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EXECUTIVE SUMMARY

Task 1. Forward Model Simulation of the Human Electrocardiogram. Studies of
sensitivity of multilead electrocardiograms (ECGs) to local ischemia/infarc-
tion were presented to the Sept. '90 International Congress of Electrocardiol-
ogy. Subendocardial to transmural ischemia and infarction were simulated in
each of 9 left ventricular (LV) arterial beds chosen to serve as building
blocks for known variations in coronary anatomy. The smallest subendocardial
area simulated in each perfusion bed was 32x4 mm (0.5% LV). This produced 50-
200 pv of downsloping ST depression in 1 or more regionally specific leads,
and mirror image changes in others, when scaled for distance effecLs from the
heart to each lead. Global subendocardial ischemia (25% LV) produced 200-500
pv of ST depression in anteroapical leads. These studies led to the testable
hypotheses that: (1) leads on the upper and lower left anterior torso, right
anterior torso, and back are needed to optimally detect early ischemia,
(2) scaling to correct for local heart-torso distance effects is needed,
(3) an area of subendocardial ischemia 2-3 cm across produces significant ST
changes in regionally specific leads, and (4) the lack of ST change reflects
the absence of significant ischemia in spite of definite coronary obstruction.

Task 2. 16-Lead ECG During Coronary Angioplasty. Four extra electrodes supple-
menting the 12 simultaneous lead (125L) ECG were placed: I in the left axilla,
1 on the anterior lower chest and 2 on the back. ECGs were recorded with this
16SL system in 46 patients at the time of percutaneous transluminal coronary
angioplasty (PTCA). In 2/46 patients (4%) there was no chest pain, and less
than 20jiv ST change on 16SL ECGs (the 98% limits of reproducibility in repeat
baseline tracings); they were excluded from tabulation as negative for ische-
mia. In the 44 remaining patients 4 had PTCA occlusion of 2 different arteries
for a total of 48 PTCAs. The ST amplitudes were scaled by the local transfer
coefficients from the heart to each lead. The peak amplitude of injury current
was seen in 1 of the 4 extra leads in 16 (33%). The data verify model predic-
tions and support the hypothesis that significant additional sensitivity to
ischemic change is likely with more ECG leads. From a review of the data, the
16 lead system appears suboptimal. Our multilead simulation studies, and dis-
criminant function analysis of body surface maps by Kornreich and coworkers,
suggest that 10-15 extra leads are likely to be optimal.

Task 3. 30SL Hi-Fidelity ECG Data Acquisition and Lead Locator Systems.
The 3 systems described in detail in this report are performing appropriately
to meet the project's scientific goals. We are acquiring Hi-Fi 30SL ECG data
during exercise testing and angioplasty at the Long Beach Memorial Heart Insti-
tute. Early in the 2nd part of the follow on contract (29 May - 30 Sept. '91),
when the systems are operating smoothly, we expect to install a system at
USAFSAMfat Brooks AFB and directly test the model hypotheses. Those asympto-
matic pilots with angiographically normal and abnormal coronary arteries, will
be the target populations for adjusting the criteria to deliver optimal perfor- _

mance to meet the objective of detecting asymptomatic coronary disease at rest
and with exercise. From the evidence just summarized in Tasks 1 and 2, screening ]
of aircrews with the Hi-Fi 30SL ECG is expected to result in a major improve- A
ment in the detection of asymptomatic coronary disease. During this time we
will continue to accumulate Hi-Fi 30SL ECG data at the Memorial Heart Institute
during exercise testing and PTCA. From these two databases we expect to have
enough data by 15 Sept. '91 to be able to specify explicitly the resolution,
sensitivity, and specificity of the 30SL ECG in tht aircrew population.

*Redesignated Armstrong Laboratory.
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OPTIMAL ECG ELECTRODE SITES AND CRITERIA FOR DETECTION
OF ASYMPTOMATIC CORONARY ARTERY DISEASE--UPDATE 1990:

MULTILEAD ECG CHANGES AT REST, WITH EXERCISE, AND WITH CORONARY ANGIOPLASTY

OVERVIEW AND OBJECTIVES
(Clinical Perspective--Memorial Heart Institute)

Model Building

Historically, scientific models have been used to explain inherently
complex natural systems. In biology, specifically in electrocardiography and
electrophysiology, Einthoven viewed the heart as a single fixed locus dipole.
He used an equilateral triangle as a model of the human torso to relate the
electrocardiographic signals from the 3 standard limb leads (1). For the past
80 years this model, in spite of its obvious simplifications, has formed the
common basis by which clinical electrocardiographers define a "Mean Electrical
Axis" for the electrocardiogram (ECG). This basis depends on both the equiva-
lent dipole model of the heart as a current source and the equilateral tri-
angle, or hexagonal reference system, as a model of the complex, inhomogeneous
volume conductor through which these currents flow. Sir Thomas Lewis, using
Einthoven's string galvanometer (2), developed the dipole layer model to
explain the propagating wave of electrical excitation he found on the epicar-
dium. This early model of excitation was extended by Allen Scher and Durrer et
al. Their classic studies on intramural excitation used small, intramural
piunge electrodes in animals and reperfused normal human hearts (3-6).

In developing the computer simulation of excitation of the human ventri-
cle, we decided to build the simulation using measured anatomy, resistivities,
and electrophysiology. The dipole layer model of the active electromotive
surface was found to be inconsistent with measured data (7), and a new macro-
scopically distributed dipole model of the propagating wave front was devel-
oped from the measured intramural data. With a fine grid (1 mm3 ) digital
computer simulation of depolarization (QRS changes) of the human heart, we
found that small myocardial infarcts, no larger than 1-1.5 cm in diameter and
0.4-0.5 cm thick, routinely produced detectable changes in the simulated ECGs
(8-9). In clinical studies (10) we confirmed that clinically "silent" infarcts
can be routinely detected from QRS changes in high-gain, high-fidelity resting
electrocardiograms and vectorcardiograms (VCGs) when prior tracings are avail-
able for comparison. We found that serial change, or lack of it, in these
ECG/VCGs is predictive of serial coronary and ventriculographic change, or
lack of it, with 98% accuracy. This finding is particularly relevant to the
pilot population in whom, for reasons discussed in the Air Force perspective
later, we can assume that more than half of the myocardial infarcts suffered
will have been clinically unrecognized, or "silent."

Harumi, Burgess, and Abildskov were the first investigators to develop a
model of the T wave (11). Thiry and Rosenberg later developed a 3-dimensional
simulation of repolarization (12). Miller and Geselowitz developed a 4 mm3
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grid heart model in a homogeneous torso in which they manually entered
changes in excitation and recovery parameters (13,14). Essentially, over the
past 5 years, we have been automating the grid heart model of Miller and
Geselowitz using a 1 mm3 grid heart in an inhomogeneous torso. The success
of these models in simulating typical 12-lead ECG changes of ischemia, injury,
and infarction, by incorporating action potential waveshapes and distributions
typical of those measured in the laboratory, makes the likelihood of success
with the fine grid version quite high.

THE SELVESTER-SOLOMON MODEL AND THE 30 LEAD HI-FI DATA ACQUISITION SYSTEM
(Relevance and Significance to the United States Air Force [USAF])

Ten to 20% of all apparently healthy people over 35 years of age have
significant but undiagnosed coronary artery disease. For about 25% of these
people sudden death is the first symptom of heart disease and as many as half
of those who die have had a p-ior unrecognized infarct (heart attack). Apply-
ing these statistics to USAF pilots, at least 1 pilot per 10,000 over the age
of 35 who fly an annual average of 300 h in high-performance aircraft will die
suddenly each year at the controls, resulting in the loss of life and air-
craft. Based on published reports, the total cost of replacing such lost air-
craft is between 30 and 50 million dollars annually. Furthermore, it follows
that there are 10-15 unrecognized new infarcts per year for every 10,000 of
these flyers. Improving the identification of coronary artery disease in these
pilots would lower the number flying with unrecognized heart disease. This
identification would decrease the chances of sudden death of pilots at the
controls, and reduce the number of aircraft lost. The identification of even 1
in 10 pilots of high-performance aircraft with totally unsuspected coronary
disease would be expected to save the government $3-5 million per year by
preventing loss of aircraft and pilot. From our previously reported findings,
and from the multilead ECG recording with the Case 12 system summarized in
this report, there can be little doubt that the routine screening of appar-
ently healthy aircrews with Hi-Fi Signal Processed 30 Simultaneous Lead (30SL)
ECG recordings during rest ano exercise will significantly improve the detec-
tion of asymptomatic coronary disease. We have documented in earlier studies
(10) that serially recorded 30SL ECGs should allow us to detect new "silent"
infarcts with 98% confidence. We expect these techniques to detect signifi-
cantly more than 1 in 10 pilots each year with coronary artery disease that
are not now being identified.

The task for the current ongoing contract year is to define the optimal
lead number, location, and criteria in these leads, and to define the limits
of resolution for the detection of "silent" ischemia. Along with this informa-
tion the sensitivity, specificity, and predictive accuracy of this technique
would also be accomplished. With this information it will be possible to accu-
rately define the cost-effective trade-offs for the implementation of such a
screening process in the USAF medical system worldwide. The ultimate goal of
this effort is the development of a portable ECG Mapping Cart that can be used
in flight surgeons' offices for resting and exercise ECGs to improve "silent"
coronary artery disease detection in asymptomatical aircrews.
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OVERVIEW AND OBJECTIVES

(U.S. Air Force Perspective)

Gil D. Tolan, Colonel, USAF, MC

(Authors note: this summary from an earlier statement of work is presented
here because it gives those from outside the Air Force, including our con-
sultants, a perspective from "inside" that would not otherwise be available).

Although coronary artery disease mortality in the United States decreased
22.6% between 1969 and 1977, at 670 deaths per 100,000 men per year, coronary
artery disease still remains the number one cause of death in this country.
Coronary artery disease is the cause of 70% of the nontraumatic deaths in the
active duty U.S. Air Force. Rated flying personnel are not immune to develop-
ing coronary artery disease. Each year approximately 50 rated pilots and
navigators on flying status are admitted to USAF hospitals where the discharge
diagnosis is coronary artery disease (ICDA codes 410 through 414). Each year
approximately 8 rated personnel on flying status suffer fatal myocardial
infarctions. It is hard to say how many USAF aircraft accidents per year are
due to coronary artery disease because frequently there is no heart found to
autopsy after the crash, and because the on-board recorder does not record the
ECG. Even if a pilot suffered an acute myocardial infarction in flight, there
would not be sufficient time between that event and when the rest of the heart
died in the crash to distinguish the acute infarction. It takes hours to days
for the necrosis of an infarction to become evident at autopsy. The Armed
Forces Institute of Pathology has a policy of not attributing an aircraft
crash to coronary artery disease merely because an old myocardial infarction
scar is found or because coronary atherosclerosis is present. Today 44% of
the rated force is over 35, the age susceptible for coronary artery disease.
Coronary artery disease is not confined to just older pilots. Autopsy studies
on military men killed in combat in both Viet Nam and Korea found coronary
artery disease in many young troops. Although we do not know how many air-
craft accidents per year are due to coronary artery disease, we do know that
approximately six times per year a USAF aircraft for no apparent reason im-
pacts the ground with no prior communication from the pilot and no attempt to
eject. Some suspect that the pilot was trying to recover an out of control
aircraft right up to the end, but others believe the lack of any communication
of trouble implies sudden human incapacitation. Although there are many
causes of sudden incapacitation, common things occur commonly, and coronary
artery disease is the most common cause of sudden incapacitation in American
males.

Today the screening for coronary artery disease in the USAF rated force
relies solely on the standard 12-lead ECG. The Framingham 14-year followup
of 5,000 men and women considered free of heart disease at onset found that
the standard 12-lead ECG was normal in 2 out of every 3 cases which suffered a
myocardial infarction in the subsequent two years. This represents a 33%
sensitivity for the standard 12-lead ECG as a predictor of a myocardial in-
farction in the next two years. The Framingham study also found that in those
cases with scars from old myocardial infarctions found at autopsy, 36% of

3



these were unrecognized during life by both the patient and his doctor. In
16% of all coronary cases, the first symptom was sudden death.

Most USAF flyers enjoy flying, they get paid extra to be on flying status,
and often their career progression requires that they be fit to fly. Although
most flyers have IQ's three standard deviations above the mean, they nearly
all score three standard deviations above the mean on the MMPI denial scale.
Their ability to deny risk is a life preserving attribute that prevents them
from panicking when exposed to enemy fire. These same factors, however,
decrease a flyer's propensity to report his chest pain to his flight surgeon.

In the new generation high-performance aircraft, flyers are frequently
exposed to greater than 7 +G forces. By the end of this decade (the 1980s),
two-thirds of USAF active duty pilots will be flying high-performance air-
craft. These aircraft place unprecedented demands on the heart to keep the
brain perfused. Within 30 seconds of pulling 7 +G's, the pooling of blood in
the lower lobes of the lungs causes the alveolae to collapse, creating a ven-
tilation perfusion abnormality such that in healthy nonsmokers their mean
arterial oxygen tension drops from 91 to 46 mmHg. At the very time the demand
for cardiac output is maximum, the oxygen supply to the heart is being de-
creased by both this ventilation perfusion abnormality and by the shortening
of diastolic filling time from the faster heart rate. Since flow of a liquid
through a tube is inversely proportional to the fourth power of the radius, a
slight decrease in a coronary artery's diameter can have a big effect on the
amount of blood that gets by that obstruction should the flow remain laminar.
Because a slight obstruction can cause turbulance, a slight coronary obstruc-
tion can be more hemodynamically significant than implied by the percent
diameter narrowing. Furthermore, a healthy coronary artery can increase flow
ninefold by dilating during peak workloads. By preventing dilation, circum-
ferential atherosclerosis, even if minimal on angiography, can profoundly
reduce myocardial oxygen supply during peak loads. Even without causing a
myocardial infarction, an asymptomatic coronary narrowing can decrease maximum
cardiac output during sustained high +G maneuvers. If during a high +G maneu-
ver the pilot's brain is not perfused, then under the best of circumstances,
it will take him on the average 15 seconds to recover from his loss of con-
sciousness. By then it may be too late to recover his supersonic aircraft.
Thus, a slight coronary artery narrowing which might never cause an infarc-
tion on the ground could prove fatal under the sustained high +G profiles of
the new generation aircraft.

For all the reasons just cited, flying safety requires that we not wait
for the flyers to come to their flight surgeon complaining of chest pain to
begin worrying whether they have coronary artery disease. We need to be able
to detect coronary artery disease while it is still asymptomatic. At this
time the National Institutes of Health have no plans to fund research into
detecting asymptomatic coronary artery disease because "the only treatment for
it is advice to modify risk factors and that advice should be given regardless
of whether coronary artery obstructions already exist." If medical technology
is to keep pace with the demands of new aircraft technology, then it is up to
the USAF to develop a better system to detect coronary artery disease.
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The goal of this contract is to develop a system which is better than the
existing method at distinguishing rated flyers with aeromedically disquali-
fying coronary artery disease from healthy flyers. This includes detecting
both coronary artery obstructions (ischemia) and myocardial infarctions
(scars). Correctly localizing infarctions and coronary obstructions with a
screening test in the field is not a requirement of this contract.

Good skin-to-electrode contact is essential to accurate electrocar-
diography, but good contact during stress testing is difficult to maintain
because the adhesive may loosen as the patient moves and perspires. The more
electrodes one adds, the greater this problem. Furthermore, additional elec-
trodes require additional time to apply, more channels for recording and more
complex analysis, all of which increase the cost. For these reasons, the USAF
needs to use enough electrodes in both resting and stress electrocardiography
to ensure flying safety without adding any extra electrodes merely to deter-
mine some day if they might be useful. Any addition of electrodes will incur
a considerable expense not only to acquire new ECG carts for the field, but
also to train USAF physicians to interpret the new leads. For this reason,
any new lead must be based upon strong scientific evidence that it adds impor-
tant information not currently available. Because the expense and risks of
both false positive and false negative errors are considerable, the process in
developing such scientific evidence must be meticulous in every detail. Be-
cause current policy requires that rated flyers with abnormalstress tests be
grounded until proven healthy by cardiac catheterization, it is essential that
any new screening system maintain a specificity of 95% or better.

In 1974, Victor Froelicher, Jr., Maj, USAF, MC, reported in the American
Journal of Cardiology on a group of 1,390 asymptomatic men screened at the
USAF School of Aerospace Medicine for latent coronary artery disease with a
double Master's two-step test followed by a symptom-limited treadmill exercise
tolerance test. The follow-up period ranged from 4.1 to 8.4 years (mean 6.3).
End points for coronary artery disease were angina pectoris, acute myocardial
infarction and sudden death. Only lead X (CC5) was always recorded during
exercise. Leads II, III, aVF, V2 and V5 were recorded before exercise and
during recovery. In this follow-up study, the Master's test had a sensitivity
of 61% and a specificity of 92%. Subsequently, this institution has recorded
four leads (X, Y, Z, and CM5) during all phases of the treadmill test. No
follow-up study of this lead system has been done, but we know that 60% of the
asymptomatic flyers with abnormal ST segment depression of symptom-limited
stress testing have no coronary artery disease found en cardiac catheteriza-
tion with left ventriculography and selective coronary angiography. We have
also found advanced coronary artery disease in three dozen asymptomatic flyers
with normal or only borderline abnormal ST depression on their treadmill test.

In a series of four articles published in Circulation in 1973 and 1974,
Fred Kornreich, M.D., of the Free University of Brussels, pointed out that
neither the Frank lead vectorcardiogram nor the standard 12-lead electrocar-
diogram contain all the information projected by the heart to the body sur-
face. Dr. Kornreich found that with 24 leads and a single transformation
formula for all body types, one could closely reconstruct a complete body
surface map. Subsequently, Robert Lux, Ph.D., at the University of Utah,
Roger Barr, Ph.D., at Duke University, and others have shown that a least 24
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electrodes are needed to capture all the information projected by the heart to
the body surface. What remains to be determined is whether 24 electrodes are
necessary to detect all disqualifying asymptomatic coronary artery disease in
the USAF rated force. In 1980, Dr. Kornreich reported at the Engineering
Foundation Conference on Computerized Interpretations of the ECG that adding
just four electrodes to the standard 12-lead ECG for a total of 16 leads
significantly improved the sensitivity and specificity of bonafide myocardial
infarctions over just the standard 12-lead ECG or just the Frank lead VCG. At
the same meeting, Frank Yanowitz, M.D., of the Uriversity of Utah, reported
that using 32 leads doubled the sensitivity of stress tests for cardiac
catheterization-proven significant coronary artery disease compared to using
the standard 12-lead system for stress testing. He also suggested that not
all 32 leads were necessary, but needed more data to prove this. In 1980, at
the Computers in Cardiology Conference, R. von Essen of the Helmholtz Insti-
tute for Biomedical Engineering in West Germany, reported that a 48 precoreial
lead stress test had a 96% sensitivity and 95% specificity compared with 56%
sensitivity and 95% specificity of the 12-lead system for stress testing.
Other investigators have reported similar improvements in sensitivity while
maintaining 95% specificity by doing surface potential mapping with stress
testing.
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NOMENCLATURE OF REGIONAL LEFT VENTRICULAR SEGMENTS

Considerable ambiguity exists in the current literature about the nomen-
clature and definition of the regional or segmental anatomy of the heart.
Throughout this document we will be using the left ventricular (LV) segmental
subdivision nomenclature shown in Figure 1. This subdivision is a modification
of the Ideker subdivision reported in a number of recent papers (17-20). These
octant circumferential subdivisions of the LV are combined by twos into quad-
rants (see lower right illustration in Fig. 1). The LV is further subdivided
from apex to base by passing 2 planes through it at right angles to the long
axis of the LV. Careful placement of these planes allows for the division of
the internal long axis into equal thirds. This system produces a 12-segment
subdivision of 4 walls (anteroseptal, anterosuperior, posterolateral, and
inferior) with 3 subdivisions each (basal, middle, and apical) as shown in
Figure 1.

SEGMENT SUBDIVISION

APICAF
A -

MIDDLE /

APICAL

Figure 1. Twelve-segment left ventricular (LV) subdivision and nomenclature.
The advantage of using this specific subdivision is that it divides
the LV into segments that are in close approximation to the usual
blood supply to each of the regions, iae, segments 1-7, and 10 by the
left anterior descending coronary, 8 and 9 by the right, and 11 and
12 by the circumflex.
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OPTIMAL ECG ELECTRODE SITES AND CRITERIA FOR DETECTION
OF ASYMPTOMATIC CORONARY ARTERY DISEASE--UPDATE 1990:

MULTILEAD ECG CHANGES AT REST, WITH EXERCISE, AND WITH CORONARY ANGIOPLASTY

INTRODUCTION AND BACKGROUND

The computer simulation of the total body surface human ECG developed by
us over the past several years was constructed from measured cardiac and torso
anatomy, resistivities, and electrophysiology (8,9,15). Bipolar cardiac intra-
mural plunge electrode d,'- was used to develop a model of the active electro-
motive surface (16). By the method of Huygens, the propagation wave of excita-
tion was simulated in the normal human heart discretized at a 1 mm3 resolution
(17) and projected to some 1,300 sites on a realistic inhomogeneous torso that
includes intracardiac blood mass and lungs. All reasonable combinations of
intraventricular conduction defects, ventricular hypertrophies, and myocardial
infarcts of all sizes in any feasible location (9) were simulated. QRS cri-
teria for infarct size resulting from these numerical experiments (18,19) have
bpen validated in a series of classic pathoanatomic studies (20-24) and summa-
rized in a USAF School of Aerospace Medicine Technical Report (31).

The model has since been enhanced (25)(as proposed in the Technical
Re-ort) to include the simulation of the human myocardial repolarization
process and the STT portion of the ECG, which is most sensitive to myocardial
ischemia. The basic models of Harumi, Burgess and Abildskov (11), Thiry and
Rosenberg (12), and Miller and Geselowitz (13,14) were adapted and upgraded by
incorporating individual action potential waveforms into each 1 mm3 "cell"
of the comprehensive fine grid model. These local action potentials were
modified to emulate the changes observed during ischemia. Simulations of
regional subendocardial ischemia produced ECG changes typical of those seen in
these conditions. This information led to the publication (26) of a recommen-
ded lead set of 20 simultaneous leads (20SL) and testable ECG criteria for the
detection (and quantitation) of ischemia in any coronary artery distributicn.
Task 1 of this report includes details of more recent numerical experiments
with the "Forward Model" simulation that speak more directly to the sensitiv-
ity and probable resolution of the method. During this same period, Kornreich
and associates were continuing to report discriminant function analysis of 150
lead body surface maps for the optimal leld location and ECG criteria to dis-
criminate multilead ECGs of normals from those of patients with LV hyper-
trophy, anterior infarct, inferior infarct, and non-Q infarct (27-29). Optimal
discrimination of these entities required leads in the upper and lower left
anterior torso, right anterior torso, and on the back. The 30SL system pro-
posed represents an ongoing collaborative effort between the European and
Canadian workers in the field and ourselves.

Besides the 2 reported studies with the model just described, 2 addition-
al related studies have been done during the period since the 1985 Technical
Report. The first was a multicenter study of the short-term effects of carbon
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monoxide exposure in an environmentally controlled chamber (30). On each of 4
test days 63 men with documented coronary disease and effort angina performed
2 symptom limited treadmill tests for a total of 8 tests each. The tests were
separated by a recovery period and 50-70 min. of random exposure to either
room air or air containing 1 of 2 concentrations of carbon monoxide. The
subjects and the testing personnel were blinded to the exposure. All subjects
had 12SL signal averaged, median beat ECGs recorded during exercise. This
data gave us firsthand experience at the Rancho Los Amigos Medical Center
acquiring hi-fidelity (Hi-Fi) 1 ms digital ECG data during exercise test-
ing and signal processing this data.

The second related study during this period was done with Myrvin Elle-
stad's group at the Memorial Heart Institute of Long Beach. The Marquette Case
12 system, with 4 extra precordial leads added to the 12SL system was used.
This resulted in a 16SL ECG system. In Task 2 of this report we will describe
the results of recording 16SL ECG data with this system during percutaneous
transluminal coronary angioplasty (PTCA) in 46 patients with documented coro-
nary disease. The 4 extra leads of this system were added on the left upper
and lower thorax and on the back of the patients. The 16 lead set is most
likely a suboptimal set. The set represented an interim solution allowing us
to continue work on the basic project while we sought funds for a more appro-
priate 30 lead system. Work with the model simulations and the findings of
Kornreich and associates had suggested that greater sensitivity and specific-
ity to regional ischemic change were to be expected with perhaps up to 10-15
leads added to the standard 12SL ECG. The data derived from the 16SL prelim-
inary study can be assumed to be one more building block in defining the ideal
number and location of ECG leads for the optimal detection of asymptomatic
coronary artery disease. The technical details, including the 30SL ECG Hi-Fi.
digital data systems and the lead locator systems, are described in Task 3 of
this report.

TASK 1: FORWARD MODEL SIMULATION OF THE HUMAN ECG

Multilead ECG Criteria for Detecting Regional Ischemia

METHODS

The fine grid Selvester-Solomon model of depolarization-repolarization
(QRS-T) of a digitized human heart imbedded in a realistic inhomogeneous male
torso, which included intracardiac blood mass and lungs (25,26), was modified
to simulate local regions of ischemia as follows: The repolarization genera-
tors were constructed making use of an equation containing 3 arbitrary param-
eters that assume values which permit the time course of the myocardial action
potentials to be approximated (refer to appendix of reference 31 for details).
The 3 parameters characterizing the action potentials are the recovery poten-
tial, rate of repolarization, and the functional refractory period. With
these 3 parameters and 4 constants (initial resting potential, time to depo-
larize, peak depolarization potential, and a time constant which represents
the time for the local region to reach equilibrium), each discrete point with-
in the myocardium can be represented by a unique waveform (Fig. 2). These
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Figure 2. Action potential waveforms generated by the model. In the top set
of waveforms, the functional refractory time (phase 3) was changed.
In the middle set of the waveforms slope of phase 3 was varied. In
the bottom panel, the functional refractory time and the slope were
varied as shown.

parameters are found by a table look-up that incorporates the endocardial to
epicardial gradient in action potential duration and refractory periods as
well as the apex to base gradient. A separate table contains the 4 constants
just described that are mainly influenced by injury, ischemia, and the elec-
trolyte milieu of the active cells. The individual waveforms fromi each cubic
millimeter "cell"m were then projected to 20 regional cardiac generators and
combined with a Gelernter-Swihart solution for the heart-to-chest transfer
impedances as described previously (15, 25, 26, 31). A copy of reference 26
is given as the appendix. Combining the generator and transfer impedances
yielded a mathematical -physical simulation containing the action potential
parameters that were adjusted within the known electrophysiological variabil-
ity so that computed QRS-T were made to agree with normal vectorcardiograms
and 12-lead ECGs. This model now allows for the specification of local areas
of injury, ischemia, or infarction by their effects on the local myocardial
action potentials.
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The specific geometry of local areas of subendocardial ischemia in each
of the major coronary artery distributions was specified using the propagation
forward model. A start point for the propagation was chosen near the center of
the endocardial surface of the segment in which subendocardial ischemia was to
be simulated. The model was then run with a 4-to-1 Purkinje to myocardium
propagation velocity. Four consecutive time steps (10 ms.) resulted in a
defined domed volume 32 mm in diameter at its base on the endocardium and
projecting 4 mm into the subendocardium at its center, as shown in Figure 3.
The program saves the coordinates of these points. The individual action
potentials of each of these 1 mm3 "cells" can now be altered to represent
various degrees of injury, ischemia, or infarction. In the example shown in
Figure 3, subendocardial ischemia in this volume was simulated by reducing the
resting potential, the functional refractory period, and the downslope by 50%
each. The effects of various degrees of ischemia, from mild to infarction, in
these small subendocardial regions, and larger ones extending to the mural and
transmural myocardium, was systematically explored with the simulation.

Ischemia involving the entire subendocardium of each of 10 coronary
arterial perfusion beds shown in Figure 4 was simulated by choosing the start
points so that at the end of the 4th time step the boundary of the designated
volume would represent that of the particular coronary bed. By selecting a
slower Purkinje propagation velocity, more of the subendocardium is included
near the boundary of the ischemic region. The 10 arterial distributions shown
in Figure 4 were chosen to serve as building blocks. Various combinations of
these modules can be made to represent regional ventricular segments with a
variable blood supply. In this way, variations seen in coronary blood supply,
such as right dominant, left dominant, balanced, and variations in the distri-
bution of the main branch arteries (diagonals, ramus intermedius, and circum-
flex marginals, etc.) can be accommodated.

The systematic exploration of effects of various degrees of ischemia in
each of the coronary distributions led to the publication (26) of a recommend-
ed lead set of 20 ECG lead locations and a testable set of criteria for diag-
nosis and quantitation of ischemia in the 12 segment LV subdivision. This
publication, those by Kornreich (27-29), and wide-ranging discussions with
various Canadian, European, and United States mapping groups, has led to an
attempt to establish a limited lead set of 24, 30, and 32 leads which are
subsets of the 150 and more leads used by the various body surface mapping
groups. There is a consensus that any expanded lead set should include the
standard 12-lead ECG, the Mason-Likar 12-lead ECG, and the Frank orthogonal
3-lead set as a minimum. The 30SL lead array shown in Figure 5 represents the
present status of that effort, and includes the Grishman Cube and the McFee
orthogonal lead locations as well. We expect the Kornreich discriminant func-
tion, the Lux orthonormal basis function, and the Horan-Flowers multipole
expansion transformations to each be assessed with the final consensus version
of this lead set.

11



I . .~~-- -- 7--- --7-

ILASC

I II

I 'NBS A

V I

* I ~I IU

I SEC

_If I IC4- 4

112



QUADRANTS I II III IV

BASAL6

MIDDLE

APICAL

WALLS ANTEROSEPTAL ANTEROSUPERIOR POSTEROLATERAL INFERIOR

A P

I I

Figure 4. A Mercator projection of the epicardial surface of the LV with the
distribution of 10 arterial subdivisions used as building blocks
in the model for various coronary distributions. This specific
circumferential quadrant subdivision, as indicated in the cross
section of the heart above, has the advantage of dividing the
septum along the lines of the perfusion beds of the septal perfor-
ator branches of the left anterior descending (LAD) and the poste-
rior descending artery (PDA) branch of the right coronary artery
(RCA). The antero-septal wall is perfused by the LAD which also
typically supplies the anterosuperior wall and most of the 4 apical
segments. The base of the anterosuperior wall has a dual blood
supply from diagonal branches of the LAD and marginal branches of
the left circumflex (LCX). The posterolateral wall, except for the
apical segment is usually supplied by the LCX artery and the
inferior wall by the RCA (through its PDA and distal inferior wall
branches). The inferior portion of the septum, perfused by the PDA
is included in the inferior wall.
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Figure 5. Lead locations for the 30SL ECG on a body surface map and the map
projections of the 12 LV segments illustrated in Figure 1. The
baseline supine and standing 30SL ECG is recorded first with the
limb electrodes on the extremities and then with these electrodes
moved to the Mason-Likar locations. The middle row is located
according to the conventional A.H.A. bony landmarks for the 12-lead

ECG and it's right precordial counterpart. The triangles are the
specific leads of the Frank orthogonal subset. The upper and lower
rows are each 10 cm above and below the middle row, except for the
neck lead on the 7th cervical vertebra and the right upper back
lead which is placed 20 cm above the right lower back lead (V8R).

RESULTS

Small volumes of definite subendocardial ischemia (or infarction), such
as that shown in Figure 3, when simulated in each of the major coronary artery
distributions consistently produced ST segment depression in the regionally
specific leads previously identified when simulating infarct with the model.
This volume is about 0.5% of the total LV volume. More extensive involvement
of the subendocardium in each of these regions produced even more definite ST
depression, shown in Figure 6, which is an example of ischemia in the subendo-
cardium of arterial subdivisions 7 and 8 of Figure 4 that is supplied by
posterior wall branches of the distal right coronary artery. The volume of
ischemic myocardium in this example calculated out to be 1.5% LV. When each
lead is scaled to the heart-torso lead transfer impedances of the ischemic
region the ST segment depression was maximal in the region specific leads and
was similar throughout for the same volume of ischemic subendocardium. Global
subendocardial ischenia, as postulated by Ellestad (32), (such as that shown
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Figure 6. 16SL ECG of simulated subendocardial ischemia in the distribution
of the inferior posterolateral branch of the RCA illustrated in the
lower panel.
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Figure 7. 16SL ECG of simulated global subendocardial ischemia involving the
inner 4 mm and 25% of the LV. The lower panel is a cross-section at
the 45 mm level of the heart based on the simulation. The ischemic
region is indicated by the shaded endocardial area.
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in Fig. 7) produces much more definite changes in anterior and apically orien-
ted leads in spite of a great deal of internal cancellation of oppositely
directed current fields located around the circumference of the LV cavity.
In this case, 25% of the LV volume is ischemic.

DISCUSSION

In simulated normals and subendocardial ischemia being reported here, the
depolarization current field (QRS vector) from a local myocardial region and
the local repolarization field (STT vector) from the same coronary distribu-
tion are essentially parallel to each other. This observation leads to a
procedure for selecting a set of ECG recording sites that include the effect
of the thorax. A unit source in each of the myocardial regions is given the
mean direction found in the forward model to simulate the normal QRS-STT ECG
data With the unit sources defined this way the simulation is executed sepa-
ratey for each unit source. This yields 1,300 body surface ECGs for each
specific local region from which to choose an optimal set of recording sites.
These unit source ECGs are heart-to-chest transfer impedances. The majority
of the 1,300 body surface sites are about 1 cm apart. One of the advantages
of selecting ECG lead recording sites this way is that we can take advantage
of the proximity effects between local myocardial regions and the body
surface.

One of the major strengths of a simulation that has been constructed from
measured electrophysiological data and anatomy is that results of the simula-
tions can then be related to the anatomy and electrophysiology directly.
Hypotheses can be generated from these results that relate to the anatomy,
electrophysiology, and current field theory, and these hypotheses can be
directly tested in th'e clinical environment. The study of ECG changes at the
time of balloon angioplasty in Task 2 of this report is one such study. The
procurement and implementation of the Hi-Fi 30SL ECG data acquisition system
described in Task 3 now provides the tool to test the proposed lead system,
and the proposed criteria in these leads, for detecting unsuspected coronary
artery disease in the asymptomatic pilot population. The interaction between
the model criteria and the clinical findings with angioplasty occlusion of
specific coronary arteries will be taken up in the discussion section of Task
2, and in the final conclusions and recommendations of this technical report.
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CONCLUSIONS

Small volumes of subendocardial ischemia, as defined in this simulation
and with this torso model, consistently produced definite changes in simulated
body surface ECG leads. When myocardial action potentials of subendocardial
regions representing less than 1% of the left ventricle were decreased by 50%
in their resting potential, functional refractory period, and downslope of the
repolarization, definite ST depression occurred in the leads shown in earlier
simulations (31) to be most sensitive to that region. When the amplitude of
the local ECG waveform was normalized to the transfer impedances from the
local segment to the specific lead, the ST depression observed was of the same
magnitude if the same degree and volume of ischemia was simulated in any
regional coronary perfusion bed. In this simulation, additional ECG leads are
needed on the right anterior torso, upper and lower left anterior torso, left
flank, and on the back (as shown in Fig. 5) for maximum sensitivity to these
local ischemic regions. It is now imperative to validate these lead locations,
and criteria in these leads, in carefully controlled studies in subjects with
and without documented coronary disease. Multilead ECG recording during exer-
cise stress testing in a population of patients being worked up for probable
coronary disease with perfusion scans, wall motion studies with exercise, and
with coronary angiography are needed to define the sensitivity and resolution
of the method. Similar recordings in a significant population of documented
normal subjects will also be needed and displayed as receiver operator curves
to optimize the sensitivity and specificity.
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TASK 2: 16-LEAD ECG RECORDING DURING CORONARY ANGIOPLASTY

METHODS

The study population consisted of 46 patients who had undergone elective
percutaneous transluminal coronary angioplasty (PTCA) as a part of their
regular cardiology care at the Long Beach Memorial Heart Institute during the
years 1987-1989. There were 35 men aged 40-80, mean 59.5 yr, and 11 women
aged 49-75, mean 64 yr. Each patient and the attending cardiologist had agreed
with informed consent to having the 16-lead ECG recording done before and
during the PTCA procedure. The recording was done with a commercially avail-
able system (the Marquette Case 12) using a version with 4 extra leads added
to their standard 12SL ECG recorder. The 12SL ECG is made up of 2 independent
limb leads, from which the other 4 are computed, and 6 independent precordial
leads for a total of 8 independent leads. Thus, when the 4 extra leads are
included in the set as precordial leads there are 12 independent simultaneous
leads which, when combined with the 4 computed ones, make up the 16SL ECG
system. The system generates hard copy of the 16 leads on demand or in a
preset protocol in 10 s episodes with a signal averaged median beat. The
system stores this data in magnetic form which can be downloaded on 3-1/2 in.
diskettes for later replay through the system. The amplitude of the ST seg-
ment at an arbitrarily chosen interval after the J point is also routinely
printed out with the waveforms for each episode, and plotted as a trend plot
or a series of them at the end of each recording session. In this study the ST
70 point used in routine exercise testing at the Memorial Heart Institute was
chosen for all studies.

After careful skin preparation with acetone/alcohol and vigorous scrub-
bing, radiolucent electrodes were placed in the lead locations shown in Figure
8. Baseline recordings were initially done with the limb leads on the extremi-
ties. These leads were then moved to the modified Mason-Likar locations (33)
shown in the figure. The 4 extra electrodes were placed as follows: LAX in the
left axilla, LSC in the left subcostal margin at the level of AVF (7th inter-
costal space in the mid clavicular line), VB on the back (opposite V4) and MB5
in the midback (both the latter at the level of V4-V6). Recordings were made
in the angio suite as the patient was being prepared, before any intervention
and at each stage in the procedures (i.e., before and after angiograms, cathe-
ter and wire insertions, etc). The ECG was monitored throughout the proce-
dure. A set of recordings was made under the systems program control every
15 s during each occlusion with the angioplasty balloon, and until the ECG was
deemed visually stable post occlusion. At a later date all tracings were re-
viewed by 2 independent experienced readers verifying the onset-offset of
waveforms and J point chosen by the algorithm. Any differences were resolved
by consensus with a third reader. Any tracing with unusually noisy data or
motion artifact was disregarded which, in general, was an uncommon occur-
rence. The data quality was considered excellent when the raw data was com-
pared to the median beat generated at each 10 s epoch.
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Figure 8. The 16SL ECG lead locations on a body surface m? that were used in
the angioplasty study. The Mason-Likar lead locations were modified
by moving the left and right arm electrodes to the upper torso at
the level of the third interspace in the respective mid-clavicular
lines. AVF was located at the left lower costal margin directly
below V4. The 4 additional electrodes shown by the * are: LAX, left
axilla; LSC, left subcostal margin at the level of AVF; V8, on the
back (opposite V4); and MB5, midback at the same level.

One patient developed angina and classic ischemic ST depression with wire
insertion past a tight obstruction in the proximal left anterior descending.
The angina did not completely resolve with vasodilators in spite of evidence
of contrast flow past the lesion around the guide wire. After a number of
unsuccessful attempts to pass a balloon catheter past the lesion,the procedure
was abandoned and the patient sent for urgent bypass surgery. Since the
patient did not have documented complete occlusion with the balloon catheter,
the patient was not included in the tabulation results and will be discussed
separately. Two additional patients with PTCA occlusion of the right coronary
artery (RCA) leveloped no chest pain and exhibited no STT change during sev-
eral sequential balloon occlusions of this artery. Since our goal was to test
the ability of the multilead ECG to localize ischemic currents of injury when
they occurred, and there were no documented signs or symptoms of ischemia,
these 2 patients were excluded from the tabulations being reported.

Of the remaining 44 patients, 4 had PTCA occlusion of 2 different arte-
ries each for a total of 48 balloon occlusions. In 4 patients the occlusion
was of the main diagonal branch of the left anterior descending (LAD) coro-
nary. In 7 patients the occluded lesion was in the LAD distal to the main
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diagonal. In 18 pz.ients the LAD balloon occlusion was proximal. Eight PTCA
occlusions were in the left circumflex (LCX), 5 were in the obtuse marginal, 1
in the distal LCX and 2 proximal to the obtuse marginal. The PTCA occlusion
of the RCA in 11 patients was in the midportion in 8, and the distal RCA in 3.
ST 70 data was grouped and tabulated for 5 arterial subdivisions, 1 for each
of the 3 LAD distributions, I for the LCX, and 1 for the RCA.

The individually verified amplitude of the ST 70 segment in the median
beat of the signal averaged ECG was tabulated for each of the 16 leads and
plotted on a worksheet showing the location of each lead in the body surface
map format of Figure 8. Body surface equipotential map distributions of the
ST 70 from the median beat was constructed manually and compared to the 12 LV
segment distribution of the model projections of each segment displayed in
Figure 8. These distributions were compared to an overlay of each patient's
own coronary distribution to each of the 12 segments.

TABLE 1. MODEL SCALE FACTORS (Correction for Proximity Effects)

1: 2.0 2: 2.0 3: 2.0 AVR: 3.5 AVL: 2 0 AVF: 2.0

V3R: 2.0 V2: 1.4 V3: 1.0 V4: 1.0 V5: 1.0 V6: 1.5

LAX: 2.5 LSC: 2.5 V8: 3.0 ME,: 3.0

The ST 70 amplitudes we-e then scaled to correct for the distance and/or
proximity effects from the heart to each !ea. For this purpose the scale
factors for each lead defined in Table 1 were applied. The scale factors were
derived from comparing amplitude of the unit dipole projections from each LV
segment to the thorax surface (see Fig. 9) as described in earlier publica-
tions (34, 35) and in the 1985 USAFSAM Technical Report (31). The relative
amplitudes of the scale factor for each lead was established by taking the
peak values of the local anterior segments in the anterior leads V3, V4, and
V5 as unity. The upper and lower anterior and the posterior leads were scaled
upward to normalize them to the same relative local segment strength as the
anterior and apical segments. The scaled ST 70 amplitudes were plotted on the
body surface map format. Body surface equipotential maps were constructed
manually and compared to the coronary distribution to each left ventricular
segment.

RESULTS

Two hundred eighteen PTCA occlusions were performed in 46 patients
ranging from 2-10/patient, mean 4.7/patient. Four patients had PTCA of 2 ves-
sels each. Inflation times were typically 1-2 min and varied from 0.25 -5.0,
mean 1.6 min. The balloon occlusion showing the greatest departure of the
median beat ST 70 in the 16SL ECG from the baseline record prior to each
occlusion was taken for analyses. The stability and reproducibility of the
recording and median beat methodology was evaluated by examining the variance
in the ST 70 amplitudes in each of 2 sets of the 16 leads recorded at the
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Figure 9. In this illustration the surface distribution of all the left ven-
tricular unit dipoles (clipped at 50% of the positive potential
of each segment in the lower right figure) are projEcted onto the
surface. The coronary artery supply to each segment is shown at the
top. Note, that in the lower panel the local distribution of each
of the segments is well preserved. The height of each segment dis-
tri! jtion shown is related to the sensitivity of the ECG surface
map to the local left ventricular region.
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TABLE 2. PTCA OCCLUSION OF 5 ARTERIAL SEGMENTS (SCALED FOR PROXIMITY EFFECTS)
MEANS AND RANGES IN MM (pv/100) OF ST 70 FOR EACH LEAD OF 16SL ECG

ART. LAD LAD LAD RCA LCX
Diagonal Distal Proximal

LEAD
n = 4 7 18 11 8

1 1.6 1.8 2.5 -1.3 -0.5
(1.0, 2.4) (-0.4, 8.4) (0.0, 10.6) (-3.4, 0.6) (-2.8, 1.2)

2 -0.1 3.1 0.8 2.1 0.4
(-1.4, 1.2) (-0.2, 12.2) (-2.6, 8.4) (-1.4, 9.2) (-3.4, 4.8)

3 -1.8 1.5 -1.9 3.5 0.9
(-2.8, -1.0) (-2.2, 11.2) (-12.0, 1.2) (0.0, 12.2) (-2.8, 5.2)

AVR -1.1 -4.2 -2.8 -0.5 0.7
(-3.2, 0.0) (-11.6, 0.7) (-15.8, 1.8) (-5.3, 2.5) (-3.2, 6.0)

AVL 1.6 0.2 1.9 -2.4 -0.9
(1.2, 2.0) (-4.8, 5.2) (-2.2, 11.2) (-8.0, 1.0) (-3.0, 1.2)

AVF -0.8 2.2 0.5 3.0 0.3
(-2.0, 0.0) (-1.0, 11.4) (-7.0, 3.4) (-0.4, 11.0) (-2.8, 4.6)

V3R -0.8 -0.7 -0.7 0.8 -0.2
(-1.6, -0.4) :-3.8, 2.0) (-4.8, 1.0) (-0.2, 2.0) (-1.6, 0.8)

V2 0.3 1.4 1.5 -1.5 -1.1
(-0.3, 0.8) (0.4. 3.6) (-0.7, 4.9) (-5.0, -0.1) (-2.4, -0.1)

V3 0.2 1.9 1.7 -1.0 -1.0
(-0.2, 0.5) (0.0, 5.6) (-0.1, 4.6) (-4.0, 0.0) (-1.6, -0.2)

V4 0.5 1.9 1.5 -0.6 -0.6
(-0.5, 1.3) (0.2, 6.4) (-1.2, 5.1) (-2.0, 0.0) (-1.9, -0.1)

V5 0.4 0.3 0.4 -0.1 0.3
(-0.6, 1.0) (-0.4, 1.4) (-1.4, 2.0) (-0.5, 0.3) (-0.6, 1.6)

V6 -0.2 -1.4 -0.7 0.5 1.5
(-0.9, 0.2) (-3.2, 0.0) (-4.8, 0.8) (-0.9, 3.9) (0.0, 3.0)

LAX 1.8 -1.6 0.1 -1.1 1.5
(0.5, 4.3) (-5.5, -0.3) (-5.0, 5.0) (-4.8, 0.5) (0.5, 3.3)

LSC -1.8 0.6 -0.4 2.5 -0.3
(-2.0, -1.5) (-3.3, 3.0) (-6.5, 4.0) (-0.5, 8.8) (-3.5, 2.0)

V8 -0.6 -3.7 -2.8 1.6 2.8
(-1.5, 0.3) (-9.6, -0.3) (-11.4, 0.3) (-0.9, 12.6) (0.9, 6.3)

MB5 -0.6 -4.4 -3.0 2.6 2.5
(-1.2, 0.0) (-11.1, 0.0) (-12.0, 0.6) (0.0, 14.7) (0.6, 5.4)

beginning of each study. Established from these data (16 x 46 pairs) the 98%
confidence limit of reproducibility of the measurement on the baseline trac-
ings was + 20 pv. The 2 excluded asymptomatic subjects fell within these
bounds. The PTCA balloon occlusions of individual coronary arteries each
resulted in maximal elevation of the ST 70 segment in leads predicted by the
forward model to be specific for the arterial perfusion bed of the vessel
occluded. The manually constructed body surface equipotential maps from the
median beat ST 70 data were then reviewed. We noted in leads more distant from
the heart, even though there was significant ST change, the potential maxima
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were often displaced from the area projected for the local regions by the unit
dipole transfer impedances. The amplitudes of the recorded ST 70 in all leads
were then scaled to the relative amplitude of the unit transfer impedances
shown in Table 1. These data are summarized in Table 2. Maps constructed from
these data confirm the forward model predictions. They were consistent with
the hypothesis that, when corrected this way for local proximity effects, body
surface ST 70 change localizes to the region of the map specific for the local
segment. The sum of the ST 70 in each lead showing ST elevation of greater
than the 20 pv reproducibility standard was accumulated for each of the 5
coronary arterial subsets described. The means of the ST 70 change in each
lead was computed and displayed as a 3D plot on the perspective display of the
surface map as shown in Figures 10 and 11. These plots was done to compare the
relative ability of the local surface leads scaled as just described to pre-
dict the local current of injury from each of the 5 regions.

From a review of Table 2 we noted that, when scaled to correct for
proximity effects, the peak amplitude of ST elevation (injury current) was
seen in 1 of the 4 extra leads in 16 (33%) of 48 PTCAs in 44 patients. From a
review of this data, and the perspective plots of Figures 10 and 11, the fol-
lowing observations can be made: In the 4 patients with occlusion of the main
diagonal branch of the LAD, the maximal elevation of the mean ST occurred in
the left axilla and left upper chest with major ST depression in inferior
leads, and minor ST depression or no significant change in back leads and V6;
occlusion of the LAD distal to the first diagonal in 7 patients produced local
ST elevation limited to the anterior precordium, with the same maximal average
amplitude in V2, V3, and V4, minimal ST elevation in V5 none in V6 and signif-
icant depression in the axilla, and on the back; PTCA occlusion of the LAD
proximal to the 1st diagonal in 18 cases produced a combination of these
effects with average ST elevation maximal in the left upper torso, little or
no change in V6, and ST depression in back leads; in the 8 patients with left
circumflex occlusion the maximal of the averaged ST elevations localized to
the back in 7, and to the left axilla in 1, with significant ST elevation in
V6 and ST depression in anterior leads; RCA occlusion in 11 produced the
maximal elevation of the average ST currents of injury in the inferior leads.
There was ST elevation in the posterior leads (in all but 3) that was propor-
tional to the posterior extent of the distal posterolateral branch distribu-
tion in each case. The expected mirror image ST depression in anterior leads
V2 and V3 and the upper left anterior torso was also observed.

The 1 patient described earlier (but not included in the 44 just des-
cribed) who developed persistent angina in the laboratory at the time of guide
wire insertion through a proximal LAD stenosis had persistent ST depression
associated with the angina throughout. The earliest onset of mild chest pain
was associated with ST depression in AVF of a very small amplitude of 20 uv
net change. As the pain became more severe the ST change became most pro-
nounced in anterior leads V3-V5 with the maximal change of 220 pv in V4 and
classic downsloping ST segment depression. The distribution of these ECG
changes was the same as the 18 patients with total balloon occlusion in the
same arterial segment as this patient's hi-grade LAD lesion. The patients with
PTCA occlusion all had ST elevation in these leads and this patient had ST
depression. Intracoronary injection of contrast showed distal filling of the
LAD around the guidewire. At no time did the artery appear to be totally
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L. CIRX I

RCA

Figure 10. Body surface projection seen in perspective, and distribution of
ST 70 ms after J point (positive potentials only) in each lead of
the 16SL system. The black rectangles in the top panel show the
lead locations used in this study. The distribution of the regional
arterial perfusion beds, as predicted by the simulation, is repro-
duced from Figure 9 for reference. The distribution of the positive
mean ST 70 (relative height of the vertical bars in the middle and
lower panels) is shown during left circumflex (L. CIRX) occlusion
in 8 patients, and RCA occlusion in 11 patients. Significant local-
ization of the mean ST 70 elevation is seen as follows: LCX in
leads LAX, V8, MB5, and V6 (with the maximum in V8); RCA in leads
V3R, LSC, AVF, V8, and MB5 (with the maximum in AVF).
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DIAG.

DIST. LAD J0i

PROX. LAD

Figure 11. The mean ST 70 elevation (positive potentials only) in each lead is
shown by the relative height of the vertical bars during PTCA bal-
loon occlusion of the LAD system. Note also, the mean ST 70 distri-
bution in the 3 panels with occlusion of Diagonal (DIAG) in 4
patients, Distal (DIST) LAD in 7 patients, Proximal (PROX) LAD in
18 patients, respectively. Significant localization of the ST 70
elevation is seen as follows: DIAG LAD in leads AVL and LAX; DIST
LAD in leads V2-V4, AVF; PROX LAD in the combination of the above
leads.
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occluded. The pain and ST change responded incompletely to intravenous nitro-
glycerine drip, the ischemic STT changes persisted, and after several unsuc-
cessful attempts to pass various balloon catheters past the obstruction the
patient was referred to the surgeons for urgent bypass surgery which was
accomplished without incident.

DISCUSSION

These data verify predictions from the Forward Model Simulations and
support the hypothesis that significant additional resolution and sensitivity
to ischemic change is to be expected with a broader lead array. The extra
lead in the axilla was strongly positive for ST injury with diagonal and
circumflex occlusion in the present PTCA study. It separated this group from
those with both distal LAD and RCA occlusion. The proposed 30SL lead array
adds an extra lead on the left upper back 10 cm above the V8 position. We
expect this lead to discriminate between the LCX and the diagonal distribu-
tions and along with V8 to be the most sensitive to ischemic changes in the
obtuse marginal distribution. The mid-back lead was most sensitive to basal
ischemia in both the RCA and LCX balloon occlusions but did not distinguish
them well from each other. The new back leads at the V8R position and high on
the right back above it are expected to be most sensitive to ischemia (and/or
infarct) in the high posterobasal regions of the left ventricle. These two
leads also complete the back leads for the Grishman Cube System, which in the
Rancho Database (36,37) was most sensitive to infarct and ischemia in this
distribution.

Interestingly, in the PTCA studies lead V6 ST changes consistently
tracked with arterial distribution and ischemia to the posterior wall. In the
study of 48 PTCAs in the population of 44 patients with demonstrable ischemic
change with balloon occlusion, V6 recorded significant ST elevation in 18/19
(95%) LCX and RCA occlusions. In the 11 distal LAD or diagonal occlusions none
had ST elevation, but 7 had significant ST depression (from 30-300 pv) in V6
as well as in both back leads. In the 18 proximal LAD occlusions, V6 showed no
demonstrable ST change in 4 cases in spite of major ST elevation in the ante-
rior V leads; 12 had ST depression in V6 ranging from 30-480 Vv and even more
ST depression on the back; and 3 had ST elevation of 30-80 pv. Thus, only 3/29
(10%) of the total patient group with LAD occlusion had demonstrable ST eleva-
tion ranging from 30-80 uv whereas 7 (24%) had no demonstrable change and 19
(66%) had ST depression ranging from 30-480 Vv. We also observed in the model-
ing studies of subendocardial ischemia (and/or infarction) that V6 change (ST
depression) was seen with ischemia in the obtuse marginal circumflex distribu-
tion, whereas with subendocardial ischemia in the distal LAD distribution
there was little if any change, or slight mirror image ST elevation seen in
V6. ST depression began to appear in V6 only when there was major apical pos-
terolateral ischemia extending well up towards or into the midregion.

The angioplasty studies demonstrated ST elevation in V3R with occlusion
of the RCA (9/11 PTCAs) and it was most marked when the occlusion was proximal
to the acute marginal branch supplying the right ventricle. There was similar
ST change (7/29 patients) with LAD occlusion associated with major change in
V2-V4. These changes may represent ischemia of the base of the septum. From
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these observations, the Kornreich studies, and the simulation studies we expect
the added leads on the right thorax will improve the sensitivity to ischemic
change in the base of the septum and in the right ventricle. The V4R lead in
the new 30SL system completes the Grishman Cube lead system and based on the
Rancho database referred to earlier (36,37) should increase the sensitivity
to both posterolateral wall change and the balance between it and the right
ventricle.

There were 2 major limitations to this local coronary artery balloon
occlusion study using the 16SL ECG system. First, the electrode array was
limited to 4 additional ones to the conventional 12-lead ECG. Since the 12SL
ECG is made up of 8 independent leads from which 4 limb leads are computed,
the 16SL ECG used in our study is made up of 14 electrodes and 12 independent
leads. The prior studies with the forward model had suggested that a 22
electrode array of 20 independent leads might be the optimal electrode array
for detecting "silent" ischemia in the asymptomatic pilot population. The
present study suggests the need for electrodes in added locations not suggested
by the earlier model studies. The multigroup discriminant function studies of
Kornreich et al., have also suggested the need for electrodes in additional
locations. The location of these extra electrodes (shown in Fig. 5) currently
being recorded with the 30SL ECG is a synthesis of these 3 lines of study. The
second major limitation of our study is that, except for the subjective chest
pain and the ST change on the 16SL ECG, there is no independent objective
measure of the degree of ischemia in the distal arterial perfusion bed produced
by each of the coronary occlusions. The distribution of the coronary artery
tree distal to the occlusions can be defined, but how much of this perfusion
bed is ischemic, and the degree of that ischemia, in not known. With the more
extensive electrode array of the 30SL ECG system, the forward model will be
used to emulate the ECG changes of mild, moderate, and severe ischemic "injury"
produced by several typical local PTCA occlusions, and by exercise induced
ischemia in these same subjects. From these simulations we expect to refine our
earlier recommendations for the optimal number and location of electrodes, as
well as the testable hypotheses for optimal criteria in these leads, to detect
"silent ischemia."

The increased spatial resolution from the added leads of the 30SL ECG
system is expected to improve the detection of these ischemic changes when
they occur. The 1-ms sampling rate, and signal processing to reduce noise,
defines waveforms in significantly more detail. The higher resolution of each
of these 30 individual waveforms that results from this processing, and the
ability to display them as 3D body surface isopotential maps, discriminant
function maps, spatial or temporal integral maps, etc., over time or in Hi-Fi
12SL (or 30SL) ECGs, and VCGs will further improve the ability to detect these
ischemic changes. The sensitivity, specificity, and predictive accuracy of the
various parameters derived from this technique, especially as relates to the
USAF population will, also be defined. We expect the current 30SL ECG contains
redundant electrode locations as far as the detection of "silent" ischemia is
concerned. By the use of multivariant techniques on the sampled data, and
judicious use of the forward simulation to define the anatomic and physical
basis for the observed changes it should be possible to define the minimal set
of electrodes for application in the field that will optimize the detection of
previously unrecognized coronary disease in asymptomatic aircrewmen.
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CONCLUSIONS

Percutaneous coronary angioplasty (PTCA) occlusion in 5 individual coro-
nary artery distributions produced significant ST elevation ("current of in-
jury") in 48/50 such occlusions in 46 patients, 4 of whom had balloon occlu-
sion of 2 separate coronary arteries. Two patients had no significant ischemic
ST change in any of the 16 leads recorded and no chest pain in spite of bal-
loon occlusion of a proximal right coronary obstruction and were considered to
have no evidence of ischemia. Therefore, in 48 PTCA occlusions in 44 patients
all had ST elevation in the leads defined in simulation studies as specific
for the arterial perfusion bed involved. The only patient with local ST de-
pression in the regionally specific leads was the patient (not tabulated) with
subtotal LAD occlusion and persistent angina in whom PTCA occlusion could not
be accomplished. In this case the ST change also localized in the leads spe-
cific to the LAD distribution as defined by the simulation studies. These
data confirm the prediction of the Forward Model Simulations and add strong
support to the hypothesis that additional resolution and sensitivity to ische-
mic change is to be expected with a broader array of ECG leads. Continued work
with the 30SL ECG system now going online, along with judicious application of
the forward simulation, should define the optimal number of leads, electrode
location, and optimal criteria in these data for the detection of unsuspected
ischemia in asymptomatic aircrewmen.
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RECOMMENDATIONS FOR THE ONGOING EFFORT

The Hi-Fi 30 simultaneous lead electrocardiographic (30SL ECG) digital
data acquisition system, described in detail in Task 3 to follow, now performs
as designed to meet the scientific objective of this task. The system includes
the remaining 4 limb leads that are computed from the 2 that are recorded and
thus has 26 independent leads. This system digitizes at a 1-ms sampling rate,
cycle selects for the typical beat, and signal averages to reduce noise. From
these 30SL Hi-Fi ECGs detailed analysis of all ECG components will now be
possible. This analysis includes individual high amplitude waveforms, Hi-Fi
12SL ECGs, 30SL ECGs, Frank, McFee, or Cube Vectorcardiograms, body surface
potential maps, temporal and/or spatial frequency transform maps, Kornreich's
discriminant function maps, etc. We have documented in earlier studies of
coronary artery disease patients (10) that serial Hi-Fi, simultaneous, signal
processed ECGs and VCGs detect new infarcts (1/3 of which are silent) with a
98% confidence. The present Hi-Fi 30SL ECG system is a specific outgrowth of
this experience and is directly applicable to the task of detecting unsuspec-
ted coronary disease, i.e., new "silent infarcts" in the asymptomatic pilot
population with a similar (98%) level of confidence.

The task for the immediate future year is to define the optimal lead
number, location, and criteria for the detection of "silent ischemia." Various
ECG parameters proposed in the past as related to ischemia will be systemati-
cally examined with the 30SL ECG system and its various subsets and trans-
forms. These parameters include: 1) the definition of the relationship of
P-wave changes recently demonstrated as being related to ischemic ventricular
dysfunction, especially diastolic dysfunction, 2) transient QRS changes postu-
lated to be changes in activation sequence(i.e.,disorders in intraventricular
conduction) have been repeatedly observed with transient ischemia from PTCA
occlusion, and from exercise stress testing, and 3) the definition of the
optimal STT parameters as markers for ischemia will be examined, including ECG
J point, ST 40, ST 60, ST 70, ST 80, Mid-ST, Mid-T, time plots of individual
lead ST integrals, Max ST integrals, Spatial ST integrals, and total test ST
integrals for individual leads or for all 30 leads. We will continue the anal-
ysis using the forward simulation to explore for optimal lead number, loca-
tion, and optimal criteria in these leads and to generate testable hypotheses
or criteria for detection of ischemia in asymptomatic subjects. One such set
of testable criteria from the earlier forward model studies is discussed in
more detail in the Appendix.

To accomplish this task, we will be acquiring Hi-Fi 30SL ECG data over
the next few months during exercise testing and angioplasty at the Long Beach
Memorial Heart Institute. Our objective is to have both tests available at
closely spaced time intervals on most subjects. We will also be accumulating
exercise test 30SL data on subjects being considered for coronary angiography.
Some of these subsets will have normal coronary arteries. A database from
volunteer normals will be accumulated with this new 30SL recording system over
the next several months. Early in the coming year when the systems have been
field tested at the Long Beach Memorial Heart Institute and operating smoothly
we will train an exercise laboratory aircorpman in its use. We will also
supervise its installation at the USAFSAM Brooks AFB, Texas. This supervised

*Redesignated Armstrong Laboratory.
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installation will allow for the direct testing of the model hypotheses in the
pilot population. Those pilots who have been screened as at increased risk
for possible coronary artery disease, but who have angiographically normal
coronary arteries, can be considered representative of that portion of this
population most likely to have false positive 30SL ECG changes. This group,
along with those asymptomatic USAF subjects with documented coronary disease,
will be the target population for adjusting the criteria for optimal perfor-
mance to meet the objective of detecting asymptomatic coronary disease at
rest, and with exercise in aircrew persons. During this same time we will

continue to accumulate Hi-Fi 30SL ECG data at the Memorial Heart Institute
during exercise testing and PTCA. From these two databases we would expect to
have enough data by 30 May 1992 to be able to explicitly specify the reso-
lution, sensitivity, and specificity of the 30SL ECG in the aircrew popula-
tion. With this information it will be possible to accurately define the
cost-effective trade-offs for the implementation of such a screening system in
the USAF medical system worldwide.

While the current version of the 30SL ECG recording system is appropriate
and adequate to obtain the data necessary for the scientific purposes of this
contract it is not, in its present form, an optimal system for routine screen-
ing and testing to be inst~lied in the field. By the end of the current
year's contract we wil' &Jve been able to correct some of these limitations
and will be able to sr-.ify in detail the specifications of an appropriate
routine ECG/Exerc4 ,r est screening system.

SUMMARY AND CONCLUSIONS

Bascd on the analyses presented in the Overviews and Objectives, (both

the Clinical and U.S. Air Force Perspectives) at the beginning of this report,
the identification of even 1 in 10 pilots of high-performance aircraft with
totally unsuspected coronary disease will save the government $3-$5 million
per year by preventing loss of aircraft and pilot from sudden death at the
controls of an aircraft. In his overview, Tolan reports that there are about
50 acute myocardial infarcts per year documented in rated flying presonnel.
There can be little doubt that an equal number of acute myocardial infarcts go
unrecognized and unsuspected. Half of these "silent infarcts" would be recog-
nized by conventional criteria on routine followup standard 12-lead ECGs, but
by the data developed in the Framingham autopsy study, the other half would be
classified as completely "silent." From earlier analysis of the data in hand
(10), and the data presented herein, serially recorded Hi-Fi 30SL ECGs are
now capable of identifying most, if not all, of these new "silent infarcts"
which are not detected with routine serial 12-lead ECGs. The improved detec-
tion of "silent ischemia" will follow with continued enhancement of the sys-
tem as outlined herein. We expect the routine worldwide screening of the pilot
population with this Hi-Fi 30SL ECG system, at rest and with exercise testing,
to detect significantly more than 1 in 10 (conservatively at least 5 in 10)
pilots each year with significant coronary disease that are not now being
identified. This recognition would result in major salvage of key personnel
and an estimated savings overall of $15-$25 million annually.

31



TASK 3: 30SL HI-FIDELITY ECG DATA AQUISITION SYSTEM
AND LEAD LOCATOR SYSTEM

Design of the 30SL ECG Digital Data Acquisition System

System Components. (Block Diagram, see Fig. 12)

(1) Everex Step 286/20 Personal Computer (PC).
(2) Mortara Instrument PCECG boards.
(3) Z-200 fanfold writer.
(4) Hard disk and floppy disk drives.
(5) QIC tape cartridge drive.
(6) Color monitor.

Specifications.

(1) The STEP 286/20 contains a 20 MHz 80286 16-bit microprocessor. Memory
management architecture is a write-back cache which delivers effective zero
wait-state operation with 2 MB of main memory on the system board. An IIT-2C87
math coprocessor running at 20 MHz is installed on the system board. Hardware
speed switch provides 3 central processing unit frequency settings: 20 MHz,
10 MHz, and 6.7 MHz. The system board has six 16-bit and two 8-bit automatic
transmission (AT)-compatible input/output (I/O) bus slots. An EEPROM permits
selectable I/O bus speeds of 8 MHz and 10 MHz. Power comes from a 200-w power
supply, switchable between 110 and 220 v.

(2) PCECG boards are 8-lead, isolated input, PC/AT-compatible circuit
cards. Patient input leakage current is less than 10 ua per input card. Analog
data acquisition is at 1,000 samples per second for each lead, 1.25 Vv least
significant bit, +/- 20 mv dynamic range, +/- 300 mv direct current (DC)
offset tolerance, 31.25 us interchannel skew with a maximum of +/- 125 vs.
Filters consist of a single-pole 4.096 second (0.04 Hz) high pass to control
baseline and a 50/60 Hz alternating current (AC) interference rejection
filter.

(3) The Z-200 fanfold writer operates in the raster frame graphics
printer mode with a total of 1,728 thermal elements. Text mode uses a 24
vertical position font size. Each raster frame is sent from the parallel port
at 500 Hz.

(4) A Data Technology Corp DTC-6280 high performance 1:1 interleave ESDI
hard/floppy disk controller is installed in combination with a 1.2 MB floppy
disk drive (FDD) and a Maxtor 4170E ESDI 179 MB capacity hard disk drive
(HDD). The HDD transfer rate is 10.0 M bits/s, typical seek time is 14 ms
average, 2.5 ms track-to-track, and 27 ms full stroke. Formatted capacity at
512 bytes/sector is 157.93 MB.

(5) The Everex streaming tape drive and controller are AT compatible QIC
format. The system uses the equivalent of 3M DC600A cartridge with a capacity
of 60 MB. Backup is at 5 MB/min without the need for pre-formatting. Menu
driven utility software provides easy-to-use backup, restore, and compare
functions. Both image and by-file methods are available.
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(6) A color monitor and VGA adapter provides a resolution of 800 dots
horizontal, and 560 lines vertical. Horizontal synchronization is 15.6 kHz to
36 kHz automatically, vertical synchronization is 45 Hz to 90 Hz automatic-
ally. Display area is 245 mm horizontal and 184 mm vertical. Video bandwidth
is 30 MHz. Cathode ray tube (CRT) has 0.31 mm trio dot pitch with P22 medium-
short persistence.

Software.

(a) Coprocessor (68.000) hex file.
(b) Download program (pcload.c).
(c) Common declarations and definitions (usafcom.h).
(d) CRT format definitions (crtdef.h).
(e) Writer format definitions (wrtdef.h).
(f) Main program (usaf.c).
(g) Keyboard monitor (kbmon.c).
(h) CRT display generator (setcrt.c).
(i) CRT pixel generator (crt.c).
(j) Writer format generator (xrprint.c).
(k) Writer raster generator (raster.asm).
(1) Input FIFO controller (fifo irq.asm).
(m) Graphics image data transfe-r (xfrcol.asm).
(n) Writer/printer interface control (cipio.asm).
(o) Large-character font for CRT and writer (crtfont.asm).
(p) Miscellaneous library (misc.c).
(q) Color palette control (loadpal.c).
(r) "make" files (mkusaf and usaffil).

Operational Characteristics.

Signal processing characteristics include QRS detection, dominant rhythm
cycle identification at each 10 s interval, dominant cycle averaging over
10 s, 900 sample average cycle (1 s with QRS centered at 400 ms point), and
QRS onset/offset detection for each average. Display processing consists of an
8-lead rhythm display and an 8-lead average cycle display. On screen display
shows 4 leads for 2 s on the left half of the monitor, followed by the other 4
leads for 2 s on the right half of the screen. On the far right of the monitor
screen, 2 columns of 4 each display the 8 leads of 10 s averaged data. Func-
tion keys [Fl], [F2], [F3], and [F4] switch between the 4 PCECG boards. Leads
I and II are repeated for ea .h display as the boards are switched. Pressing
function key [F5] produces a hard copy of the next 10 s of all 8 leads selec-
ted for display on the monitor, including the averaged cycle. Lead labeling,
patient name, date/time, and board number are printed on the form. Examples of
a typical hard copy for each of 4 banks of 8 leads are shown in Figures 13-16.

On-line storage of 3 rhythm leads (I,II,V5), and the 26 lead averages for
each 10 s interval is to the HDD. Leads I, and II are repeated with each bank
of 6 chest leads. The 4 remaining limb leads are computed off-line from the 2
recorded. The capacity of the HDD permits continuous recording for 166 min.
From a rapid screen post-processing survey of the stored data, requested sets
of 30SL ECG median data is plotted by laser printer. Data archiving is done
off-line to a 60 MB streaming tape drive using the Everex utility software.
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Prototype Electrode Locator

System Design and Schematic.

The prototype electrooe locator (see Fig. 17 for schematic) was
designed to meet the following criteria:

(1) Output a constant amplitude current of 10 pa to a pair of chest
electrodes.

(2) A sinusoidal frequency of 100 Hz with maximum distortion of 0.2%.
(3) Output pulse duration of 1 s.
(4) Electrode lead choice switch selectable over 4 sets.
(5) Electrode-to-skin impedance of the lead is required to be less than

15 kohms.
(6) Battery operated with a source voltage of 15 VDC.
(7) Portable with short patient cables (2 ft, 0.61 m).

Subject Test.

A prototype lead locator was tested in a 33-year-old male subject in
normal health. The 3 leads selected were: 1) anterior-posterior at the level
of the xiphoid process, 2) right-left axillae at the same level and 3) verti-
cal axis from the left midclavicle and a point in the left midclavicular line
at the level of the xiphoid. Electrode characteristics of each of the 3 leads
were measured after site preparation and found to have the following
properties:

(1) Anterior-posterior lead had an offset voltage 16.9 mv and an impe-
dance of 2.3 kohms.

(2) Right-left lead had -1.1 mv offset and 0.5 kohms impedance.
(3) Vertical lead had -2.5 my offset and 13.5 kohms impedance.

Figures 18, 19, and 20 are of these same 3 leads in the order of A-P,
R-L, and Vertical. ECG leads I, II, and V1-V6 with a 10 s average from the
same PCECG board are displayed for all 3 current injection episodes. The 100
Hz oscillator current lasts for 1 s in each case and the amplitude varies
across the conventional ECG leads differently for each of the current injec-
tion leads. These variations establish the relationship of the chest elec-
trodes to one another and will be used to test for incorrectly placed leads of
the 30SL system before collecting data. The orthogonality (separation of
effect) between many of the leads is apparent in these 3 tracings.

Selecting an optimum set of electrode locations on the chest to inject
the current and produce maximum orthogonality in the 30 leads must be modera-
ted by the need to select a set of locations with clearly identifiable land-
marks. Repeatable locations for the current stimulation leads are a necessity
because the procedures for locating misplaced ECG leads assumes the correct
location of the stimulating sites. Computer program procedures for locating
misplaced ECG leads does not depend on specific stimulation sites; however,
the ability to locate misplaced leads will depend on the signal separation
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produced by a particular set of sites. As seen in the 3 tracings, right angle
leads on the chest do not always produce orthogonal signals in the ECG leads.
The present prototype lead locator will be used in a search for a set of well
defined chest lead locations with signal separation in the 30 ECG leads, Pos-
sibly up to 4 oblique leads.

Safety Report for Prototype Lead Locator.

The safety concerns regarding the use of the Lead Locator on humans fall
into 2 categories: the normal functioning of the device as designed, and the
worst-case failure analysis.

Under normal operating conditions the device maintains a constant current
amplitude of 10 pa at a frequency of 100 Hz for 1 s. This injected current
will remain constant for an electrode lead with an impedance between zero and
15 kohms, if the electrode impedance increases beyond 15 kohms the output
current will decrease linearly. The literature (38-41) on the effects and
hazards of currents applied to the chest surface of humans sets a nominal
starting value of 1,000 wa for perception and discusses effects for currents
beyond this level. There is no evidence that currents below 500 Va across the
chest produce any risk or discomfort. The Lead Locator current is 100 times
less and of no consequence when applied across the chest. The Lead Locator
current should not be injected across chest leads if an intracardiac catheter
is in place or the patient has a pacemaker, since 10 La is considered the
limit (42) for any ground loop currents or extraneous devices. Since the Lead
Locator is isolated by four 1.5 v size "D" batteries, no ground loops are
present; however, if one of the Lead Locator connections is to the catheter
and the other to the chest then 10 pa would be applied directly to the heart.

Worst-Case Failure Mode.

The Lead Locator circuit design includes a DC/DC converter from 5 v to
15 v. A series resistor in the patient output lead of 10 kohms limits the
injected current to 1.5 ma if a component failure should result in 15 v being
applied to the output circuit. This level of DC current is slightly above the
1 ma level set for the threshold of perception, hence some patients might feel
a tingling sensation at the electrode - skin interface. Again, this level of
current is below the 5 ma range set as an acceptable safe level (39,43). A
worst-case failure of this type could have severe effects if one of the leads
were connected directly to an intra-heart catheter since 1.5 ma is well beyond
the 10 wa limit. A warning is placed on the device:

DO NOT USE IN THE PRESENCE OF AN INTRA-CARDIAC CATHETER OR PACEMAKER!
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APPENDIX

Technical Report

Fine Grid Computer Simulation of QRS-T and
Criteria for the Quantitation of Regional Ischemia

BY RONALD H. SELVESTER, JOSEPH C. SOLOMON AND Gn" D. TOLAN

SUMMARY
A comprehensive fine grid simulation of excitation and recovery (QRS-T), realistic cardiac

and torso anatomy, and electrophysiologic properties has been developed that produces a total
body surface electrocardiogram (ECG) as outpuL The simulation leads to the specific hypothesis
that additional leads on the upper and lower torso, and on the back, are required to optimize
the quantitation and localization of regional ischemia and infarction. Criteria in the STT
portion of the ECG for quantitating the severity of the ischemia were developed and presented.
The combination of the leads in which the SIT changes occur and the severity of the STT
change provide a testable set of hypotheses for predicting the severity of ischemia, the probable
coronary perfusion bed involved, the severity of the perfusion defect, and the severity of the
proximal coronary obstruction.

The computer simulation of the human total body (1 point - 3 % of the left ventricle) for quantitating
surface ECG developed by us over the past several myocardial infarct size in all locations of the heart.A-7

years was constructed from measured torso anat- Working with the Duke group over the next several
omy, resistivities, and electrophysiology.'-' A digital years, the QRS infarct size score was validated in
computer simulation of the excitation wave based a series of classic pathoanatomic studiess-12 that
on the Huygens principle of wave construction us- have been reported at a number of previous meet-
ing a distributed dipole model of electromotive sur- ings of this society.
face,'4. and measured normal heart and infarct ge- Harumi, Burgess and Abildskov, building on the
ometry, was developed at a 1 cu mm grid resolution. ventricular gradient notions of Wilson, were the
The electrical activity from the fine grain local sur- first to develop a model of the T wave." Thiry and
face was then projected to the centroid of 20 re- Rosenberg later developed a multiple dipole sim-
gional cardiac generators imbedded in a realistic ulation of repolarization in three dimensions." Mil-
inhomogeneous torso that included intracardiac ler and Geselowitz reported a 4 mm grid heart mod-
blood mass, lungs, muscle, and an adult male torso el in a homogeneous torso in which they manually
boundary. Transfer impedances between the re- entered changes in excitation and recovery param-
gional sources and some 1300 torso locations were eters.' s These models successfully simulated typical
generated by the Gelernter-Swihart solution.' CoM- 12-lead ECG changes of ischemia, injury, and in-
bining the regional cardiac equivalent generator farction by incorporating action potential wave-
cutput with the transfer impedances yielded a shapes and distributions for these conditions typ-
mathematical-physical simulation containing all the ical of those measured in the laboratory. In order
first order variables known to influence the QRS of to improve the resolution for infarction and to ex-
the human ECG. A series of numerical experiments pedite numerical experiments with the model, we
with the model led to a set of vectorcardiographic have automated the grid heart model of Miller and
(VCG) and ECG criteria and a QRS point score Geselowitz in a 1 mm grid heart in an inhomoge-

neous torso. This results in a comprehensive aim-
ulation of excitation and recovery, Le., QRS-T.

From the University of Southern California, Rancho Los Amigos Last year in Santa Barbara Joe Solomon report-
Campus. Downey. CA and USAF School of Aerospace Medicine, edV' on early results of automating the incorpora-
Brook Air Force Base, TX tion of individual action potential wave forms into

Reprints requests to: Ronald H. Selvester, M.D., Med Science each of the 1 cu mm "cells" of this simulation. We
Bldg. Room 26. Rancho LoAs Amigos Med Center, 7601 E. Im- have now developed the high resolution color
perial Hwy. Downey, CA 90242. graphics programs for displaying the entire depo-
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complete body surface EGG is the usual output ofA B the program and subsets of this map such as the
12-lead ECG and any VCG lead system can be plot-
ted for each of the above combinations. It is the

T Tpurpose of this paper to present typical examples
of recent color graphic and 12-lead ECG outputs
and to propose criteria based on the complete
QRS-T simulation for localizing and quantitating
ischemia (in addition in infarction in each of the
major coronary artery distributions.

-50-Mv.
METHODS AND RESULTS

___ Our method of constructing the repolarization
generator makes use of an equation containing three
arbitrary parameters that assume values which per-

Fig. 1. Endocardial (A) and epicardial (B) myocardial mit the time course of the myocardial action po-
action potentials (MAPs) that are typical of those intro- tentials (MAPs) to be approximated. The three pa-
duced into the simulation are shown here. Note that the rameters characterizing the MAP are the recovery
duration of the endocardial MAP is much longer, potential, rate of repolarization, and the functional

refractory period. With these three parameters and
larization-repolarization cycle on a set of cross sec- four constants (initial resting potential, time to de-
tions of the heart seen in a 3D perspective. The polarize, peak depolarization potential, and a time
complete QRS-T sequence can be visually dis- constant which represents the time for the local
played for a normal heart, or for one with any com- region to reach equilibrium), each discrete point
bination of regional ischemia or infarction. The within the myocardium can be represented by a

6

33

Fig. 2. A 12-segment subdivision ofIr , the left ventricle is shown in the right
upper part of this figure. The typical
four circumferential quadrant subdi-
vision is shown along with three apex
to base segments in each wall that we
have used in developing criteria for lo-

calizing and sizing myocardial infarcts.
The "bread loaf* cross sections shown
are presented here mainly for orienta-
tion purposes. They are viewed from

-4,0 the same perspective as the computer
graphic presentations of Figs. 3A and
4A.
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COMPUTER SIMULATION OF QRS-T

Fig. 3A. Black and white renditions of the colorgraphic output of the computer simulation of a normal excitation
recovery sequence is presented here. The cross sections are selected from the complete set and are at 10 mm intervals.
Each is at right angles to the long axis of the left ventricle. Thus each section as viewed from the anterior perspective
reveals its underside (see Fig. 2 for orientation). Resting myocardium is dark on these sections. Excitation begins on
the left septal surface in the mid portion near the junction with the apical third as shown and progresses rapidly to
the endocardium of the left ventricle by 30 ms. It propagates from endocardium to epicardium. The active region at
the excitation front is limited to about 3 mm. Recovery is a slower process and is more distributed. The myocardial
action potential durations are adjusted in the simulation so that recovery procedes from epicardium to endocardium
around the perimeter of the left ventricle. Recovery is just underway at 180 ms, has proceded to the midwall of the

left ventricle by 260 ins, and is approaching the subendocardium, the last region to be repolarized.

unique waveform (see Fig. 1). These parameters are base gradient. A separate table contains the four

found by a table look up that incorporates the en- constants described above that are mainly influ-

docardium to epicardium gradient in MAP dura- enced by injury, ischemia, and the electrolyte tmi-

tions and refractory periods as well as the apex to lieu of the active cells. This allows for the specifi-

J. ELECTROCARDIOLOGY Supplemental Issue--OCTOBER, 1987
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cation of localareas of the injury/ischemia/infarction parallel to each other. It follows that if electrode
by their effects on local MAPs. sites are chosen that are relatively specific for each

Individual MAPs from each 1 cu mm "cell" were local region the amplitude of both QRS and STT
then projected to the 20 regional equivalent cardiac can be normalized to the average voltage (i.e., 1.3
generators and combined with a Gelernter-Swihart mv) in the reference lead V5 as done by Hollen-

solution for the heart-to-chest transfer impedances. berg.17 When this is done, the same amplitude of
A typical segment subdivision of the left ventricle local S'fl changes in each of the surface leads shown
is shown in Fig. 2. Also shown are typical "bread in Fig. 5 now represents approximately the same
loaf" cross sections of the heart seen in the same degree and extent of regional ischemia. It can be
perspective as that of the usual computer color- assumed also that a time integral of the ST (and/

graphic output of heart cross sections depicting ex- or T) with modifications that include time in re-
citation and recovery. Combining the generator and covery, etc., as per the Hollenberg method would
transfer impedances yielded a mathematical-phys- further improve both sensitivity and specificity of

ical simulation containing arbitrary parameters that the method.
were adjusted such that numerically computed body One of the major strengths of a simulation con-

surface T-wave distributions were made to agree structed from anatomic and electrophysiology in-

with those measured on humnan subjects. First the formation is that it can be used to generate testable
model was adjusted to fit a normal 12-lead ECG. hypotheses regarding the process simulated. We are

Illustrative frames from these simulations of exci- now at that stage in the model development. The

tation/recovery are shown in Figs. 3A, B along with following criteria and lead locations are proposed
the simulated normal ECG. A large anterior infarct for exercise testing done before coronary angiog-
was then simulated using the quantitative piano- raphy. This would be particularly applicable to

metric pathology of such a lesion from the Duke populations of apparently healthy subjects, such as

validation studies described in the introduction. The business executives and commercial or Air Force
details of the infarct that was introduced are shown pilots, who are undergoing extensive testing in-
in Fig. 4A. In this case no alterations to simulate cluding coronary angiography because of abnor-

ischemia in tae border zone or other areas were malities suggesting a high risk of coronary disease

introduced. Fig. 4B is the 12-lead ECG from the in a battery of screening tests.
simulation which shows the typical changes seen
clinically in the chronic phase of such large anterior
infarcts. Recommended Lead Location on the Thorax

The potential role of resistivity changes in the Twenty simultaneous leads; alternatively, 3 sets

volume conductor that might occur with exercise of 8 simultaneous leads, each set including the same
were next examined. A small current was intro- 2 selectable leads, Le., II and V5. The leads are

duced after the S wave at one electrode and voltages recorded as follows:
were measured at each of 160 different electrodes.
Change in voltage was assessed before and during A. Limb leads: LA and RA on clavicles, LL and RL

each phase of a maximal exercise test. Presentation on the left and right lower rib cage in the mid-

of the details are outside the scope of this short axillary line (MAL). Two limb leads are simul-

paper but in summary it was found that the changes taneous, the other four are computed.

in torso resistivities with maximal exercise were B. 18 simultaneous precordial and back leads lo-

within the noise level on the signal processed ECG cated as follows:
data from the same studies. It was concluded there- 1. Six standard precordial leads (V1-V6), rec-

fore that the heart-to-torso transfer impedances ords the left anterior descending (LAD) area,

could be assumed to be stable from rest to exercise. mainly anteroseptal wall and the apex (other
regions poorly shown).

DISCUSSION 2. Upper chest leads V3(ICS3) and V5(ICS3) in

In previous studies reported at earlier meetings 3rd intercostal space: Records LAD/DIAG

of this conference a minimum set of chest electrodes area (anterosuperior wall).

was selected which optimized the sensitivity of the 3. Right and lower chest leads; V1(ICS2), V4R

model to regional infarct with respect to ECG wave- and 4 leads at the level of the 7th ICS in the

form changes. In simulated normal and in suben- MAL V4R(ICS7), VPXR (ParaXiphoid rt

docardial ischemia, the QRS and ST'r vectors from ICS7), VPX(ICS7), and V4(ICS7). Records

each of the local myocardial regions were essentially right coronary and posterior descending

J. ELECTROCARDIOLOGY Supplemetal Issue-OCTOBER, 1987
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Fig. 3B. This hgure is the 12-lead ECG
....... ........ from the simulation in Fig. 3A.

(RCA-PDA) arterial area (right ventricle and Mild but def.: depressed ! 0.15 my depressed 0.2 m%

inferior wall of both ventricles). Moderate: depressed i 0.2 my depressed 0.25 m%

4. Back leads V8, VMB (Mid Back), V8R, and Severe: depressed - 0.3 mv depressed 0.35 m%

VSR (Scapula, Right acromion in the mid
clavicular line). Records left circumflex ar- B. Specific-Predicted local segment, and cor-

terial area (posterolateral wall). onary artery diseased; the severity in any lo-

Note: Optimally these can be recorded as a 20 si- cation is based on the normalized ST criteria

multaneous lead set, and processed in line. The above; the location of the probable risk area

relationship of lead locations and individual myo- and coronary artery is based on the local torso

cardial segments is shown in Fig. 5. Alternatively, leads in which change occurs as follows:
3 sets of 8 simultaneous leads can be recorded in 1-Vessel disease, abnormal ST change in fol-

20-second blocks with switching between sets, leads lowing leads:

III and V5 tor any two leads) being monitored con- *LAD distal to the Diagonal: Leads V3-
tinuously. Each set can thus be signal processed V5 and V5(ICS7).
with a mean or median beat recorded each minute ODiagonal: Leads I, AVL, V3(ICS3),
of exercise. V5(ICS3), and V6.

*LAD proximal to the Diagonal: V2 - any
Criteria for Quantitation of Regional Ischemia 2 or more of the above.

The following are proposed criteria that we be-
lieve are ready for rigorous testing as to both spec-
ificity and sensitivity for regional subendocardial
ischemia in each of the main coronary artery dis-
tributions:

1. Simple measurements of ST segments at J, and
ST 60 ms, 80 ms after J produced by stress atrial
pacing, maximal treadmill exercise, etc. All ST
measurements to be normalized to an R ampli-
tude in that lead of 1.3 my.
A. General-severity of subendocardial ischemia

in any location or lead set (normalized volt-
ages); criteria for J and ST60 as follows:

J and ST60 depressed and Fig. 4A. A large anterior infarct is shown in stippled

ST flat or or ST white in this figure. It was transferred from photographs
downsloping and upsloping and (and histological slides) of "bread loaf" pathoanatomic

Borderline: depressed ia 0.075 my depressed a 0.15 my cross sections of a human infarct provided by R. Ideker.
Probable: depressed z 0.1 my depressed -a 0.175 mv M.D. of Duke University Medical Center of Durham. NC.
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LARGE ANTERIOR MI

Fig. 4B. This is the 12-lead ECG re-
suiting from the infarct simulation in
Fig. 4A. No ischemia was introduced
into the model in this case. The T wave

, - " changes in this ECG are the result of
the simple absence of cardiac genera-

-- tors over the large area of the infarct
-. .during both excitation and recovery.

*LCX: Leads V8, VMB, V8R, and VSR 3-Vessel disease:
(Scapula, Rt Acromion, MCL)*. OChanges of LAD + LCX + PDA/RCA as

*PDA/RCA: ICS7 Leads V4R, VPXR, and defined under 1-vessel disease.
VPX*. Note: as with 2-vessel disease, the sever-

*Note: involvement of left right (apical) leads ity may differ in each arterial area at risk.
I, V5, V6, and V5(ICS7) in addition to the 4-Vessel, i.e., Left Main disease:
posterior (LCX), or inferior (PDA/RCA) leads OEarly onset of moderate to severe ischem-
is a marker of more extensive area of ischemia ia in Prox. LAD + LCX (usually also +
although still 1-vessel disease. PDA/RCA) especially if associated with
2-Vessel disease: a 20 mm Hg or more drop in systolic BP.

OChanges of LAD + LCX, LAD + PDA/ Note: in this case the severity in both the LAD
RCA, and LCX + PDA/RCA as defined and LCX risk areas should be equivalent but
above under 1-vessel disease. the severity in the PDA/RCA risk area may
Note: the severity may differ in each ar- differ.
terial area at risk. II. Time integral methods of evaluating STT change

Fig. 5. Recommendations for the lo-
cation of 22 electrode sites for the re-
cording of the 20 simultaneous stress
ECG leads as discussed in the text. The
projection of the 12 left ventricular seg-

. .- - A~ * * *ments (shown in the insert) to the body
AM 6 L A surface is also indicated here. The lo-

'0 " 0 0 ,o o.'• 0 a * 0 0 0 0 0 * cation of 22 electrode sites from which
. , .. 20 independent leads are recorded is

, 0 "o ".0 0, ' % 0 0 0 shown here. Two limb leads are re-

0'0 0 , 2 0 0 * a corded from right and left arm elec-

. I0 11 120*' trodes at the distal end of each clavicle
0 * * • *'• , • o , . , • s • * * • and from the left leg electrode on the

/ 0 7 •. 000000left lower anterior rib cage. The right
0 :- leg reference electrode is placed on the

0,0~ *r right lower rib margin anteriorly. The
I I four remaining standard limb leads are

computed from these two. Besides the
six standard precordial leads, extra
leads are added as shown at the level

ECG BSM DISTRIBUTION OF 12 LV SEGMENTS of the 3rd, 5th, and 7th anterior inter-
costal spaces and on the back.
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COMPUTER SIMULATION OF QRS-T

with stress: i.e., atrial pacing and maximal ex- nificant, and that long term morbidity and mc
ercise testing etc. In each of the methods outlined tality would be significantly better in this subset
below, the magnitude of the ST time integral
(normalized to 1.3 my in the specific lead) would REFERENCES
be related to severity of regional ischemia, and 1. SELVEST, R H, KALABA, R, KAGIWADA, H. CoLLx,
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be predictive of the specific arterial risk area. tion with a mathematical model of the heart con-
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lenberg with weighting factors for ST slope, diography 1965. I Hoffman, Ed. North Holland
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