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Abstract—A geometrical model of cardiac tissue was used Following the arrest of coronary flow an immediate increase
to compute the bidomain conductivities. We simulated ischemic in the extracellular longitudinal resistance by about 30% has
conditions by adapting the geometrical model to morphological heen gpserved [11]. Kberet al. proposed that this increase is

and electrical changes reported in literature. The simulated due to the collapse of canillaries after cardiac arrest. However
changes included 1) expansion of capillaries 2) cell swelling and ue to P pillar ! - Fowev

3) the closure of gap junctions, which coincide with changes measurements by Fleishhauwgral. [6] suggest that the cap-
associated with the three phases of ischemia reported in the illary system does not contribute to the overall extracellular
literature. Simulations were carried out in a finite element conductivity and thus a change in capillary volume would
model describing 64 myocytes and the apparent conductivity oy aiter the extracellular conductivity. The simulations in this
was calculated by computing the amount of current is this . . .

piece of tissue due to an externally applied electric field. In the _report will _ShOW that the Conductlwty_ of th? _caplllary system
first case, capillary swelling led to a reduction in extracellular IS substantially lower than that of the interstitial space, because
longitudinal conductivity by about 20%, which is in the range transverse currents have to pass in and out of the capillaries
of reported literature values. Moderate cell swelling did not through a highly resistive capillary wall and longitudinal
affect extracellular conductivity considerably. In order to match currents have to flow around numerous red blood cells that
the reported drop in total tissue conductance in experimental | t letelv clog th illari H

studies during the third phase of ischemia, we simulated a ten aimos (_:omp etely gog € capiiiaries. _ence, yve propose a_n
fold increase in gap junction resistance. This ten fold increase alternative mechanism, namely that the immediate increase in

correlates well with the reported changes in gap junction densities longitudinal resistivity during the first phase is caused by a

in literature. small but rapid decrease in the size of the interstitial space
Keywords— Conductivity, Cardiac tissue, Bidomain, Ischemia, @s fluid shifts from that space into the capillaries because
Cardiac modeling 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
Ischemia is a state in which cells are receiving abnormalbf cell swelling, which initially decreases the volume of the in-
low amounts of nutrients. Ischemia in the heart is typicallierstitial space as fluid from there flows into the myocytes [23].
caused by the partial or complete blockage of a coronary artexjter the osmotic balance between the cell and the interstitial
and is a precursor to a host of changes in cardiac tissue prepace is reestablished, both the cell and the interstitial space
erties. Primary changes include alterations in myocyte [18jay swell, with water being divided between those spaces
and vascular morphology [11] and gap junction resistance [3lccording to their respective volumes, as the higher osmolality
Somewhat less significant changes occur in the conductivityff the interstitial space draws water from more distant, non-
the interstitital space as a result of changes in the concentratisthemic parts of the heart [19]. The proportional increase in
of potassium ions due to ischemia [23]. both the intracellular and interstitial volumes probably does
Although there is substantial uncertainty regarding the effegdt greatly alter the bidomain conductivities. The extent of
of ischemia on conductivity, there appear to be three phasesefi swelling may depend on whether the ischemia is low

conductivity changes: (1) immediately upon perfusion arresipw or no flow. In the case of no flow ischemia, metabolite
there is a substantial and sharp increase in longitudinal extvgashout is minimal, so interstitial osmolyte accumulation at
cellular resistance [11], [15]; (2) after perfusion arrest, a moteast partially balances intracellular accumulation and only
gradual rise in longitudinal extracellular resistance lasting fenodest increases in cell volume may occur [22]. In low flow
at least 15 minutes [23]; and (3) overlapping with the secoisthemia, in contrast, washout of interstitial osmolytes would
phase, a rapid rise in longitudinal intracellular resistanggaintain an osmotic imbalance between the interstitial and
approximately 15-30 minutes after perfusion arrest [10], [1lihtracellular spaces, resulting in greater swelling [22].
[15]. The third phase of resistance changes, a rapid increase in
The above observations seem to agree with studies repamtracellular resistance, is likely attributable to the closing
ing measurements of whole tissue (bulk) resistance duriofj gap junctions [10], [13], [15]. According to Beardslee
ischemia [4], [13]. In these studies, although different species al. [1], about 15 minutes after blocking perfusion to the
were used, and ischemia was sustained for different timeyocardium, a considerable dephosplorylation of Connexin-
periods, the change of bulk resistance in time is similar. 43 takes places, which leads to the closure of gap junctions.
Previous findings suggest several possible mechanisms Fairthermore, it was shown that prolonged ischemia in isolated
these three phases of ischemia induced conductivity changebbit hearts resulted in doubling of intracellular calcium

I. INTRODUCTION



concentration and a drop in intracellular pH to about 6.0 befoaepiece of cardiac tissue described at a cellular level. The
a sharp rise in the bulk tissue resistance was observed [13]m&Adel consists of two domains, the intracellular space of the
recent study on cultured mouse astrocytes showed a correlatioyocytes (ICS) and the extracellular space surrounding the
between prolonged intracellular acidifcation with the decoumyocytes (ECS), separated by the cell membrane. Previous
pling and internalization of Connexin-43 [5]. These results camulations suggested that the resistance of the capillary
be extrapolated to the cardiac domain, since cardiac tissue aistwork is significantly different from that of the interstitial
contains Connexin-43, and thus supports the hypothesis thpace [17], hence the ECS domain was subdivided into these
the sharp rise in intracellular resistance is correlated with gago compartments. Similarly the ICS domain was divided
junction uncoupling. into a compartment of intracellular fluid and one represent-
Experimental studies have shown that the time of onsetiofy the gap junctions connecting the various myocytes. The
different phases of arrhythmia correlate in time with onset @bnductivities of both the intracellular and extracellular fluids
changes in tissue impedances. A common way of studyiage assumed to be homogeneous and ohmic. In the model,
the origin of arrhythmias in a three dimensional substrate tife myocytes dimensions are roughly 10 by 25 by 160
myocardium, is by using a computer model simulating thend all the cells have their long axis aligned along the same
effect of changes in the substrate. However these models kmgitudinal fiber direction.
primarily based on changes in the driving currents within The actual geometrical model itself was generated using a
and across the myocyte membrane. One of the effects thatdnputer algorithm, that assigns a rule-based random-shape
commonly not taken into account in the these models, are tioe each myocyte in the model. The goal of this program
electrical conductivity changes that occur in ischemic cardiaas to scrutinize the dependence of the model on general
tissue. Cell swelling and the decoupling of gap junctions altéssue properties, such as cell size and the overall size of
the microscopic structure of tissue and hence its passive elge extracellular space and not to depend on the actual
trical conductivity. This change in conductivity will influenceshape of every individual myocyte. Simulations under healthy
the volume conduction problem and thus change the epicardiahditions already demonstrated that the apparent conductivity
potentials. A recent modeling study by Hopenfeidal. [9] is more dependent on the "global” tissue properties than on
showed that the electrical anisotropy of cardiac tissue istlee actual shape of each myocyte. Hence we used the same
prime determinant of the distribution of epicardial potentialapproach for ischemic tissue. Each set of global parameters
and changes in anisotropy will be reflected as changesisnan average of the results of ten different cellular layouts
potential distributions. that were randomly generated. In the latter case it is only the
The difficulty of modeling the changes in passive electrdifference of the individual cell shapes that have been changed,
cal properties lies in estimating the conductivity values ahe overall properties of the tissue such as average cell-to-cell
ischemic tissue, as measurements are sparse and are oftendigtdnce and overall volume fractions are kept the same.
to interpret. Moreover models are often based on the bidomaifINSERT FIGURE 1]
equations which split the conductivity tensor into two parts, an The process of generating the tissue mesh is shown in Fig-
extracellular and an intracellular contribution. However, mosire 1. This figure depicts the process of turning a regular mesh
conductivity measurements even under ischemic conditioosnsisting of hexahedral elements into a model of myocytes
always measure a weighted average of both tensors. Heragbedded in an extracellular mesh of interstitial space and
in order to separate them out, a modeling approach is alwayspillaries. The figure briefly depicts how myocyte shapes are
needed and additional structural information needs to be fgdnerated that mimic the spiky elongated shapes typically seen
into those equations to obtain realistic values for the bidomaimmicroscopic images of myocytes [7]. Depicted in the figure
conductivity tensors. as well, is a small illustration of where the gap junctions
In a related study [17], we created a geometrical model afe generated in the model. In our model we assume that
cardiac tissue under healthy conditions to compute the cahe spiky processes of the myocytes connect one myocyte
ductivity of cardiac tissue. This model describes the geometty the next myocyte by means of gap junctions. A recent
of cardiac tissue at a cellular level and computes the currestady by Jainet al. [10] using confocal microscopy showed
flowing at this microscopic level. Based on this information tha similar distribution of gap junction proteins. The model
average conductivity of a piece of tissue can be determingsl.created in such a way that its processes along the fiber
The aim of this paper is to present the results of this modgikection all touch each other (no layer of interstitial space is
when we assume ischemic conditions and to compare thénbetween). Based on measurements of cell-to-cell resistivities
with the sparse measurements found in literature. we estimated a surface resistance that connects both cells. The
latter is the model we used for the gap junctions. A more
Il. METHODS complete overview of this model can be found in [17].
In the next paragraph a brief description of the model The inhomogeneities in the extracellular space stem from
is presented and subsequent changes needed to simulatgH&edivision into capillaries and interstitial space. Because at

conductivity under ischemic conditions. these microscopic scales, blood is not a homogeneous medium,
. its composition of red blood cells and blood plasma must
A. The conductivity model be taken into account. Measurements of the conductivity of

The model used to compute the effective passive condusteod at different haematrocrit levels indicate that the red cells
tivity of cardiac tissue is based on a geometrical model db not conduct and that the blood plasma is the conductive



medium [20]. As the size of a red blood cell is approximatelgind,

equal tQ the cross section of a capillary, it will block the 0i = J105/ Eapp )

conducting pathway along the capillary. In the model we _ o

constructed, each capillary has been split into three sectionsThe solution to the finite element model was computed

the capillary wall, the blood cells and the blood plasma. Wésing an iterative solver. The model of the intracellular space

assumed a haematocrit of 50 % so that an essentially néansisted of approximately 1,4 million elements and the one of

conductive red blood cell blocked current flow through 50%he extracellular space of 600,000 elements. The simulations

of the volume every few micrometers. were carried out in a cluster of 4 x 4 x 4 mycytes (a model of
Since only a small number of cells can be simulated usil%‘ cells) and the parameters chosen to represent the healthy

this technique —usually only up to a few hundred cells— tHgPndition are depicted in Table 1. _
geometrical model was designed to be a piece of a big slab of" the model all components are assumed to be ohmic and
tissue with the simulated cluster being a 3D tile in an infinitel{/©"® assigned a conductivity value based on a literature survey.
large piece of tissue replicating this tile in every direction! N€ interstitial conductivity was estimated at 2.0 S/m, which
In order to assure a smooth fit among the tiles the progragﬂrresponds to the conductivity of many extracelrular fluids
generating them was designed to match opposite boregys, N the body [8], [14] and as well to values derived from
a cell crossing of the border of the simulation tile at one erf§® chemical composition of the extracellular fluids [18]. The

will fit together with a cell cut in half by the border on the€ffective conductivity of the inside of myocyte was estimated

opposite side of the tile. at 0.3 S/m along the fiber direction and 0.15 S/m across. The
This geometrical model was used to compute the four e1;felgl_tter values were estimated based the layout of myofibrils and
tive bidomain conductivities (the intracellular and extracelIularrmOChOnOIrIa and the mobility of POtaSS'!Jm n the remaining

ace of the cytoplasm [17]. This longitudinal conductivity

conductivities, along and transverse to the fiber direction). Tﬁg .
g\Efglue seems to agree with measurements performed by Brown

values of these were calculated by applying an electrical fi al.[2] when corrected for temperature. Since the model does

in a given direction (longitudinal or transverse) across the I. not contain individual gap junction connections but models

or the ECS. All calculations were performed by assuming .« of gap iunctions by means of an effective surface
that the cell membrane does not conduct. Although there 9ap | y

will be some current flow between both the ICS and EC e_srstance_ experienced b_etween two cells, we had to (_estrmate
. . is effective surface resistance. We chose the effective gap
the same approach was applied for the tissue under health

o . . Eur{ction surface resistivity to be 1 8 spread out over half
conditions and resulted in values that are in good agreem b . .
of the cross section of an average myocyte. This value was

with the effective intra- and extracellular conductivities as_.. .
reported in literature [17]. The second reason for choosi estimated based on the cell-to-cell resistances measured by
P ’ rI{ﬁ’etzger and Weingart [12], [21] after correcting the value for

an infinite resistance for the membrane model, is that tlrhe ; . :
calculated values are intended to serve as a basis of a bidorr%afa access resistance due to the resistance of the myocyte itsel.
INSERT TABLE 1 HERE]

simulation. In the latter model the membrane is modeled n order to derive differances in the conductivity values
separately and the two conductive spaces are assumed t Be Y

separated by an active membrane model which will include t gtween healthy and ischemic tissue, the pgrameters in the
passive component of the current leaking from one domain odel need to be adapted to represent the tissue structure of
the other ischemic tissue. The most prominent effect on the conductivity

) ] ] ] . Is the gradual closure of gap junctions. This effect was simu-
The electrical field was applied by assuming a potential di

; _ lated by increasing the resistance of the cell-to-cell coupling
ference between opposing boundaries of the model. Hence he,e model, from 1 M2 coupling representing healthy tissue

source was situated in the boundary condition. Thrs boundqulo MQ coupling, representing a partial closure of the gap
condition was used as well to assure that the simulated pigGhctions during ischemia. This value was chosen based upon
of tissue is part of a large piece of tissue. These two constraiisseryations by Jaiet al, who found that the density of
led to the following boundary conditions: gap junction proteins in a non preconditioned ischemia is
(1) A current exiting at one boundary node has to enter tgmewhere between 10 to 20% of control values. Hence, we
model at the opposite boundary node; and (2) the potential. s med around a tenfold increase in resistance of the surface
a node of the boundary has to be equal to the potential of jisictance.
counterpart on the qpposrte boundary, except for nlodes on th%esides the closure of gap junctions, morphological changes
boundaries perpendicular to the applied external field. j, yhe tissue structure may also affect the conductivity. During
The effective conductivities were obtained by computing thechemia Kéber and Rieger [11] observed an abrupt decrease
total amount of current flowing through the piece of tissue i extracellular myocardial conductivity. One way to explain
a certain direction. The latter was calculated using the finifais sudden increase is swelling of the capillaries (which
element method using a mesh consisting of tetrahedrons thehduct far more poorly than the extracellular medium due to
was created on top of the geometrical model. The effectiyed blood cells blocking the currents in the capillaries). Hence,
conductivity is now computed as following: 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
e = Jecs/Eapp (1) during ischemia. We simulated this effect by changing the



size of the myocytes while keeping the spacing between ttiee gap junction resistance. The overall effect of a substantial
myocytes constant. 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]
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 One of the main motives for creating a model of cardiac
0.16 S/m (longitudinal) and 0.005 S/m (transverse), and aonductivity was to estimate the changes in conductivity that
effective extracellular conductivity of about 0.21 S/m (longiarise during the various phases of ischemia. Experimental data
tudinal) and 0.05 S/m (transverse), was computed [17].  regarding these changes is especially sparse. One problem
[INSERT FIGURE 2 HERE] encountered in estimating the conductivity of ischemic cardiac
In order to predict the changes in the bidomain conductitissue is that ischemia is a cascade of different processes taking
ities under ischemic conditions we performed three series fice over time so that there is no single static conductivity
simulations under the following conditions: (1) an expansiovalue for ischemic tissue. Hence, in relating the changes in
of the capillaries in the ECS, (2) cell swelling , and (3) theardiac conductivity to the underlying changes in physiological
closure of the gap junctions. state, understanding these different stages and their implica-
The first two of these simulation series mainly affected tH&ns becomes more important.
bidomain conductivities in the extracellular space, shown in At the onset of ischemia, there is a sudden increase in
Figure 2. In the first simulation the capillaries were allowethe longitudinal extracellular conductivity [11], [15]. One
to swell from a state in which they occupy about 30% of thieypothesis for this behavior is capillary swelling resulting
ECS to a state in which they occupy 50% of the ECS. In tHeom draining of the interstitial fluid out of the tissue after
latter situation, the clusters of empty space surrounding ttiee loss of capillary hydrostatic pressure. In order to simulate
capillaries are gone and the interstitial volume is primarilthis process, we simulated the swelling of the capillaries
made up out of the thin sheets of fluid that separate tlleigure 2A), from a control state in which they occupied
myocytes. This is the largest volume fraction the capillargbout 30% of the ECS to a state in which they occupied 50%
space can have in the model without affecting the spaciofithe ECS. In the latter condition, the capillaries filled the
between myocytes. This increase of capillary volume leads tmarmally unoccupied space around them with only a minimal
noticeable reduction of the effective longitudinal extracelluldayer of interstitial fluid remaining between the capillaries
conductivity and anisotropy ratio, but hardly affects the efnd the myocytes. Simulations of this transition showed a
fective transverse extracellular conductivity. The conductivitgeduction in the extracellular conductivity of about 20 to 25%,
was reduced from 0.21 S/m to a value of about 0.17 S/maavalue reasonably close to the measured reduction in the
reduction by about 20%. extracellular longitudinal conductivity of about 35% [11]. A
The second simulation series, shown in the bottom row ofore realistic response would be at least some drainage of
Figure 2, shows the effect of cell swelling. In this simulatiofnterstitial fluid through the capillaries out of the ischemic
the spacing between adjacent myocytes were held constant eggion, and therefore somewhat less capillary swelling, but
the myocytes were allowed to swell leading to a reduction the next effect would still be a loss of interstitial fluid and
the overall ECS volume fraction. In order to get noticeableence the increased extracellular resistance.
effects in the conductivity of the extracellular conductivities, The additional decrease in extracellular conductivity during
it was necessary for the myocytes to swell considerahly, the next phase of ischemia described by Smitlal. probably
an increase of 50% in cell volume, leads to a 25% reductianises as a result of cell swelling [15]. We were able to
of the extracellular conductivity. replicate this small reduction in extracellular conductivity
In order to simulate the effect of gap junction closure why allowing the cells in the model to swell by 8-16%, a
carried out various simulations in which the gap junctioreasonable range of values according to the literature [16],
surface resistance was increased from @ fealthy case) to [19]. The decrease in conductivity in this phase was not as
a value 10 M2 (ischemia). The latter increase only effectethrge as the one in the first phase, which seems to match the
the intracellular conductivities which are depicted in Figure 3ime curve of resistance in ischemia reported in literature [10],
The effective longitudinal and transverse conductivities dét1], [13], [15].
crease non-linearly with increases in the resistance of theA further factor that influences tissue conductivity during
gap junctions. Because the transverse conductivity is affeciedhemia is the reduction in the intracellular component that
more by the increase of the gap junctional resistance tharises because of a graded failure in the gap junctions. To
the longitudinal, the intracellular anisotropy factor increasesplicate the results of Smitket al, which showed a two
as well. For cell-to-cell resistances over 10QMthe gap step rise in the longitudinal bulk resistivity of first 1.5 and
junctional resistance becomes the dominate factor in both tien 2.7 fold, would require a decrease in the longitudinal
transverse and the longitudinal effective intracellular condubulk conductivity from 0.38 S/m to about 0.14 S/m. Given
tivities resulting in an anisotropy factor in the range betweehe reduction in conductivity for the extracellular space of
50 and 60 that is more or less independent of the value sime 40% described above, this would require a much larger

1. RESULTS

IV. DISCUSSION



drop in the intracellular conductivity, which lies effectively[13] LM Owens, TA Fralix, E Murphy, WE Cascio, and LS Gettes. Corre-
in parallel with the extracellular conductivity. We simulated a
tenfold increase in gap junction resistivity, which effectively

made the extracellular conductivity the major contributer t4]
the bulk conductivity. Under these conditions, the extracellu
longitudinal conductivity was 0.13 S/m and the intracellul

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 resistivitglm]

is hard to estimate from current literature. However, a recent

study by Jainet al. [10] showed that when cardiac tissue i$!7]
subjected to 30 minutes of no flow ischemia, the density pfg
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 resistanéles?]

We did not include the well documented effect of ele-
vated extracellular potassium concentration in the simulatio&
of ischemic conductivity. Even with a typical elevation o

potassium, the dominant extracellular ions remain sodium and
chloride such that the effect on electrolyte conductivity &1l
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/Im
Haematocrit 50 %
Gap-junction resistivity 1.45 10* Qm?
Cell membrane resistivity +oo QOm?
Average cell cross-section 300m?
Average cell length 9%m?
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: 95m for the average myocyte length, 300
um? 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, © Nbr healthy tissue
(solid line) and 10 M 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.



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.

& A random cross section of a
myocyte generated

by the program.

'.'L\‘

Location of the gap junctions

Example of myocyte that was extracted from

the tissue model.

Fig. 1.

shapes of myocytes.

A third dimension is added
to render three dimensional

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

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