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chemic ST segment changes (percent mean £+ SD) from baseline are shown.
Changes that reached statistical signiPcance are denoted with an asterisk

(*).

Figure 4. Time course of changes in ST segments during ischemia in the
LAD (panel A), LCx (panel B), and RCA (panel C) territories. Left anterior
descending (LAD), circuml3ex (Circ), and right (RCA) coronary artery is-

inn = 4 (40%) of the animals during LAD occlusion, n

(20%) of the animals during LCx occlusion, and n = 2 (20%)

of the animals during RCA occlusion.
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Our data demonstrate that ischemia affects ICD shock

EGMs in a manner that appears to vary depending on the
culprit vessel. Specifically, a statistically significant increase
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Figure 5. Variation in the ventricular shock electrogram during respiration.
Ten seconds of continuous EGM recording are depicted during endotracheal
tube respiration. The R wave amplitude demonstrates a maximum 32.7%
variation with respiration. The ST segment demonstrates a maximum 49.4%
variation with respiration.

in R wave amplitude was noted in LAD and LCx arterial
occlusion, ST segment elevation during LAD occlusion, and
ST segment depression during RCA occlusion. There was
a trend toward significance of ST segment elevation during
LCx occlusion. Our data demonstrate the feasibility of ICD
shock EGMs to detect ischemia and possibly even identify
the culprit vessel.

Significance of Detecting Ischemia

Ischemia has been found to confer a ninefold increase in
the probability of having a cardiac death, nonfatal myocar-
dial infarction, or unstable angina in a prospective analysis
of 474 men with CAD or at high risk of CAD and undergoing
elective noncardiac surgery.® Furthermore, silent myocardial
ischemia was found to occur in over 10% of 678 healthy men
and women between 55 and 75 years of age with no history of
cardiovascular disease or stroke. This ischemia was associ-
ated with a more than threefold increase in the cardiac event
rate after correction for risk factors.” These prior studies ex-
amined ischemia using surface electrocardiograms; however,
there is significant evidence that intracardiac EGMs provide
a more sensitive indication of ischemia than surface elec-
trocardiograms.g'11 Thus, ischemia detected via continuous
monitoring of ICD-EGMs may be useful in monitoring select
patients with standard indication for ICD implantation.

Quantifying Ischemic Electrogram Changes

The first step in enabling ICDs to automatically detect is-
chemia is to analyze the EGM changes caused by ischemia.
It is possible to obtain EGMs from patients with ICDs who
are undergoing coronary angioplasty; however, it would be
difficult to control for effects of ischemic times, coronary
anatomy, and medications. In addition, it is likely that few
patients would be undergoing angioplasty in multiple vessels
during the same procedure. An animal model permits one to
control for all these variables, while at the same time provid-
ing insight into the changes associated with ischemia in the
three major coronary artery distributions.

Size-wise, the canine or porcine model allows for ICD im-
plantation, offers similar EGM vectors as the human model,
and have similar sequences of ischemic changes.!? However,
the porcine model offers several advantages over the canine
model. Ischemic changes have been shown to be more re-
producible and pronounced in the porcine versus the canine
model,'? occlusion of distinct portions of coronary arteries
produces an ischemic area of relatively uniform size and dis-
tribution, ! and the porcine model has less extensive distribu-
tion of collateral coronary arteries ensuring that occlusion of
a specific coronary artery will result in an electrically identi-
fiable ischemic area.!?

Electrophysiologic Effects of Ischemia

Ischemia causes changes to phases 0 and 1 of the car-
diac action potential. These changes include depolarization
of the resting membrane followed by a decrease in action po-
tential amplitude and upstroke velocity.'*!> Whalley et al."
found that ischemia caused a 32% reduction in action poten-
tial (AP) amplitude (P < 0.001) and 66% reduction in Vmax
(P < 0.001). In addition, an elevation of extracellular potas-
sium concentration during ischemia also contributes to the
decrease in Vmax.'? Similarly, ischemia has known effects
on phases 2—4 of the cardiac action potential, which can be
demonstrated via analysis of repolarization on the EGM. The
monophasic AP has a much lower amplitude than the intra-
cellular AP. Despite this, the monophasic APs can still detect
the intracellular AP changes associated with ischemia.!®!
Finally, the subendocardium plays a pivotal role in most ven-
tricular arrhythmias.'*'8-2 Though these ischemic changes
are quite well established, it continues to be unclear what
effect ischemia has on the intracardiac EGM.

The data evaluating the effect of ischemia on the EGM-
QRS are confusing. There has been substantial documenta-
tion of a biphasic QRS response to ischemia as manifest on
ventricular EGMs. When the LAD artery was transiently oc-
cluded in dogs, there was an initial (t = 0—2 minutes) small
decrease in peak R wave amplitude and conduction velocity
followed by a large increase in these indices over the ensuing
1-2 minutes.!! There was also a rapid return to baseline when
occlusion was released and reperfusion occurred. This bipha-
sic response has also been documented in dogs undergoing
LCx artery occlusions lasting 5 minutes.?'>> However, Rufty
et al.*® found that LAD occlusions for 5 minutes in the dog
resulted in a decrease in electrogram R wave amplitudes with
no biphasic response. The progressive decrease in R wave am-
plitude has been demonstrated in isolated rabbit hearts during
global ischemia over 10 minutes,?* isolated pig hearts during
LAD occlusions for 5 minutes,?> and humans subject to 60
minutes of unresolved ischemia.Z® Of note, these electrical
alterations were rapidly reversible upon reperfusion,!!23-2>
and it has been shown that the changes produced by coronary
artery occlusion in isolated, perfused hearts were similar to
those in intact hearts.? In our study, we also found that after
the 30-minute period of reperfusion between each coronary
artery occlusion both the R wave and ST segments returned
to baseline. We did not notice that pretreatment in another
artery impacted subsequent results. The order of occlusions
was randomized in an attempt to minimize any effect that
specific territory preconditioning might have on subsequent
occlusions. Finally, there have been several reports of both
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increases and decreases in R wave amplitude with ischemia
in humans depending upon the culprit vessel.?”-?

It has been suggested that any automated monitoring of
ischemia would be of limited value unless body position is
incorporated into the algorithm.?’ Of note, several studies
have found that the left lateral decubitus body position caused
the most pronounced changes in the electrocardiogram,?%-3°
Unpublished data from our laboratory indicate that moving
pigs from the supine to the standing position caused the most
pronounced changes in the ventricular shock EGM.

Limitations

Our current study has a number of limitations to be noted.
First, although all pigs have similar coronary anatomy, one
cannot rule out minor interanimal variations. Second, al-
though attempts were made to ensure consistent placement of
the balloon arterial occlusion, identical vessel occlusion sites
were not possible. This may have introduced error during
the analysis process. In addition, the position of the defib-
rillator can was placed in the left neck to approximate the
left chest position most commonly seen in humans. How-
ever, the can-lead relationship is not identical to that found in
humans. Finally, we only assessed ischemic changes in this
porcine model in the supine position during end-expiration.
We did not attempt to quantify the EGM changes associ-
ated with body position or respiration. It must be noted that
any ischemic detection algorithm implemented in human im-
plantable devices would likely require both position and res-
piration sensors.

Conclusion

Ischemia affects ICD shock EGMs in a manner that ap-
pears to vary depending on the culprit vessel. Our data demon-
strate the feasibility of ICD shock EGMs to detect ischemia.
If reproduced in humans, these findings may lead to a means
of monitoring silent ischemia continuously in patients with
implantable defibrillators.
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