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Summary. 

Objective. Acute ischemia comes with two 
phases of life threatening arrhythmias, early (within 
10 minutes, 1A) and late (after about 15 minutes, 
IB). The mechanism of the latter is unknown and 
in this paper we test the hypothesis that a phase of 
intermediate coupling between surviving 
epicardium and inexcitable midmyocardium 
underlies IB arrhythmias. 

Methods. Pig hearts (n=26) were retrogradely 
perfused with a blood Tyrode's mixture. The left 
anterior descending artery was occluded. We 
investigated 1) inducibility of ventricular fibrillation 
(VF) with programmed stimulation, 2) tissue 
impedance (Rt) heterogeneity within the ischemic 
zone, 3) multiple subepicardial and midmyocardial 
electrograms, 4) subepicardial lactate 
dehydrogenase (LDH) and glycogen content. 

Results. In 9 of 10 hearts 1-3 premature 
stimuli caused VF between 14 and 53 minutes of 
ischemia. This typically happened when the Rt of 
the ischemic zone had increased up to 40% of its 
final value. More uncoupling terminated the period 
of VF inducibility. The excitability of the surviving 
subepicardial layer was depressed during the same 
period with partial uncoupling, but recovered when 
the uncoupling from the midmyocardium had 
progressed further. 

Conclusions. We show that 1B-VF can be 
induced within a distinct time window and 
coincides with a distinct range of Rt rise. 
Subepicardium is electrically depressed, presumably 
through coupling with midmyocardium, complete 
uncoupling causes subepicardial recovery and 
terminates the substrate for 1B-VF. Hence, we 
suggest that the substrate for 1B-VF consists of 
intermediate coupling of subepicardium and 
midmyocardium. 
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I n t r o d u c t i o n . 

Sudden cardiac death is associated with ischemia induced ventricular fibrillation in the 
majority of cases1. During acute myocardial ischemia, ventricular arrhythmias occur in two distinct 
phases separated by a period without arrhythmias . The absence of subepicardial continuous 
diastolic activity ("diastolic bridging") preceding a ventricular premature beat in the second of these 
episodes (the IB phase, lasting from 15 to 45 minutes of ischemia) was interpreted as an indication 
that a mechanism other than reentry underlies arrhythmias in this phase2. In contrast, Kaplinsky et 
al. did record diastolic bridging, a clear indication of a reentrant mechanism, in the earliest of the 
two phases3. Notably, Kaplinsky did not make a distinction between the arrhythmogenic mechanism 
of the "trigger" (the first premature beat) and the mechanism of maintaining the arrhythmia4. 

Smith et al.5 have documented an association between intercellular electrical coupling 
(measured as rise in tissue impedance) and the IB phase of arrhythmias. The association remained 
following a period of ischemic preconditioning6. Although this association does not establish a 
causal relationship between the phenomena it is suggestive that the intercellular uncoupling leads to 
conduction slowing and that (micro-) reentry underlies IB arrhythmias. Indeed, closure of the gap 
junctions leads to slowed intercellular activation7'10. A (micro-) reentrant mechanism requires a large 
inhomogeneity of cellular uncoupling11. 

Following coronary occlusion, a thin subepicardial and subendocardial layer functionally 
survive longer than the midmural portion of the left ventricular wall12"15. We hypothesi2e that the 
disparate rate of loss of function of the subepicardium relative to the midmural tissue provides the 
basis of the arrhythmogenic substrate in the IB phase of arrhythmias. During the period of rise in 
tissue impedance a critical degree of coupling between the severely depressed intramural layer and 
the moderately depressed subepicardial layer may lead to a temporary decrease of excitability and 
conduction velocity in the subepicardial layer16;17. After termination of the process of uncoupling, 
subepicardial conduction recovers. In this study we specifically studied the following implications of 
the hypothesis: 1) subepicardial tissue survives longer than midmural tissue; 2) ischemia induced 
cellular uncoupling is heterogeneous within the ischemic zone; 3) local subepicardial 
electrophysiological characteristics improve with the progression of cellular uncoupling following a 
temporary deterioration; 4) during critical electrical coupling, local subepicardial electrophysiological 
characteristics are temporarily depressed. In relation with a critical degree of coupling between 
subepicardium and midmyocardium, programmed electrical stimulation leads to a higher inducibility 
of ventricular fibrillation (VF). 

The background of focusing on the substrate for these arrhythmias in this study lies in the 
notion that a plethora of triggering events will not induce an arrhythmia in the absence o f a suitable 
electrophysiological substrate. However, in the presence of an electrophysiological substrate, a single 
premature beat may be enough to initiate VF. Therefore, we studied the inducibility of VF rather 
than the spontaneous occurrence and mapped transmural activation characteristics, intramural tissue 
impedance and subepicardial activation in isolated regionally ischemic pig hearts. 

We conclude that: 1) during the process of uncoupling electrophysiological properties 
recover in regions of surviving subepicardium, and that 2) the inducibility of IB ventricular 
arrhythmias coincides with partially risen tissue impedance and ceased intramural activity. These 
findings support our hypothesis that residual, intermediate coupling of the surviving tissue to the 
irreversibly damaged myocardium underlies the substrate for IB ventricular arrhythmias. 

41 



Methods. 

Experimental animals and surgical procedures 

Pig hearts (n=26) were isolated, Langendorff perfused and made regionally ischemic as 
described in chapter 2. Cellular uncoupling was measured through change in tissue impedance (Rt) 
measured with the four electrode technique19'21. 

Experimental Groups 

Three groups were investigated, because the size of the ischemic zone and the invasive 
interventions did no t allow performing all measurements in the same heart. 

G r o u p 1 (6 pigs). Heterogeneity in Rt rise was measured. Ten electrode arrays with four 
equidistant platinum pins (diameter 0.7 mm, length 5 mm, interelectrode distance 2 mm, proximal 
ends insulated) were inserted perpendicular to the epicardial surface, within the ischemic zone 
(Central ischemic zone (CZ, n=25) and border zone (BZ, n -21) ) and non ischemic zone (NZ) 
(n = 10), after which the heart was allowed to recover for 30 minutes. Electrodes with drifting values 
(n=4) were excluded from analysis. Alternating current (30 |lA, 1 kHz) was applied on the outer two 
electrodes and voltage difference measured between the inner two. Changes in Rt result from 
changed extracellular impedance or on changed intercellular impedance. It has been demonstrated 
previously that during ischemia an initial modest increase in Rt results from increased extracellular 
impedance, whereas the second Rt rise (after approximately 15 minutes ischemia) corresponds to 
cellular electrical uncoupling . In the configuration used, electrodes can be regarded as point sources 
for current delivery22,23 and polarization effects on their surfaces are minimized. 

Every 30 seconds, a recording consisting of the average of five periods of the derived voltage 
sine was taken from all electrode arrays and data were stored on the hard disk of a personal 
computer for offline analysis. Recording started fifteen minutes prior to coronary occlusion. 
Ischemia induced Rt changes depend on location within the ischemic zone, thus the relative change 
in tissue impedance (ARt) is calculated as described in chapter 2. Heterogeneity was defined as 
difference in time course of second rise and maximal slope of rise of Rt at different sites within the 
ischemic zone. 

G r o u p 2 (10 pigs). Subepicardial and midmyocardial electrograms were studied. Nine multi 
electrode needles were introduced in CZ perpendicular to the epicardial surface. After introduction 
of needles (needles contained ten stainless steel electrodes each, interelectrode distance 1mm), the 
heart was allowed a 30 minutes recovery. A 105 multi electrode array (9x12 matrix, stainless steel, 
interelectrode distance 1 mm) was sutured to the epicardium of CZ to record epicardial activation. 
Control measurements were taken before LAD occlusion. After occlusion, recordings were made 
every ten minutes up to 60 minutes ischemia. In seven experiments recordings were made once 
every two minutes starting 30 minutes after coronary occlusion. 

Based on electrogram morphology, we considered a d V / d ^ less steep than -2 .5 V / s as a 
sign of remote activity and local inexcitability. We used absolute values of dV/dt^, , as an estimate 
for local action potential upstroke velocity. It should be noted that these measures are scaled by the 
amplitude of the extracellular electrogram, i.e. when electrogram amplitude decreases during 
ischemia, so does d V / d t ^ , . However, local recovery was determined from increase in d V / d t ^ thus 
a decrease of electrogram amplitude could not be held responsible for such changes. Bipolar 
electrograms were calculated by subtracting an electrogram from its neighbor. 
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Group 3 (10 pigs). Programmed stimulation, as described in chapter 2, was performed from 
the bipolar hook electrode to determine the minimum number of ventricular premature beats that 
produced VF during 90 minutes of ischemia. Stimulation was started 10 minutes after coronary 
occlusion to avoid 1A arrhythmias. 

Multiple unipolar electrograms were simultaneously recorded with a multi electrode array 
(121 stainless steel electrodes, 11x11 matrix, interelectrode distance 2 mm) overlying the 
electrophysiological border zone (BZ, the area 1 cm from the cyanotic border within the ischemic 
region ) and the central ischemic zone (CZ, the ischemic region surrounded by BZ). Rt was 
continuously recorded from C Z (see experimental group 2). Electrograms were recorded and 
activation maps made as in group 1. 

We performed histochemical analysis on eleven hearts (7 from group 2 animals after 60 
minutes of ischemia, 4 from group 3 animals after 90 minutes of ischemia). The presence of lactate 
dehydrogenase (LDH) was determined with triphenyl tetrazolium chloride in slices of hearts. A 
transmural biopsy of approximately 1 cm3 was taken from the C Z of two slices in each heart, cut in 
7 urn thick micro sections, and stained with periodic acid Schiff (PAS) for glycogen. Details are 
described in chapter 2. 

Statistics 

Unless stated otherwise, data are presented as mean±SEM. To determine differences 
between groups, an unpaired t-test was used. When data were not normally distributed, a Mann-
Whitney test was used. For multiple comparisons A N O V A for repeated measures was used. A 
p<0.05 indicated statistical significance. 

Resul ts . 

Viable subepicardial layer 

Presence of lactate dehydrogenase (LDH) was investigated in 11 sliced hearts (see methods) 
Figure 3.1 A shows the presence of subepicardial L D H overlying the ischemic zone. Subepicardial 
L D H was observed in 10 of 11 hearts, although not in every slice. 

Figure 3.IB shows a section (PAS staining) from the same heart as in panel A. The darker 
coloration of the subepicardium (arrows) shows glycogen in up to 8 subepicardial cell layers, 
whereas midmyocardium lacks glycogen. Subepicardial glycogen was present in 69±19% (mean±SD) 
of subepicardium in the slices studied after 60 minutes and in 48+27% after 90 minutes of ischemia 
(p<0.01). Glycogen and L D H were absent in the midmyocardium after 60 and 90 minutes of 
ischemia. 

Homogeneity in cellular uncoupling 

Rt changes in N Z , BZ and C Z were studied in group 1 during 90 minutes. An immediate 
increase in Rt of more than 10%, attributed to changes in extracellular impedance7, occurred after 
coronary occlusion in 28 out of 46 sites in CZ and BZ, but was absent in N Z . Time to second Rt 
rise, that is associated with onset of cellular electrical uncoupling7 did not differ between BZ and CZ 
in any experiment (on average 13.1 ±0.7 and 13.2±0.7 minutes respectively, p=NS) , nor did time to 
maximal slope (36.9±1.4 and 37.5±2.3 minutes, p=NS). Rt reached plateau after approximately 75 
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100 nm 

Figure 3.1 A: Slice of heart stained with 2,3,5-tnphenyltetrazolium Monde after 60 minutes of ischemia. LDH 
containing tissue is stained red Note the thin red subepicardium (white arrows). Panel B: Periodic acid Schiff'staining 
of a microsectwn from the same heart, indicated by the white square in panel A. Note that glycogen is present in the 6-
8 cell layers subepicardially only. 

minutes, in BZ and CZ. However, despite the similar time courses and the absence of differences 

before ischemia (370±25 Q.cm and 332+13 Q.cm in CZ and BZ respectively), a large difference in 

the amount of Rt rise was observed, with higher values in CZ than in BZ. For example, at the start 

of second Rt rise, Rt had increased by 27.1114.6 to 478±40 Q.cm in C Z and by 9.9±7.0% to 

365±16 Q.cm in BZ (p<0.001) whereas at steepest Rt rise, Rt in CZ had increased by 75.5±22.5 to 

652145 Q.cm and in B Z by 44.0±27.9% to 483132 Q.cm (p<0.001). 

With the four electrode configuration used, Rt is recorded in a large tissue volume. The 
border zone contains normal and ischemic myocardium24, which is the probable cause of 
intermediate Rt values. The identical time course of Rt rise in CZ and BZ suggests that uncoupling 
occurs homogeneously within the ischemic zone. 

Subepicardial electrograms 

We hypothesized that coupling of subepicardium to midmyocardium underlies the substrate 
for IB arrhythmias. Figure 3.2A shows selected bipolar electrograms of ventricular paced beats in a 
heart from group 2. After 60 minutes of ischemia, the subepicardial site was still excited. The change 
in polarity of the electrogram during ischemia indicates a change in activation sequence. The 
intramural electrogram increased in duration after 20 minutes; a very broad complex after 30 
minutes preceded inexcitability after 40 minutes. 

Panel B shows a substantial decrease of excitable midmyocardial sites. After one hour, virtually no 
excitability remains in the midmyocardium. At the subepicardium excitability is maintained at more 
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Figure 3.2A. Bipolar electrogram from subepicardium (EPI) and midmyocardium (MID) during 60 minutes 
ischemia (numbers indicate time (minutes)). Note that after 60 minutes the subepicardial electrogram remains 
essentially unchanged whereas midmyocardial excitability ceased after 30 minutes. Panel B: percentage of excitable 
subepicardial and midmyocardial sites during 60 minutes ischemia (meantSEM). Asterisks indicate p<0.01 
subepicardium versus midmyocardium. Panel C: dV/dtmm in the surviving subepicardial sites before ischemia, at 
minimum (45±0.7 minutes) and after 60 minutes of ischemia. Note that ischemia causes a decrease in dV/'dtmir, 
before 45 minutes, but that recovery occurs with progression of ischemia (p<0.001 vs 45 minutes). 

than 80% of the sites as long as 30 minutes. During the whole period subepicardial excitability is 
maintained over a significantly larger number of sites, although there is a decrease after 30 minutes. 
After 60 minutes, 26% of subepicardial sites were still excitable. Of these 266 sites, in 9 1 % the slope 
of the electrogram was minimal before 60 minutes of ischemia and subsequently recovered. 

Panel C shows the change in dV/dtn u n of the epicardial sites that were excitable after 60 
minutes of ischemia. Overall, d V / d t , ^ decreased from 16±0.5 V / s before ischemia to a minimum 
of 3.5±0.2 V / s after 45±0.7 minutes of ischemia. Thereafter, it increased to 5.5±0.2 V / s (p<0.001 
vs 45 minutes). No te that this recovery follows the time of maximal Rt rise (after approximately 37 
minutes) and precedes the termination of the IB period (see below). These data suggest that 
subepicardial recovery is caused by uncoupling of the subepicardium from the irreversibly damaged 
midmyocardium. 

Conduction delay during the 1B phase 

Figure 3.3A shows activation maps of ventricular paced epicardial electrograms after 30, 40 
and 50 minutes of ischemia. After 30 minutes, conduction slows (crowding of isochrones) in 'the 
lower right quadrant of the map. After 40 minutes local conduction slowing is even more 
pronounced. After 50 minutes, conduction in the area with delay after 40 minutes, has recovered. 
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— 1 mm 

Figure 3.3A: Activation maps of ventricular paced beat after 30, 40 and 50 minutes of ischemia. Numbers indicate 

activation times, sites with dV/ dtmir less negative than —2.5 V/s are shaded grey. Lines indicate 5 ms isochrones. 

Arrows denote gross activation sequence. Panel B: Selected electrograms from activation maps in panel A (circles). 

Numbers indicate dV/dtmm (V/s). Panel C: A conduction time (ACT, see text) from activation maps in panel A. 

Increase in ACT corresponds to decrease in conduction velocity in the corresponding activation map. Note that 

dVl'dtma of local electrograms, local conduction velocity and ACT wonen after 40 minutes but recover after 50 

minutes of ischemia. 

Hence, after 50 minutes ischemia local conduction in subepicardium overlying the centrally ischemic 

zone improved, although conduction slowed in the upper left quadrant and in the right half of the 
map. 

Panel B shows selected unipolar electrograms (sites circled in panel A). Recovery of local 
activation (40-50 minutes) is evident from the increase in dV/dt^n concomitant with an increase in 

local conduction velocity. Panel C shows the change of conduction time (ACT) for isochronal maps 
in panel A. ACT was calculated as averaged absolute differences in activation time of a site and its 

immediate neighbors. Local ACT is increased after 40 minutes of ischemia (grey shaded area), 

whereas it normalizes after 50 minutes in that area, despite subsequent conduction slowing in other 
areas in the activation map. 

Ventricular fibrillation during the 1B phase 

With programmed electrical stimulation we tested the hypothesis that the above 

demonstrated changes provides the arrhythmogenic substrate for VF. Figure 3.4A shows sequential 
unipolar electrograms, recorded in a typical experiment from group 3. Before ischemia, VF was not 
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Figure 3.4. Panel A: Unipolar electrograms recorded from the same electrode within the central\one during attempts 
to induce VF. VF is not induced with 3 short coupled premature stimuli before occlusion (A). At 17, 26 and 32 
minutes of ischemia, VF was provoked with a decreasing number of premature stimuli. Thereafter the number of 
premature stimuli to induce VF increased again at 39 and 50 minutes of ischemia. Arrows denote stimulus artifact. 
Inset: graphic representation of stimulus protocol (S1, S2, S3, S4). Panel B shows corresponding ARt time course. 
Arrows indicate the moments that VF was induced, letters refer to the tracings in panel A. 

inducible with 3 premature stimuli (PS). However, the number of PS inducing VF decreased from 3 
to 1 between 17 and 32 minutes of ischemia, after which it increased again. In this experiment, the 
lowest number of PS to induce VF was 1 (after 32 minutes), and VF was inducible up to 90 minutes 
of ischemia. Panel B shows the time course of relative Rt rise (ARt) in the same experiment. VFwas 
induced with lowest number of PS at low ARt, at ARt above 0.30 more PS were needed to induce 
VF. Thus, in this experiment, the "substrate" for IB arrhythmias was optimal at relatively low ARt. 
Figure 3.5A summarizes VF induction in ten experiments. Three PS always failed to induce VF 
before coronary occlusion. Between 10 and 50 minutes of ischemia (attempts started 10 minutes 
after occlusion), VF was induced in 9 of 10 hearts (p<0.001 vs preocclusion). On average, VF was 
inducible between 13.7±1.6 and 52.8±4.9 minutes of ischemia, which marks therefore 'the time 
window during which the substrate for 1B-VF was present. Interestingly, local electrical recovery 
precedes the end of the period during which VF could be induced and inexorability of the 
midmyocardium does not preclude VF induction (compare fig 2 and 3). 

Panel B summarizes VF induction versus ARt. At ARt up to 0.4, VF was inducible in 9 of 10 
hearts (p<0.001 vs preocclusion). At higher values, inducibiliry of VF did not differ from before 
coronary occlusion. Obviously, the substrate for IB arrhythmias is present only at a moderate state 
of uncoupling. 
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Figure 3.5. Panel A: Percentage VF inducibility (premature stimulus from non-ischemic ^one, first attempts after 10 

minutes of ischemia) during 90 minutes of ischemia (n=10). Between 10 and 50 minutes of ischemia VF was 

inducible in 9 of 10 experiments. Panel B: VF inducibility related to relative rise in tissue impedance (ARi, see 

method section for calculation). Bars indicate VF with up to 3 premature stimuli. VF was inducible in 9 of 10 

experiments at AKt up to 0.4. VF induced did not differ from %ero when ABJ exceeded 0.4. Asterisks indicate 

p< 0.001 vs preischemia. 

In five pigs from group 3 activation maps of 56 VF episodes of 1B-VF were investigated. 
Figure 3.6 shows an activation map of VF, 40 minutes after coronary occlusion. In four consecutive 
activations, reentry occurred around slim lines of functional conduction block. There are fixed lines 
of block (observed in 7 9 % of V F episodes) in consecutive beats. Complete macroreentrant circuits 
around areas or lines of block were observed 3 times (5%). The length of these circuits was 33±9.3 
m m and calculated conduction velocity was 27±6.8 c m / s . Complex activation (more than three 
activation wavefronts in an activation map) was present in 45% of the episodes studied and was 
associated in all but one case with slim lines of functional conduction block. In 79% of episodes, 
broad activation fronts were observed in at least one of the first six to ten beats of VF. N o evidence 
for a microreentrant mechanism was found. 

Discuss ion . 

We have found that 1) a surviving layer is present at the end of the time of IB arrhythmias. 

2) 1B-VF is based on reentry around slim lines of functional block, that 3) 1B-VF can be provoked 
between 14 and 53 minutes of regional ischemia when 4) the relative rise in tissue impedance is 

increased by no t more than 40%. Typically, 5) the surviving subepicardial myocytes are transiently 
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Figure 3.6 (previous page). Activation maps during 1B-VF. Four subsequent beats in panels A to D see electrogram 
left. Areas with dV/dtmu, less negative than -2.5 VIs are shaded grey. The arrows indicate activation sequence. 
Numbers and lines as in figure 3A. Note that lines of functional block anchor reentrant activation. 

depressed during this vulnerable period. 6) Their electrical recovery heralds the end of the temporal 
window of induction of IB arrhythmias. 

Sudden cardiac death 

Little conclusive evidence is available about the exact timing of sudden death relative to the 
onset of myocardial ischemia in human subjects. Often, patients suffer from chest discomfort before 
dying, and approximately 25% of patients dies before reaching the hospital25. During acute ischemia, 
lethal ventricular arrhythmias occur in two distinct phases2. The early or 1A phase has been studied 
extensively (for review see26), its mechanism being depression of excitability primarily caused by 
increased extracellular potassium18 '2 ' facilitating reentry around a zone of conduction block28. A 
different, thus far unknown mechanism is probably operative during the delayed or IB phase 2,2°. 
T h e spontaneous occurrence of IB arrhythmias has been reported to last from 12 to 30 minutes of 
ischemia2"2"31. There is evidence that the time course of ischemia induced electrophysiological 
changes is advanced in diseased human hearts compared to healthy laboratory animals32. Most likely, 
I B arrhythmias are not only the principle cause of death in animals during ischemia2,5, but also play 
an important role in sudden cardiac death in humans. 

Mechanism of1B arrhythmias 

For spontaneous occurrence of VF, both the arrhythmogenic "trigger" (i.e. the premature 
beat that induces the arrhythmia) and "substrate" (i.e. preexisting electrophysiological circumstances 
that allow the arrhythmia to maintain) should be present4. An abundance of triggers will not induce 
an arrhythmia in the absence of an electrophysiological substrate, and, conversely, in the presence of 
a suitable substrate, one single trigger can be enough to provoke ventricular fibrillation. Therefore, 
we applied the "trigger" through programmed stimulation to exclusively investigate the "substrate", 
defined as inducibility of VF, as previously described'8. Increasing the size of the ischemic zone or 
changing the pacing mode may increase the occurrence of spontaneous VF, but does not overcome 
the problem of separating the trigger from the substrate. Because invasive interventions within the 
ischemic zone such as introducing multi electrode needles and many impedance electrode arrays in 
group 1 and 2 may affect the electrophysiological substrate for arrhythmias, we only tested VF 
inducibility in group 3 in which we restricted the invasive interventions to a minimum. Ideally, all 
experimental procedures should be carried out in the same heart, however, given the limitations 
mentioned above, we rather chose to use conduct these investigations in different experimental 
groups. 

Our study shows a temporal relation between the inducibility of 1B-VF and intermediate 
electrical coupling. The substrate of 1B-VF is present following the onset till about 40% of total 
uncoupling. In spontaneously occurring 1B-VF a relation with the onset of cellular uncoupling was 
previously suggested5. These authors also described that VF only occurred when Rt had increased 
modestly4. 

Increase of gap junctional resistance may create conduction slowing and -block, and can be 
arrhythmogenic if changes occur heterogeneously n '18. We have shown that temporal heterogeneities 
in Rt rise are absent. Rt changes reflect changes in either inter- or extracellular impedance. It has 
been demonstrated that the onset of cellular uncoupling correlates with the second rise in Rt7. 
Structural properties of the myocardium do not permit measuring Rt with a spatial resolution of less 
than 2 mm2 2 . Hence, microscopic heterogeneities cannot be excluded. However, microreentry was 
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never observed in activation maps of 1B-VF. In addition, we did demonstrate macroreentry around 
slim lines of functional block and, in the majority of VF episodes, the impulse propagated as large 
activation front, which makes a microreentrant mechanism improbable. 

We demonstrated that intramural tissue is inexcitable when the "substrate" for 1B-VF is still 
present (figures 3.2 and 3.5). Thus, intramural ischemic myocardium is no t a prerequisite for IB 
arrhythmias, although the excitable ischemic myocardium will of course be involved in the reentrant 
circuits, as is the non-ischemic myocardium. 

Epicardial border %one 

This study demonstrated that after 60 minutes ischemia, the subepicardium overlying the 
ischemic zone, contrary to midmyocardium that becomes inexcitable, remains in part viable. Despite 
the decreased number of excitable subepicardial sites, the 26% of sites that were still electrically 
excitable demonstrated increase in d V / d ^ between 45 and 60 minutes (figure 2). Sixty-nine percent 
of subepicardium proved viable and contained glycogen (figure 3.1), in line with previous 
findings ' . The subepicardial layer surviving ischemia, also termed epicardial border zone, was 
observed for the first time by Harris35 and has been demonstrated in the healing infarction where it 
exhibits uniform anisotropy15 and can serve as "substrate" for monomorphic ventricular 
tachycardias in the subacute phase of ischemia36. During monomorphic V T functional lines of 
activation block, similar to those observed in this study during VF (figure 3.6) are caused by 
redistribution of gap junctions and gap junctional disarray in the 5 day old infarction model9. 
Although these data are obtained in a different model during a different phase of ischemia, it follows 
that enhanced transverse as well as diminished longitudinal coupling of subepicardium favors 
reentry. Apart from remodeling of gap junctions and subsequent anisotropy, conduction can also be 
hampered by intercellular communication. Indeed during intact coupling, depolarized midmyocardial 
cells exert an electrotonic load on the subepicardium16,17 and may depress excitability. The fixed 
localization of the observed lines of block (see figure 3.6) and their disappearance with altered 
activation sequence suggests that altered gap junctional resistance and changed anisotropy are the 
underlying cause. The observation that VF seems to be locally anchored around these lines of block 
underlines the notion that structural rather than functional changes underlie substrate for 1B-VF. 
With progression of ischemia induced uncoupling, we showed that not only the local electrogram 
improves, but also that local conduction velocity increases (figure 3.3). It should be realized that 
local d V / d t ^ depends on the amplitude of the extracellular electrogram. However, during 
progression of ischemia and subsequent decrease of electrogram amplitude, this would decrease 
d V / d t ™ whereas we report increased values. Moreover, after subepicardial recovery, 1B-VF 
inducibility ceases, thus, the "substrate" for IB arrhythmias disappears. It is highly unlikely that such 
recovery is caused by ischemic changes other than cellular uncoupling, because potassium and lipid 
metabolites continue to rise37"39, p H does not normalize40 and time course of subepicardial recovery 
is beyond that of catecholamine release41,42. The small increase in collateral flow during this phase of 
ischemia is confined to BZ and not found in CZ29. 

We therefore suggest that depression of excitability of the subepicardium through residual 
coupling to the depolarized midmyocardium forms the substrate for IB ventricular arrhythmias. A 
comparable mechanism is most likely operative at the subendocardium, but our mapping was 
restricted to the subepicardium. It is unlikely that at the lateral border excitability is also depressed 
with the same magnitude through this mechanism: the load from the normal zone will probably 
counteract the load from the ischemic zone. Thus, 1A and IB arrhythmia share a common 
mechanism: depressed excitability26. However, it is caused by increased potassium, hypoxia and 
acidification in the former26, and we suggest that it is caused by coupling to an inexcitable 
depolarizing "load" in the latter. We have demonstrated that temporary electrophysiological 
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deterioration of the subepicardium overlying the ischemic zone favors reentrant ventricular 
arrhythmias. The disappearance of the "substrate" for IB arrhythmias coincides with the recovery of 
the subepicardium. The proposed mechanism of subepicardial recovery through uncoupling from 
the mid myocardium would explain the transient nature of these arrhythmias. 
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