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Abstract Thin-walled cardiac tissue samples superfused

with oxygenated solutions are widely used in experimental

studies. However, due to decreased oxygen supply and

insufficient wash out of waste products in the inner layers

of such preparations, electrophysiological functions could

be compromised. Although the cascade of events triggered

by cutting off perfusion is well known, it remains unclear

as to which degree electrophysiological function in viable

surface layers is affected by pathological processes

occurring in adjacent tissue. Using a 3D numerical bido-

main model, we aim to quantify the impact of superfusion-

induced heterogeneities occurring in the depth of the tissue

on impulse propagation in superficial layers. Simulations

demonstrated that both the pattern of activation as well as

the distribution of extracellular potentials close to the

surface remain essentially unchanged. This was true also

for the electrophysiological properties of cells in the sur-

face layer, where most relevant depolarization parameters

varied by less than 5.5 %. The main observed effect on the

surface was related to action potential duration that

shortened noticeably by 53 % as hypoxia deteriorated.

Despite the known limitations of such experimental meth-

ods, we conclude that superfusion is adequate for studying

impulse propagation and depolarization whereas repolari-

zation studies should consider the influence of pathological

processes taking place at the core of tissue sample.
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1 Introduction

Multicellular cardiac preparations, such as isolated small

animal atria (Fig. 1), pulmonary vein sleeves, ventricular

slices as well as trabeculae and papillary muscles are

widely used in experiments to study the physiology of

cardiac function in health and disease [5, 21, 22, 40].

Unlike in isolated myocytes, gap junctions and extracel-

lular matrix are preserved, allowing to characterize elec-

trophysiological function under conditions similar to those

in intact hearts (see Fig. 1b).

In contrast to larger preparations, where perfusion is

essential to ensure adequate oxygen supply as well as wash

out of waste products throughout the preparation [47], due

to its simplicity, superfusion with oxygenated solutions is

typically employed for thin-walled tissue samples [5, 17,

21–23, 40]. Although superfusion is adequate to maintain

preparations viable for prolonged experimental procedures,

this is not the case with larger samples where the thickness

of the muscle wall exceeds the diffusion length [2]. In these

cases, metabolic deficits build up with distance from su-

perfused surfaces. High-energy phosphate stores in anoxic

regions become depleted, hyperkalemia and acidosis
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develop due to insufficient wash out causing cells to

become non-excitable and non-conductive.

Although these progressive changes which drive the

formation of an ischemic [26, 32] and, ultimately, a myo-

lytic core, clearly compromise integrated physiological

functions such as active force generation [2], further elu-

cidation is required to clarify as to which extent these

pathological conditions in deeper layers of the tissue affect

excitation spread and extracellular depolarization signals

recorded close to the intact and viable surface. On one

hand, the contribution of cells in ischemic regions as cur-

rent sources during depolarization will be attenuated or

even disappear [33]. On the other hand, these cells will

influence electrophysiological behavior of viable cells in

adjacent surface layers via electrotonic interactions [12]. A

detailed quantitative understanding of these processes and

their effects on excitation spread, as observed at the tissue

surface, is key to allow a correct interpretation of experi-

mental data recorded from such preparations.

In this study, we developed a biophysically detailed 3D

model of a thin-walled cardiac tissue preparation (Fig. 1c)

to investigate how superfusion-induced heterogeneities

affect the recorded depolarization signals measured on the

tissue surface. The model is based on the cardiac bidomain

equations and considers the electrophysiological changes

of inner muscle fibers under pathological conditions such

as ischemia phase 1a, phase 1b and myolysis.

2 Methods

2.1 Governing equations

The set of bidomain equations describes the bioelectric

activity in cardiac tissue [14]. The equations link intra-

cellular and extracellular potential fields via transmem-

brane currents which act as sources:

r � ðrir/iÞ ¼ bIm; ð1Þ
r � ðrer/eÞ ¼ �bIm; ð2Þ

Im ¼ Cm

oVm

ot
þ IionðVm; gÞ � Istim; ð3Þ

og

ot
¼ gðVm; gÞ; ð4Þ

Vm ¼ /i � /e; ð5Þ

where ri and re are the intracellular and extracellular con-

ductivity tensors (respectively); b is the membrane surface

to cell volume ratio; Im is the transmembrane current den-

sity; Istim is the stimulus current density; Cm is the membrane

capacitance per unit area; Vm is the transmembrane voltage;

and Iion is the density of the total ionic current flowing

through the membrane channels, pumps and exchangers,

which in turn depends on Vm and on a set of state variables,

g; which governs the dynamics of cellular processes such as

gating or changes in concentrations within intracellular

compartments. The vector-valued function g comprises the

set of functions which describes the rate of change of the

state variables g: At the tissue boundaries, electrical isola-

tion is assumed, which is accounted for by imposing no-flux

boundary conditions on /i.

In many experimental setups, including in vivo studies,

cardiac tissue is surrounded by a conductive medium, such

as blood or a superfusing Tyrode’s solution that can be

modeled by an additional Poisson equation:

r � ðrbr/eÞ ¼ 0; ð6Þ

where rb is the isotropic conductivity of the conductive

medium. In this case, no-flux boundary conditions are

assumed at the boundaries of the conductive medium,

whereas continuity of the normal component of the extra-

cellular current and continuity of /e are enforced at the

tissue-bath interface. Typically, Dirichlet boundary condi-

tions are applied in the extracellular domain to prescribe

potentials as imposed by the electrodes of data acquisition

systems, i.e., nodes in the mesh are chosen where /e is

fixed either at zero or at a given time-varying stimulus

voltage.

Fig. 1 a Posterior part of the lower right atrium of a Rabbit heart

(ROI region of interest) pinned on silicone rubber with tungsten

needles and superfused with oxygenated Tyrode’s solution. b Rami-

fication of the terminal crest into a pectinate muscle. Two four-

electrode sensor arrays carried from flexible polyamide to measure

extracellular potentials are shown. c Finite element model of a thin-

walled cardiac sample, resembling the pectinate in b, immersed in a

bath with four symmetrically arranged grounding electrodes
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2.2 Ischemic ventricular myocyte Model

The Mahajan–Shiferaw (MSH) model [24], which is repre-

sented by the terms Iion; g and gðVm; gÞ in Eqs. 3–4, was used

to describe cellular dynamics of normal rabbit ventricular

myocytes. Following previous approaches, model modifi-

cations were introduced to represent the three main compo-

nents of ischemia at the cellular level: hyperkalemia,

acidosis and hypoxia [30, 39, 45]. Two distinct phases during

the first hour after stopping perfusion can be distinguished

[10], a first phase, referred to as phase 1a, which lasts for

about 15 min and a second, later phase, referred to as phase

1b, lasting from 15 to 45 min. To account for the progression

of ischemia, model parameters were adjusted to represent the

combined effects of hyperkalemia, acidosis and hypoxia at

0 min (control); 5 and 10 min (phase 1a); 15 and 30 min

(phase 1b) after stopping perfusion (see Table 1).

Hyperkalemia was introduced by increasing the extra-

cellular potassium concentration [K?]e [34, 39]. Since the

MSH model does not explicitly account for pH value, effects

of acidosis were modeled indirectly through a decrease in the

L-type calcium and sodium channel conductances, gCa and

gNa, respectively, and by shifting the voltage-dependent

kinetics of the sodium current Vs,Na [3, 39, 45]. Hypoxia was

mimicked by augmenting the MSH model with an adenosine

triphosphate (ATP) sensitive potassium current, IK,ATP [13],

which activates when ATP concentration in the cytosol

([ATP]i) is reduced and the adenosine diphosphate concen-

tration ([ADP]i) is increased. During ischemia phase 1b,

changes in [K?]e are moderate while acidosis and hypoxia

worsen [30]. Cytosolic Na? accumulates secondary to the

inhibition of sodium–calcium exchanger (INaCa) and the

sodium–potassium pump (INaK). In addition, ATP depletion

and pH reduction reduce release current strength of ryano-

dine receptor channels (gRyR) as well as calcium uptake into

the sarcoplasmic reticulum (mup), [4, 6, 11, 25], which leads

to cellular calcium overload. Metabolic inhibition is also

known to augment the background calcium current,

ICa,B, and the calcium-sensitive nonselective cation current,

Ins,Ca [30]. However, since Ins,Ca and ICa,B were not included

in the MSH model formulation and considering that these

currents are fairly small compared to the other currents, they

were not taken into account. Parameter modifications to

reflect phase 1b conditions were obtained based on the range

of values during acute ischemia [13, 30, 39]. A summary of

all parameters of cardiomyocytes under normal as well as

ischemic conditions can be found in Table 1.

2.3 Pseudo-1D model of an ischemic multicellular

strand

A computer model of a 5-mm long strand of cardiac tissue

with a diameter of 25 lm was developed to assess the

impact of ischemia-related changes on impulse propagation

at the tissue scale. The model geometry, which is close to

1D, was discretized at a spatial resolution of 25 lm using

3D hexahedral finite elements. Although 3D elements are

employed, due to diameter which is small compared to the

length of the preparation, the strand can be considered to

behave like a 1D structure. During each simulation run, a

particular condition, i.e., control, hyperkalemia, acidosis,

hypoxia or ischemia at various stages, was assigned to the

entire strand, where for each condition the MSH model was

modified according to Table 1. In addition to cellular scale

adaptations, progression of ischemia also induces a host of

changes which affect electrophysiological properties at the

tissue scale. Myocyte and vascular morphologies are

altered, which, in turn, affect the conductivity re of the

extracellular matrix [20, 44]. Further, during ischemia

phase 1b considerable dephosplorylation of Cx43 takes

places due to prolonged acidification, leading to the pro-

gressive closure of gap junctions [6]. These changes are

reflected in a reduced intracellular bidomain conductivity

ri [3, 41]. Both ri and re were further reduced to model the

extreme case of irreversible cell damage, referred to as

myolysis. Based on experimental measurements [7, 20], the

relative changes in ri and re for different stages of ische-

mia and myolysis are summarized in Table 2.

2.4 3D Model of a superfused thin-walled cardiac

tissue

A finite element model of a thin-walled tissue preparation

was developed to study the effects of ischemia-induced

heterogeneities in the depth of the tissue on activation

sequence, action potential (AP) morphology and extracel-

lularly recorded depolarization signals. In this work, a

geometry representative of cardiac muscle strips such as

pectinate (as shown in Fig. 1b), trabecular and papillary

muscles was chosen since these are widely to investigate

the physiological functions of the heart [15, 21, 23]. In

particular, rabbit papillary muscles have lengths that are

between 3.5 and 5 mm long with a diameter of *1 mm

[19, 42, 43]. Based on that, a cylindrical approximation of

the muscle’s geometry of 5 mm length and 0.5 mm radius

was generated (Fig. 1c). The model was composed of

35,498 vertices and 193,567 tetrahedral elements of 62.42

lm average edge length and a maximum aspect ratio of

4.14 [31]. The preferred axis of conduction was assumed to

be aligned with the y axis, i.e., the main axis of the cyl-

inder. The thin-walled muscle was immersed in a bath of

dimensions 11 9 15 9 7 mm3 to account for bath-loading

as it is always present with experimental set-ups employing

superfusion [16, 36]. The muscle was positioned 1 mm

above the bottom of the bath and centered in the x–y plane.

83,766 vertices and 464,891 tetrahedral elements of 185.02
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lm average edge length and a maximum aspect ratio of

5.18 were used to discretize the bath.

The assessment of transmural inhomogeneities of

[K?]e, pH and myocardial energy metabolism in the heart

during ischemia has been the focus of many experimental

studies [8, 37, 46]. Accordingly, spatial heterogeneity

secondary to the progression of ischemia was accounted for

by assigning different sets of parameters to the central

ischemic zone (CIZ), the border zone (BZ) [35] sur-

rounding the CIZ and the normal zone (NZ). The depth of

the NZ, within which superfusion is sufficient to avoid any

impairment of physiological function, was chosen assum-

ing a diffusion depth of 250 lm [1]. The remaining core of

the muscle was subdivided into a BZ of 125 lm radius

enclosing the CIZ (Fig. 2a). In the NZ, parameters were set

according to control conditions to represent viable surface

layers. In the CIZ, on the other hand, the same adjustments

to cellular properties as well as re and ri were made as

before in the set-up of the 1D strand to account for different

stages of ischemia. In the BZ, as depicted in Fig. 2b,

parameters were linearly interpolated between NZ and CIZ

[3, 18, 45].

Six tissue simulations were conducted to study the

effects of progressive ischemia in the CIZ using the

parameters detailed in Tables 1 and 2: control at 0 min

with the entire cross section of the muscle intact;

ischemic phase 1a (at 5 and 10 min); and phase 1b (at 15

and 30 min). At last, one simulation was conducted to

assess a worst case scenario, i.e., the onset of irreversible

cell damage in the whole core of the preparation:

myolysis. In this extreme scenario, electrophysiological

parameters in both CIZ and BZ were assigned according

to phase 1b 30 min stage, but ri and re were reduced

to 10 and 50 %, respectively, of the values used in

control.

2.5 Simulation protocols

The MSH model was solved by the Rush–Larsen method,

with a time step of 10 ls. Initial conditions for all cell

populations in the regions NZ, BZ and CIZ were computed

for the instants 0, 5, 10, 15 and 30 min by pacing a single

cell at a basic cycle length (BCL) of 500 ms (2 Hz) using

cellular parameters as given in Table 1. Pacing was ter-

minated when arriving at a stable limit cycle where dif-

ferences in AP features between subsequent beats were

small (\1 %, see Sect. 2.6 for further details about AP

features). The state variables at the end of the protocol for

each case were stored to be used as an input for the tissue

simulations.

Bidomain parameters for the NZ were taken from the

literature [29]: membrane capacitance Cm = 1 lF/cm2,

surface-to-volume ratio b = 0.14 lm-1 and the conduc-

tivities ril = 0.174 S/m, rit = 0.019 S/m, rel = 0.625 S/

m and ret = 0.236 S/m where the indices i and e indicate

0.0 0.1 0.2 0.3 0.4 0.5

mm

[K ]+
e

σi

15.5 mmol/l 100%

50% 5.4 mmol/l

CIZ BZ NZ

0.125 mm

0.25 mm

0.50 mm

CIZ
BZ

NZ

BA

Fig. 2 a Cross section of the 3D muscle preparation in Fig. 1C

showing APs from central ischemic zone (CIZ), border zone (BZ) and

normal zone (NZ). b Gradients of extracellular potassium concentra-

tion [K?]e and intracellular conductivity ri along the radial axis.

Values for [K?]e and ri in the CIZ and NZ are assigned according to

ischemia phase 1b (30 min) and control, respectively (Tables 1, 2)

Table 1 Model parameters for myocytes under normal and different

stages of ischemia

Parameter Stage of ischemia (min)

Control Phase 1a Phase 1b

0 5 10 15 30

Hyperkalemia

[K?]e (mmol/l) 5.4 8.9 12.5 14 15.5

Acidosis

gCa (%) 100 87.5 75 50 50

gNa (%) 100 87.5 75 50 50

Vs,Na (mV) 0 1.7 3.4 3.4 3.4

INaCa (%) 100 100 100 60 20

Acidosis and hypoxia

[Na?]i (mmol/l) 14 14 14 17 20

INaK (%) 100 100 100 65 30

gRyR (%) 100 100 100 50 5

mup (%) 100 100 100 95 90

Hypoxia

[ATP]i (mmol/l) 6.8 5.7 4.6 3.5 2.0

[ADP]i (lmol/l) 15 57 99 136 164

Table 2 Changes in extracellular (re) and intracellular (ri)

conductivities

Parameter (%) Stage of ischemia (min)

Control Phase 1a Phase 1b Myolysis

0 5 10 15 30 [30

re 100 75 65 60 55 50

ri 100 100 100 80 50 10
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intracellular and extracellular, and l and t the longitudinal

and transverse direction, respectively. The surrounding

bath was considered isotropic with conductivity rb = 1

S/m.

In all tissue simulations, a transmembrane current

stimulus was applied at the left top cusp of the muscle

(Fig. 3a). Four symmetrically arranged grounding elec-

trodes were placed at the lower corners of the bath (see

Fig. 1c). To ensure steady-state at the tissue scale, the

phase 1b set-up (which is the model with the most pro-

nounced AP heterogeneity) was paced seven times at a

BCL of 500 ms after initialization with the single-cell

steady-state values. Limit cycle trajectories were verified

by recording APs in all three regions NZ, BZ and CIZ

within the central cross sectional plane of the muscle.

Differences in AP morphologies (using metrics as descri-

bed below, Sect. 2.6) between the last two paced beats at

all three sites were negligible. After administering two

stimuli, differences between two subsequent APs were

\3 %. Therefore, for all other cases under study, only two

pacing stimuli were delivered to arrive at a limit cycle.

2.6 Data analysis

AP features were computed for all tissue simulations. APs

were taken from the central cross-sectional area of the

model (see Fig. 3) to avoid boundary artifacts. In the 3D

case, APs from the CIZ were also considered for analysis.

The following AP features were evaluated: resting poten-

tial ðVmrest
Þ, action potential amplitude (APA), maximum

upstroke velocity ð _̂VmÞ and AP duration at 90 % of repo-

larization (APD90). APD90 was calculated as the difference

between the activation time and the repolarization time.

The activation time was determined as the instant of _̂Vm of

the AP. The repolarization time was calculated as the time

which the AP waveform crossed a level corresponding to

90 % of repolarization to the resting potential. Conduction

velocity (CV) along the muscle was obtained by dividing

the distance between two locations (see Fig. 3a) by the

difference in arrival times.

Extracellular signals /e at the observation point (CP)

were taken for analysis (Fig. 3). The distance of 60 lm to

the surface was chosen to match new contact recording

systems for extracellular potentials [16]. Other conduction

parameters based on extracellular potentials, such as the

amplitude /epp
of the biphasic signal /e calculated as the

difference between its positive and negative peaks, the time

difference between these two peaks TPP and the negative

peak of the time derivative _̂/e were evaluated. Figure 3

summarizes all features which were used to characterize

both Vm and /e dynamics.

Fig. 3 a Spatial distribution of Vm in the control model 1 ms after

stimulation (STIM) at the left top cusp. Yellow dots indicate the

location of the recording sites used to determine conduction velocity

(CV). b Action potential at the surface of the NZ. c Time derivative of

Vm during an AP. d /e signals at the observation point (CP) at 60 lm

above the muscle’s surface. e Time derivative of /e

Med Biol Eng Comput (2012) 50:461–472 465
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2.7 Computational aspects

The bidomain equations were solved using the Cardiac

Arrhythmia Research package CARP. Details of the

underlying numerical methods have been described else-

where [28, 29]. Simulation data were stored using a

100 kHz sampling frequency.

3 Results

3.1 Effects of ischemia on impulse propagation

in a strand

The impact on impulse propagation of the three main

components of ischemia at the cellular scale, i.e., hyper-

kalemia, acidosis and hypoxia, as well as reduced coupling

secondary to dephosphorylation of gap junctions at the

tissue scale was studied using a numerical model of a

cardiac strand. To assess the relative influence of the

individual contributing factors to overall ischemia, com-

puter simulations were performed, where the impact of

each factor was studied first in separation before combining

all of them to form an ischemic strand of tissue.

Figure 4a reveals how each component affects AP fea-

tures and CV. Elevated [K?]e has the most prominent

influence on Vmrest
; _̂Vm; APA and CV. CV increased

initially with [K?]e (from 5.4 mmol/l at 0 min to

8.9 mmol/l at 5 min, see Table 1), but this trend reversed

as hyperkalemia deteriorated until conduction block

occurred at [K?]e [ 8.9 mmol/l, i.e., after 10 min. APA

and _̂Vm monotonically decreased whereas APD90 was

prolonged up to 12.6 % before conduction block. In con-

trast, acidosis led to a monotonic decrease in _̂Vm; APA,

APD90 and CV over the first 15 min, while remaining

constant afterwards. Hypoxia was the major determinant of

APD shortening (from 148 ms under control conditions to

10 ms at t = 30 min), while its impact on all other metrics

was rather moderate. Finally, as expected on theoretical

grounds, reduced coupling had no influence on AP features,

but slowed down CV.

Figure 4b shows simulated APs obtained after combin-

ing all contributing factors to model overall ischemia. The

AP shape as generated by the original MSH model is

shown to serve as a reference. Note that even during

normoxic intracellular ATP and ADP levels (6.8 mmol/l

and 15 lmol/l, respectively), the augmentation of the MSH

model with an IK,ATP channel added a non-zero outward

K? current which shortened APD90 to 80 % of its nominal

value. Changes in AP morphology as induced by the pro-

gression of ischemia are summarized in Fig. 4a. Vmrest
was

elevated while _̂Vm; APA and APD90 were monotonically

reduced until block. The elevation of Vmrest
was determined

solely by hyperkalemia (the blue trace related to
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Fig. 4 Effects of hyperkalemia, acidosis, hypoxia, cell uncoupling

and ischemia (combination of all four components) during impulse

propagation on a AP properties and CV as well as on b AP waveform.

Resting potential ðVmrest
Þ; maximum upstroke velocity ( _̂Vm), ampli-

tude of transmembrane AP (APA), APD at 90 % of repolarization

(APD90) and conduction velocity (CV)
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hyperkalemia overlaps with the black trace related to

ischemia). APA was reduced to a larger extent due to the

combined effects of hyperkalemia, acidosis and hypoxia.

Shortening of APD90 was mainly governed by the hypoxia-

driven increase in IK,ATP. Hyperkalemia led to conduction

block after 10 min, no APs could be elicited at 15 min (not

shown) and 30 min (phase 1b).

3.2 Effects of ischemia-induced heterogeneity

on impulse propagation and AP characteristics

in a 3D preparation

A 3D model of a thin-walled cardiac muscle was used to

study the effects of ischemia-induced radial heterogeneity

on activation sequence and AP characteristics. Figure 5

presents the propagation pattern in control as well as in

myolysis (worst case scenario) and Fig. 6 shows APs in

both the CIZ and the NZ of the muscle. Unlike with the

homogeneous 1D strand where functional gradients were

absent, electrotonic interactions due to intrinsic differences

in AP morphology between the CIZ and viable NZ act to

modulate the intrinsic cellular dynamics. Comparing

Figs. 6a and 4b demonstrates that main qualitative differ-

ences were observed in case of phase 1B and myolysis.

Unlike in the case of the 1D strand, Vm in the CIZ always

departed from the resting potential, even in the case of

myolysis, driven by electrotonic interactions between NZ

and CIZ. Conduction within the CIZ was possible during

phase 1B and failed only in the case of myolysis ([30 min)

where ri in the whole core (CIZ and BZ) was set to 10 %

of the control model. CV in the NZ increased by 5.2 %

during phase 1a, but remained constant during more

advanced stages of ischemia. Figure 5 reveals that despite

the fact that propagation fails in the CIZ during myolysis,

the overall activation sequence at the surface is comparable

to the control.

At the same time, the presence of a CIZ adjacent to the

viable NZ had a very minor impact on all AP character-

istics, except APD90. Changes in Vmrest
; APA and _̂Vm were

detectable, but remained small (\5.5 %). The most prom-

inent effect was a significant shortening of APD90 due to

diffusive repolarization currents. APD90 shortened from

148.6 ms (control) to 131.9 ms, 88.8 % (phase 1a),

101.4 ms, 68.2 % (phase 1b) and 69.8 ms, 47.0 % (myol-

ysis), respectively. That is, in the most extreme case of a

myolytic core APD90 in the viable NZ decreased to 47 %

of those values observed in a muscle where the entire cross

section remains viable. All changes in AP characteristics

over time in NZ and CIZ under electrotonic coupling are

shown in Fig. 6c.

3.3 Effect of ischemia on extracellular depolarization

signals recorded at the surface

Extracellular signals /e recorded at the observation site CP

are shown in Fig. 7a for different stages during the pro-

gression of ischemia. Note that the shape of the depolar-

ization signals are very similar. As ischemia progresses,

Fig. 5 Activation sequences in

the control and myolysis models

(viewing upper and back sides

of muscle). Activation started at

the left top cusp (blue) and

finished after 11.5 ms (control)

and 12.9 ms (myolysis) at the

right basal cusp (red)

Med Biol Eng Comput (2012) 50:461–472 467

123



Normal Zone (NZ) - SurfaceB

-100

-80

-60

-40

-20

0

20

m
V

0 50 100 150 200

ms

-100

-80

-60

-40

-20

0

20

0 50 100 150 200

m
V

ms

A
control  (     0 min)

phase 1a  (   10 min)
phase 1b  (   30 min)
myolysis (> 30 min)

Central Ischemic Zone (CIZ) - Core

0 5 10 15 30 > 30

Stage of ischemia (min)

80

100

120

140

160

V
/s

0

30

60

90

120

150

0 5 10 15 30 > 30

m
s

C CIZ
NZ

Block
1D strand

Stage of Ischemia (min)

m
/s

Vmrest

APA APD90

Vm

.̂

CV

-90

-80

-70

-60

-50

m
V

60

70

80

90

100

110

m
V

0.30

0.40

0.50

0.60

0.70

Fig. 6 Results obtained with all 3D models. Representative APs a in

the core (CIZ) and b in the surface layer (NZ) for varying states of

progression of ischemia in the CIZ: control, ischemia phase 1a, phase

1b and myolysis. c Variation of AP properties in CIZ and NZ as a

function of ischemia progression (see Tables 1, 2). Results related to

the 1D strand are shown for the purpose of comparison

2.00

2.05

2.10

2.15

2.20

m
V

1.05

1.10

1.15

1.20

1.25

m
s

TPP

-4.05

-4.00

-3.95

-3.90

-3.85

V
/s

B

0 5 10 15 30 > 30

Stage of ischemia (min)

0 5 10 15 30 > 30

Stage of Ischemia (min)

-1.5

-1

-0.5

0

0.5

1

0 2 4 6 8 10 12 14

m
V

ms

A
control  (     0 min)

phase 1a  (   10 min)
phase 1b  (   30 min)
myolysis (> 30 min)

Fig. 7 Signals recorded close to the surface of the preparation at

observation the point CP (see Fig. 1). a Extracellular potentials

recorded at different stages of ischemia: control, ischemia phase 1a,

phase 1b and myolysis. b Variation of /e-derived metrics during

ischemia progression. Amplitude of the signal ð/epp
Þ; negative peak

of the time derivative _̂/e and time difference between the negative

and positive peaks Tpp

468 Med Biol Eng Comput (2012) 50:461–472

123



minor delays relative to the control case occur due to the

minor conduction slowing in the NZ secondary to the drag

effect of the CIZ. Further, minor differences are observed

between 8 and 12 ms due to border effects which arise

when the wavefront collides with the end of the specimen.

Figure 7b reveals that all conduction parameters based on

/e are marginally affected by the ischemic core. Compar-

ing control with phase 1b and myolysis we observe that

/epp
is decreased by 3.6 and 9.4 %, whereas the peak-to-

peak interval TPP is shortened by 8.2 and 12.3 %, respec-

tively. The maximum negative rate of rise _̂/e showed a

non-monotonic behavior, being more negative by 3.3 %

during phase 1b, but returning to the control value during

myolysis, where the CIZ was almost fully decoupled.

4 Discussion

Since the 1980s, superfusion techniques have been used

extensively as a method to supply oxygen and nutrients to

thin-walled cardiac tissue samples such as pectinate and

papillary muscles [15, 21, 23, 26]. In recent years, super-

fusion has gained relevance again in experimental studies

that involve large tissue samples [17, 22, 40]. Such thin-

walled samples, although virtually 1D (trabeculae, pecti-

nate or papillary muscles) or 2D (atria), are effectively 3D

structures which is why gradients in metabolic state build

up over the cross section of a muscle, unless more elabo-

rate perfusion techniques are applied [7, 19, 42]. Over time,

the core of the muscle becomes ischemic whereas super-

ficial layers remain perfectly viable. It remains unclear as

to which degree electrophysiological recordings from such

preparations are affected. Computer simulations suggests

themselves quite naturally as a modality for investigating

these effects, since electrophysiological parameters in the

depth of such samples cannot be observed at all, or with

very limited spatio-temporal resolution, with experimental

techniques alone. Previously, the impact of ischemia pro-

gression on impulse propagation in such thin-walled

superfused preparations has been studied using 1D com-

puter models [38], however, effects of radial heterogeneity,

as they arise in 3D, have not been considered yet. In this

study, a 3D computational model was developed to char-

acterize the effects of superfusion-induced radial hetero-

geneity on AP morphology and impulse propagation, as

well as to assess the relative contributions of superficial

and core layers to extracellular depolarization signals

measured in the volume conductor close to the tissue sur-

face. Although the main focus of the study is on the impact

on depolarization signals and propagation, repolarization

metrics such as changes in APD are reported as well, since

these are of relevance when interpreting our results in the

context of larger tissues samples when used for studying

arrhythmogenesis or defibrillation.

4.1 Effects of ischemia in a 1D strand

The recent MSH model of a rabbit ventricular myocyte was

used and augmented following previously reported

approaches [30, 34, 39, 45] to account for the three main

effects of ischemia at the cellular level: hyperkalemia,

acidosis and hypoxia [3, 30, 34, 39, 45]. 1D simulations

were performed to ascertain that predictions are in line with

previous studies: (1) Ischemia-induced changes are quali-

tatively and quantitatively reproduced for all stages of

ischemia progression (Fig. 4). (2) The biphasic relationship

between CV and [K?]e, referred to as ‘‘supernormal con-

duction’’ shown in Fig. 4a [38], was observed. (3) As

previously reported [38], conduction block occurred at

[K?]e [ 8.9 mmol/l (10 min). (4) Augmentation with an

ATP-sensitive K? channel shortened APD90 by 20 %

under normoxic conditions, in agreement with the previous

studies where decreases of 17 % [45] and 12 % [13] were

reported. (5) Under normoxic conditions, AP characteris-

tics matched up very well with other simulation studies

[34, 38, 39, 45] and fell within the range of experimental

data obtained from perfused rabbit papillary muscles

[7, 19, 20, 42, 43]. (6) Progressive uncoupling and mor-

phological changes in the interstitial matrix, as reflected by

changes in extra- and intracellular conductivities in the

model, did not influence any AP properties. The decrease

in re during the first 10 min led to a small decrease in CV

and later after [15 min to disturbances of impulse con-

duction, consistent with experimental reports [20].

4.2 Effects of ischemia in a 3D preparation

In 3D, the intrinsic cellular dynamics is modulated by

electrotonic crosstalk between cells of different electro-

physiological states. This caused APD to be noticeably

shorter in the viable superficial NZ due to the presence of

additional diffusive repolarization currents, as imposed by

cells in the CIZ where APD is much shorter or tissue even

remains unexcited. Conversely, APDs in the CIZ are longer

and APs are elicited even in those cases where propagation

block occurred in 1D. These electrotonic influences are

governed by the transverse space constant, kt, which is at

the order of &100 lm. That is, electrotonic crosstalk

occurs over the entire cross section of the preparation,

assuming a radius of influence of 5 9 kt. Therefore,

intrinsic differences between CIZ and viable NZ were

smoothed out, resulting in ischemic effects which are

qualitatively similar to 1D, but significantly less

pronounced.
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Major global physiological differences arose mainly at

more progressive stages of ischemia. Unlike in 1D where

conduction block occurred at the onset of phase 1b

(15 min), propagation in 3D did not even fail in the late

phase 1b (30 min). Conduction block occurred only during

myolysis ([30 min) where ri in the core was reduced to

10 % of the control values. Further, as ischemia pro-

gressed, the overall activation sequence started to alter.

These changes were moderate until phase 1b, affecting

mainly the shape of the depolarization wavefront in the

CIZ. In the extreme scenario of myolysis propagation

failed in the CIZ, which caused the activation wavefront to

propagate around the myolytic core. This led to collisions

at the bottom of the muscle (see Fig. 5). The activation

sequence at the top of the muscle remained virtually

unchanged though, only minor difference were observed.

At the surface, CV is slightly faster in myolysis, as shown

in Figs. 5 and 6c in the CV panel, because the myolitic core

is decoupled from the the healthy tissue (ri was reduced to

10 %). Thus, unlike the control condition, the core does

not represent a load for the activated cells at the surface. In

terms of total activation time, in myolysis this took slightly

longer than in the control case with 12.9 versus 11.5 ms,

respectively. This is caused by cells within the BZ, which

are still able to conduct a very impaired AP due to elec-

trotonic interactions between NZ and CIZ. That is, the

latest activating cells are located in the distal end of the

preparation in the BZ (not shown).

4.3 Extracellular depolarization signals

Despite major electrophysiological changes throughout the

muscle, recordings of extracellular depolarization signals

close to the surface remained surprisingly unaffected. For

instance, during phase 1b extracellular potentials /e at CP

had their TPP shortened by 8.2 % and changes in /epp
as

well as in _̂/e were even less significant (\4 %), as shown

in Fig. 7b. In the extreme case of myolysis where con-

duction was blocked in the CIZ, the effect on extracellular

depolarization signals was very minor, with a 9.4 %

decrease in /epp
and a shortening of TPP by 12.3 % com-

pared to control. Minor changes in arrival times arose due

to changes in CV.

These fairly moderate changes can be attributed to the

fact that sources in the superficial NZ are closer to the

recording site and thus carry a more significant weight in

determining the extracellular potential field. Contributions

of sources to /e are weighted by a 1/r relationship where r

is the distance between recording site and source point

[27]. Hence, for the given setup sources in the NZ carry

roughly ten times the weight of sources located in the more

distant CIZ. The temporal derivative _/e was even less

affected since weighting of sources is governed by the

function 1/r2, giving sources in the NZ *87 times the

weight of sources in the CIZ. Further, the sources carrying

most of the weight are located in the NZ which is least

affected. In the NZ Vmrest
; _̂Vm and APA were barely affected

(see Fig. 6), only APD90 was significantly altered there,

with reductions of 32 and 53 % during phase 1b and

myolysis, respectively. However, changes in APD are not

reflected at all in extracellularly recorded depolarization

signals.

4.4 Limitations of the model

A 3D computational model of a superfused thin-walled

cardiac muscle was developed, using a cylindrical geom-

etry with a diameter of 1.0 mm to match experimental set-

ups [19, 42, 43]. This choice of diameter is a key factor

which strongly influences the electrophysiology of the

whole preparation, in particular, the ratio between viable

and ischemic tissue volume. Nonetheless, in this study, the

diameter was not a model parameter and kept fixed

throughout the study. A further important factor is the

width of viable NZ and BZ which depends on numerous

factors such as the rate of cellular consumption, the

diameter of the muscle or the pressure in the external

solution. Even when the superfusate is well oxygenated,

the CIZ may be still deprived of an adequate oxygen supply

if oxygen use is high, diffusion distances are excessively

large, or both [26]. Experiments with rabbit myocardium,

where perfusion and superfusion were combined, demon-

strated that cells within 130 lm remain viable, whereas

cells up to 650 lm are relatively little affected by ischemia

phase 1a [46]. In the same study, transmural extracellular

gradients of K?, pH and myocardial energy metabolism

were also shown to build up, depressing APs markedly in

layers deeper than 600 lm in phase 1b. Such transmural

inhomogeneities in the ischemic heart have been further

investigated in other experimental work as well [8, 37].

Early modeling and experimental studies suggested that the

critical diameter is around 0.6–0.8 mm at 37 �C, where, if

exceeded, an anoxic core is formed [2, 9, 26]. In our model,

the widths of the NZ and BZ were kept fixed as 250 and

125 lm, respectively, which is consistent with experi-

mental reports [1, 46], in the range of 130–300 lm.

Moreover, the width of NZ and BZ is also known to be

different for the three main components of ischemia [35].

However, we opted for a simpler approach where the same

width of BZ for hyperkalemia, acidosis and hypoxia was

used and all parameters in Tables 1 and 2 were linearly

interpolated between NZ and CIZ [3, 18].

A further limitation is the short length and simplified

geometry of the model. While this setup approximates
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traditional experimental setups fairly well where isolated

papillary muscles or trabeculae are used, this is not the case

with more recent studies [17, 22, 40] where electrical

activity is globally mapped over larger preparations such as

the atria (as shown in Fig. 1). Nonetheless, the findings

reported in this study can be extrapolated to such larger

superfused preparation, considering that the thickness of

viable layer is the quantity of primary importance. Our

results suggest that activation sequences and extracellular

potentials during the depolarization phase will remain

largely unaffected in larger preparations, however, partic-

ular caution is advised when analyzing data which also

involve the repolarization phase, as it is the case when

studying the formation of arrhythmias.

Although these choices may affect the findings pre-

sented in this study quantitatively, we believe that quali-

tatively our findings are robust and do not depend on these

choices. With regard to measurements of extracellular

depolarization signals, this view is supported by the

observation that even in the worst case scenario of a

myolytic core the influence on /e was virtually negligible.

4.5 Conclusion

Despite the numerous significant changes in electrophysi-

ological properties, the extracellular potential field close to

the surface of superfused preparations remains virtually

unaffected. Depending on the question under study,

superfused preparations have to be used with care, partic-

ularly with regard to repolarization. Despite some limita-

tions, simulation results suggest that superfusion techniques

are perfectly adequate when studying impulse propagation

on thin-walled tissue preparations.
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