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EXECUTIVE SUMMARY

Task 1. Forward Model Simuliation of the Human Electrocardiogram. Studies of
sensitivity of multilead electrocardiograms (ECGs) to Tocal 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 effec.s 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 torsc, 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 Tead (12SL) ECG were placed: 1 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 20 uv ST change on 16SL ECGs (the 98% 1imits 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.

The 3 systems described in detail in this report are pertorming 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
USAFSAM" at 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-
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 the aircrew population.
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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 1imb 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-
4ium. 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




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 @ 1 mm> 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 prior 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 ana 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 Timits
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.




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 trocuble 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




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.




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 appl,, more channels for recording and more
complex analysis, a1l 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 coronarv artery disease found cn 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




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 Helmhoitz Insti-
tute for Biomedical Engineering in West Germany, reported that a 48 precorcial
lead stress test had a 96% sensitivity and 95% specificity compared with 56%
sensitivity and 95% specificity of the 12-Tead system for stress testing.
Other investigators have reported similar improvements in sensitivity while
maintaining 95% specificity by doing surface potential mapping with stress
testing.




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) wi