models, are the
electrical conductivity changes that occur in ischemic cardiac
tissue. Cell swelling and the decoupling of gap junctions alter
the microscopic structure of tissue and hence its passive elec-
trical conductivity. This change in conductivity will influence
the volume conduction problem and thus change the epicardial
potentials. A recent modeling study by Hopenfeldet al. [9]
showed that the electrical anisotropy of cardiac tissue is a
prime determinant of the distribution of epicardial potentials
and changes in anisotropy will be reflected as changes in
potential distributions.

The difficulty of modeling the changes in passive electri-
cal properties lies in estimating the conductivity values of
ischemic tissue, as measurements are sparse and are often hard
to interpret. Moreover models are often based on the bidomain
equations which split the conductivity tensor into two parts, an
extracellular and an intracellular contribution. However, most
conductivity measurements even under ischemic conditions
always measure a weighted average of both tensors. Hence
in order to separate them out, a modeling approach is always
needed and additional structural information needs to be fed
into those equations to obtain realistic values for the bidomain
conductivity tensors.

In a related study [17], we created a geometrical model of
cardiac tissue under healthy conditions to compute the con-
ductivity of cardiac tissue. This model describes the geometry
of cardiac tissue at a cellular level and computes the currents
flowing at this microscopic level. Based on this information the
average conductivity of a piece of tissue can be determined.
The aim of this paper is to present the results of this model
when we assume ischemic conditions and to compare them
with the sparse measurements found in literature.

II. M ETHODS

In the next paragraph a brief description of the model
is presented and subsequent changes needed to simulate the
conductivity under ischemic conditions.

A. The conductivity model

The model used to compute the effective passive conduc-
tivity of cardiac tissue is based on a geometrical model of

a piece of cardiac tissue described at a cellular level. The
model consists of two domains, the intracellular space of the
myocytes (ICS) and the extracellular space surrounding the
myocytes (ECS), separated by the cell membrane. Previous
simulations suggested that the resistance of the capillary
network is significantly different from that of the interstitial
space [17], hence the ECS domain was subdivided into these
two compartments. Similarly the ICS domain was divided
into a compartment of intracellular fluid and one represent-
ing the gap junctions connecting the various myocytes. The
conductivities of both the intracellular and extracellular fluids
are assumed to be homogeneous and ohmic. In the model,
the myocytes dimensions are roughly 10 by 25 by 100µm
and all the cells have their long axis aligned along the same
longitudinal fiber direction.

The actual geometrical model itself was generated using a
computer algorithm, that assigns a rule-based random-shape
to each myocyte in the model. The goal of this program
was to scrutinize the dependence of the model on general
tissue properties, such as cell size and the overall size of
the extracellular space and not to depend on the actual
shape of every individual myocyte. Simulations under healthy
conditions already demonstrated that the apparent conductivity
is more dependent on the ”global” tissue properties than on
the actual shape of each myocyte. Hence we used the same
approach for ischemic tissue. Each set of global parameters
is an average of the results of ten different cellular layouts
that were randomly generated. In the latter case it is only the
difference of the individual cell shapes that have been changed,
the overall properties of the tissue such as average cell-to-cell
distance and overall volume fractions are kept the same.

[INSERT FIGURE 1]
The process of generating the tissue mesh is shown in Fig-

ure 1. This figure depicts the process of turning a regular mesh
consisting of hexahedral elements into a model of myocytes
embedded in an extracellular mesh of interstitial space and
capillaries. The figure briefly depicts how myocyte shapes are
generated that mimic the spiky elongated shapes typically seen
in microscopic images of myocytes [7]. Depicted in the figure
as well, is a small illustration of where the gap junctions
are generated in the model. In our model we assume that
the spiky processes of the myocytes connect one myocyte
to the next myocyte by means of gap junctions. A recent
study by Jainet al. [10] using confocal microscopy showed
a similar distribution of gap junction proteins. The model
is created in such a way that its processes along the fiber
direction all touch each other (no layer of interstitial space is
in between). Based on measurements of cell-to-cell resistivities
we estimated a surface resistance that connects both cells. The
latter is the model we used for the gap junctions. A more
complete overview of this model can be found in [17].

The inhomogeneities in the extracellular space stem from
the division into capillaries and interstitial space. Because at
these microscopic scales, blood is not a homogeneous medium,
its composition of red blood cells and blood plasma must
be taken into account. Measurements of the conductivity of
blood at different haematrocrit levels indicate that the red cells
do not conduct and that the blood plasma is the conductive
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medium [20]. As the size of a red blood cell is approximately
equal to the cross section of a capillary, it will block the
conducting pathway along the capillary. In the model we
constructed, each capillary has been split into three sections,
the capillary wall, the blood cells and the blood plasma. We
assumed a haematocrit of 50 % so that an essentially non-
conductive red blood cell blocked current flow through 50%
of the volume every few micrometers.

Since only a small number of cells can be simulated using
this technique —usually only up to a few hundred cells— the
geometrical model was designed to be a piece of a big slab of
tissue with the simulated cluster being a 3D tile in an infinitely
large piece of tissue replicating this tile in every direction.
In order to assure a smooth fit among the tiles the program
generating them was designed to match opposite borders,e.g.
a cell crossing of the border of the simulation tile at one end
will fit together with a cell cut in half by the border on the
opposite side of the tile.

This geometrical model was used to compute the four effec-
tive bidomain conductivities (the intracellular and extracellular
conductivities, along and transverse to the fiber direction). The
values of these were calculated by applying an electrical field
in a given direction (longitudinal or transverse) across the ICS
or the ECS. All calculations were performed by assuming
that the cell membrane does not conduct. Although there
will be some current flow between both the ICS and ECS,
the same approach was applied for the tissue under healthy
conditions and resulted in values that are in good agreement
with the effective intra- and extracellular conductivities as
reported in literature [17]. The second reason for choosing
an infinite resistance for the membrane model, is that the
calculated values are intended to serve as a basis of a bidomain
simulation. In the latter model the membrane is modeled
separately and the two conductive spaces are assumed to be
separated by an active membrane model which will include the
passive component of the current leaking from one domain to
the other.

The electrical field was applied by assuming a potential dif-
ference between opposing boundaries of the model. Hence the
source was situated in the boundary condition. This boundary
condition was used as well to assure that the simulated piece
of tissue is part of a large piece of tissue. These two constraints
led to the following boundary conditions:
(1) A current exiting at one boundary node has to enter the
model at the opposite boundary node; and (2) the potential at
a node of the boundary has to be equal to the potential of its
counterpart on the opposite boundary, except for nodes on the
boundaries perpendicular to the applied external field.

The effective conductivities were obtained by computing the
total amount of current flowing through the piece of tissue in
a certain direction. The latter was calculated using the finite
element method using a mesh consisting of tetrahedrons that
was created on top of the geometrical model. The effective
conductivity is now computed as following:

σe = JECS/Eapp (1)

and,
σi = JICS/Eapp (2)

The solution to the finite element model was computed
using an iterative solver. The model of the intracellular space
consisted of approximately 1,4 million elements and the one of
the extracellular space of 600,000 elements. The simulations
were carried out in a cluster of 4 x 4 x 4 mycytes (a model of
64 cells) and the parameters chosen to represent the healthy
condition are depicted in Table 1.

In the model all components are assumed to be ohmic and
were assigned a conductivity value based on a literature survey.
The interstitial conductivity was estimated at 2.0 S/m, which
corresponds to the conductivity of many extracellular fluids
in the body [8], [14] and as well to values derived from
the chemical composition of the extracellular fluids [18]. The
effective conductivity of the inside of myocyte was estimated
at 0.3 S/m along the fiber direction and 0.15 S/m across. The
latter values were estimated based the layout of myofibrils and
mitochondria and the mobility of potassium in the remaining
space of the cytoplasm [17]. This longitudinal conductivity
value seems to agree with measurements performed by Brown
et al. [2] when corrected for temperature. Since the model does
not contain individual gap junction connections but models
the effect of gap junctions by means of an effective surface
resistance experienced between two cells, we had to estimate
this effective surface resistance. We chose the effective gap
junction surface resistivity to be 1 MΩ, spread out over half
of the cross section of an average myocyte. This value was
estimated based on the cell-to-cell resistances measured by
Metzger and Weingart [12], [21] after correcting the value for
the access resistance due to the resistance of the myocyte itself.

[INSERT TABLE 1 HERE]
In order to derive differences in the conductivity values

between healthy and ischemic tissue, the parameters in the
model need to be adapted to represent the tissue structure of
ischemic tissue. The most prominent effect on the conductivity
is the gradual closure of gap junctions. This effect was simu-
lated by increasing the resistance of the cell-to-cell coupling
in the model, from 1 MΩ coupling representing healthy tissue
to 10 MΩ coupling, representing a partial closure of the gap
junctions during ischemia. This value was chosen based upon
observations by Jainet al., who found that the density of
gap junction proteins in a non preconditioned ischemia is
somewhere between 10 to 20% of control values. Hence, we
assumed around a tenfold increase in resistance of the surface
resistance.

Besides the closure of gap junctions, morphological changes
in the tissue structure may also affect the conductivity. During
ischemia Kĺeber and Rieger [11] observed an abrupt decrease
in extracellular myocardial conductivity. One way to explain
this sudden increase is swelling of the capillaries (which
conduct far more poorly than the extracellular medium due to
red blood cells blocking the currents in the capillaries). Hence,
we altered the size of the capillaries in the geometrical model,
both swelling and collapse were simulated. Another influence
on the myocardial conductivity is the swelling of myocytes
during ischemia. We simulated this effect by changing the
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size of the myocytes while keeping the spacing between the
myocytes constant.

III. R ESULTS

The results presented here were based on simulations in
which we assumed the parameters depicted in Table 1 to
represent the healthy/non-ischemic case. Using the parameters
in Table 1, an effective intracellular conductivity of about
0.16 S/m (longitudinal) and 0.005 S/m (transverse), and an
effective extracellular conductivity of about 0.21 S/m (longi-
tudinal) and 0.05 S/m (transverse), was computed [17].

[INSERT FIGURE 2 HERE]
In order to predict the changes in the bidomain conductiv-

ities under ischemic conditions we performed three series of
simulations under the following conditions: (1) an expansion
of the capillaries in the ECS, (2) cell swelling , and (3) the
closure of the gap junctions.

The first two of these simulation series mainly affected the
bidomain conductivities in the extracellular space, shown in
Figure 2. In the first simulation the capillaries were allowed
to swell from a state in which they occupy about 30% of the
ECS to a state in which they occupy 50% of the ECS. In the
latter situation, the clusters of empty space surrounding the
capillaries are gone and the interstitial volume is primarily
made up out of the thin sheets of fluid that separate the
myocytes. This is the largest volume fraction the capillary
space can have in the model without affecting the spacing
between myocytes. This increase of capillary volume leads to a
noticeable reduction of the effective longitudinal extracellular
conductivity and anisotropy ratio, but hardly affects the ef-
fective transverse extracellular conductivity. The conductivity
was reduced from 0.21 S/m to a value of about 0.17 S/m a
reduction by about 20%.

The second simulation series, shown in the bottom row of
Figure 2, shows the effect of cell swelling. In this simulation
the spacing between adjacent myocytes were held constant and
the myocytes were allowed to swell leading to a reduction in
the overall ECS volume fraction. In order to get noticeable
effects in the conductivity of the extracellular conductivities,
it was necessary for the myocytes to swell considerably,e.g.
an increase of 50% in cell volume, leads to a 25% reduction
of the extracellular conductivity.

In order to simulate the effect of gap junction closure we
carried out various simulations in which the gap junction
surface resistance was increased from 1 MΩ (healthy case) to
a value 10 MΩ (ischemia). The latter increase only effected
the intracellular conductivities which are depicted in Figure 3.
The effective longitudinal and transverse conductivities de-
crease non-linearly with increases in the resistance of the
gap junctions. Because the transverse conductivity is affected
more by the increase of the gap junctional resistance than
the longitudinal, the intracellular anisotropy factor increases
as well. For cell-to-cell resistances over 10 MΩ, the gap
junctional resistance becomes the dominate factor in both the
transverse and the longitudinal effective intracellular conduc-
tivities resulting in an anisotropy factor in the range between
50 and 60 that is more or less independent of the value of

the gap junction resistance. The overall effect of a substantial
increase in gap junction resistivity is a substantial drop in the
intracellular conductivities and a rise in the ICS anisotropy
ratio.

[INSERT FIGURE 3 HERE]

IV. D ISCUSSION

One of the main motives for creating a model of cardiac
conductivity was to estimate the changes in conductivity that
arise during the various phases of ischemia. Experimental data
regarding these changes is especially sparse. One problem
encountered in estimating the conductivity of ischemic cardiac
tissue is that ischemia is a cascade of different processes taking
place over time so that there is no single static conductivity
value for ischemic tissue. Hence, in relating the changes in
cardiac conductivity to the underlying changes in physiological
state, understanding these different stages and their implica-
tions becomes more important.

At the onset of ischemia, there is a sudden increase in
the longitudinal extracellular conductivity [11], [15]. One
hypothesis for this behavior is capillary swelling resulting
from draining of the interstitial fluid out of the tissue after
the loss of capillary hydrostatic pressure. In order to simulate
this process, we simulated the swelling of the capillaries
(Figure 2A), from a control state in which they occupied
about 30% of the ECS to a state in which they occupied 50%
of the ECS. In the latter condition, the capillaries filled the
normally unoccupied space around them with only a minimal
layer of interstitial fluid remaining between the capillaries
and the myocytes. Simulations of this transition showed a
reduction in the extracellular conductivity of about 20 to 25%,
a value reasonably close to the measured reduction in the
extracellular longitudinal conductivity of about 35% [11]. A
more realistic response would be at least some drainage of
interstitial fluid through the capillaries out of the ischemic
region, and therefore somewhat less capillary swelling, but
the next effect would still be a loss of interstitial fluid and
hence the increased extracellular resistance.

The additional decrease in extracellular conductivity during
the next phase of ischemia described by Smithet al. probably
arises as a result of cell swelling [15]. We were able to
replicate this small reduction in extracellular conductivity
by allowing the cells in the model to swell by 8–16%, a
reasonable range of values according to the literature [16],
[19]. The decrease in conductivity in this phase was not as
large as the one in the first phase, which seems to match the
time curve of resistance in ischemia reported in literature [10],
[11], [13], [15].

A further factor that influences tissue conductivity during
ischemia is the reduction in the intracellular component that
arises because of a graded failure in the gap junctions. To
replicate the results of Smithet al., which showed a two
step rise in the longitudinal bulk resistivity of first 1.5 and
then 2.7 fold, would require a decrease in the longitudinal
bulk conductivity from 0.38 S/m to about 0.14 S/m. Given
the reduction in conductivity for the extracellular space of
some 40% described above, this would require a much larger



5

drop in the intracellular conductivity, which lies effectively
in parallel with the extracellular conductivity. We simulated a
tenfold increase in gap junction resistivity, which effectively
made the extracellular conductivity the major contributer to
the bulk conductivity. Under these conditions, the extracellular
longitudinal conductivity was 0.13 S/m and the intracellular
was 0.03 S/m, resulting in a bulk longitudinal conductivity of
0.16 S/m, which is close the 0.14 S/m value observed by Smith
et al. [15]. The actual increase of the gap junction resistivity
is hard to estimate from current literature. However, a recent
study by Jainet al. [10] showed that when cardiac tissue is
subjected to 30 minutes of no flow ischemia, the density of
connexin-43 proteins in the cell membranes was reduced to
10–20% of the original density. This tenfold decrease can be
correlated to the tenfold increase of the cell-to-cell resistance.

We did not include the well documented effect of ele-
vated extracellular potassium concentration in the simulations
of ischemic conductivity. Even with a typical elevation of
potassium, the dominant extracellular ions remain sodium and
chloride such that the effect on electrolyte conductivity is
likely to be negligible (less than 5%).
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TABLE 1

OVERVIEW OF THE PARAMETERS USED IN THE CONDUCTIVITY MODEL

(HEALTHY TISSUE)

Parameter Value

Cytoplasm longitudinal conductivity 0.3 S/m
Cytoplasm transverse conductivity 0.15 S/m
Interstitial conductivity 2.0 S/m
Capillary wall conductivity 0.02 S/m
Blood plasma conductivity 2.0 S/m
Haematocrit 50 %
Gap-junction resistivity 1.45 10−4 Ωm2

Cell membrane resistivity +∞ Ωm2

Average cell cross-section 300µm2

Average cell length 95µm2

Volume fraction myocytes 84 %
Volume fraction interstitial space 11 %
Volume fraction capillaries 5 %

FIGURE CAPTIONS
FIGURE 1
The process used to create a geometric model of cardiac tissue.
The process starts with building a random cross section of a
myocyte out of hexagons. Subsequently more hexagons are
added to form a full cross section. In this process, capillaries
are assigned as well which are interspersed with the myocytes.
In the next phase a certain amount of extracellular space
is added in between the myocytes and the myocytes are
given a third dimension by extending the hexagonal column
in the fiber direction. As the latter process is random the
resulting myocyte shapes have the spiky look often found in
microscopic images. Finally, the more layers are added to form
a full 3D model of a piece of cardiac tissue. The arrangement
of gap junctions associated with a single myocyte, is depicted
in the lower illustration. All the faces perpendicular to the
fiber direction are assumed to contain gap junctions and in
the model these faces touch the next layer of cells, assuring a
cell-to-cell conduction through the intracellular space
FIGURE 2
Effective extracellular conductivity as a function of changes
in the morphology of the ECS. The upper row depicts the
changes due to respectively capillary swelling and the collapse
of capillaries; the lower row depicts the effect of myocyte
swelling.
FIGURE 3
Effective intracellular conductivity as a function of the average
myocyte length, average myocyte cross-section, cytoplasm
conductivity, and the gap junction cell-to-cell resistance. The
first column displays the longitudinal effective conductivity,
the second the effective transverse conductivity, and the third
the anisotropy ratio. In each of the graphs only one parameter
is varied. The other parameters are kept at the following
reference values: 95µm for the average myocyte length, 300
µm2 for thee average myocyte cross section, and 0.3 S/m
for the effective cytoplasm conductivity. For the cell-to-cell
resistance, two values were chosen, 1 MΩ for healthy tissue
(solid line) and 10 MΩ for ischemic tissue (dashed line). The
simulations shown in this graph were repeated ten times with
different geometrical layouts of the cells in the cluster. The
error bars indicate the maximum and minimum values found
for the effective conductivities. Note that the error bars for the
longitudinal case are tiny.
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A random cross section of a 
myocyte generated
by the program.

Multiple myocytes and
capillaries are combined
to form a cross section of
cardiac tissue . The white
colord elements represent
capillaries and the gray
colored elements 
myocytes.

The space between the myocytes
and the capillaries is carved out and
is assumed to be interstitial space

A third dimension is added
to render three dimensional
shapes of myocytes.

An illustration of a complete block of tissue, used as the
geometrical model for calculating tissue properties.

Location of the gap junctions

Example of myocyte that was extracted from
the tissue model.

Fig. 1.
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