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ABSTRACT

A problem has been identified in that the treadmill stress test
is far too inaccurate a test to be used in the diagnosis of coronary
heart disease without some method to increase its reliability. An ex-
tensive study has been performed concerning exercise work physiology and
the response of the body to stress. A theory has been postulated as to
the blood pressure response to an increase in heart rate in diseased
hearts as opposed to healthy hearts. A method has been proposed to
statistically discriminate between patients who are positive and nega-
tive for coronary heart disease based solely on blood pressure and
heart rate. This method utilizes multivariate discriminant analysis to
form discriminant functions for the classification of patients with un-
known memberships. Results show that a difference exists in the re-
lationship between systolic blood pressure and heart rate at increased
levels of stress for normal patients, compared to those with coronary

heart disease.
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INTRODUCTION

Background

In 1977, a cardiologist in Tyler, Texas, Dr. T. H. Alexander, asked
the Texas A&M University Bioengineering Department to design and build
a system which would enable him to monitor his patient's blood pressure
throughout the various stages of treadmill stress testing. Dr. Alexander
felt that by closely monitoring the blood pressure of patients during
the running of a treadmill test, he would have a better indication as
to when a patient might be on the verge of dyspnea and subsequent
fainting.

Prior to that time, it had been impossible to take blood pressure
readings during the vigorous stress testing due to noise artifact gen-
erated by the motion of the subject. The only readings which were ob-
tainable prior to implementation of this device were the blood pressures
and heart rates before and after the test; the blood pressure response
during the test was thus unobtainable.

After several months of design and experimentation, Dr. David L.
Stoner, a biomedical engineering professor at Texas A&M, and an under-
graduate assistant designed an appropriate system which underwent test-
ing and was eventually implemented in the cardiology lab at Mother
Francis Hospital in Tyler. At that time its staff began to record the
blood pressure of all patients throughout the entire stress test.

This system incorporated a continuous wave Doppler crystal and a
stereo tuner connected in series so that the flow of blood through the

brachial artery could be amplified, filtered, and broadcast throughout



the room via 8 ohm speakers (see Figure 1)(Stoner, 1979).

The Doppler crystal operates on the principle of Doppler, which
can be stated as follows: when a target recedes from a fixed source
that transmits sound, the frequency of received sound is lowered by an
amount such that the fractional change in frequency equals the fractional

change in velocity (Webster, 1978), or

Fd/FO = V/C
where: Fd = Doppler frequency shift
Fo = source frequency

target velocity

(ep]
1]

velocity of sound

In this application, ultrasound is beemed through the walls of the
brachial artery, back scattered by the moving red blood cells, and re-
ceived by a piezoelectric crystal (Webster, 1978)(see Figure 2). By
using a standard sphygmomanometer to measure blood, the Doppler crystal
can be used over the brachial artery to detect the Korotkoff sounds
which characterize systole and diastole. The results obtained by using
this method are experimentally similar to results obtained by the tra-
ditional clinical use of a stethoscope over the artery, but much clearer
resolution is possible, and noise artifact is not a problem in the use

of the Doppler.
Exercise Stress Testing

A common method of exercise stress testing is the treadmill stress

test. This and all stress tests function to place the body under
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stress, so that the response of body to stress can be observed and
analyzed. As the body is stressed, the metabolism of the body is great-
1y increased and the metabolic functions of the heart are also increased.
This is evidenced by an increase in the O2 consumption of the myocardium,
the heart rate, and the cardiac output. The physician can therefore
observe the electrical functioning of the heart under stress via an
electrocardiogram.

Dr. Alexander's patients ran a treadmill test under a modified
Bruce protocol. This differs from the standard Bruce protocol in that
the times between increases in treadmill speed and gradient are short-
ened. This serves to make the test more intense, raising the patient's
heart rate to its maximum value much more quickly. This is important
because many patients cannot finish the test due to exhaustion, the
modified protocol enabled more patients to finish the test.

The treadmill stress test has undergone quite a bit of criticism
in recent years regarding its effectiveness in diagnosing coronary
heart disease (CHD). Usually, the test is used as a screening device
with patients who are diagnosed as positive being referred on for an
arteriogram. Interestingly enough, the complaint with treadmill stress
testing was not that it resulted in too many false negatives (patients
with CHD who are told they are healthy). The problem lies in the fact
that the test resulted in too many false positives. This caused
healthy people to be sent to the hospital to have arteriograms run and
thus undergo the risk, pain, and expense of an unnecessary surgical

procedure.



Coronary Arteriography

An arteriogram (or angiogram) is composed of the following steps:

a large bolus of radiopaque dye is injected rapidly into a vessel
leading directly to the coronary arteries, and the hemodynamics of the
vessels are recorded on X-ray film. The dye is injected via a catheter
inserted through a vessel in the arm and threaded into the heart.
Heart catheterization and arteriography can lead to ectopic beats and/
or ventricular fibrillation due to stimulation from the catheter or
the contrast material. For this reason, a ventricular defibrillator
must be readily available during heart catheterization.

It is clear that the treadmill stress test alone is at best a crude
approximation to a patient's status with respect to CHD. If the test
could be made more reliable, thus assisting the doctor in the proper
diagnosis of CHD, many unnecessary arteriograms could be avoided. Thus
in this research, I have attempted to use the blood pressure readings
taken during the stress test as a method of increased reliability in the
diagnosis of CHD.

In order to obtain meaningful results, the solution to this problem
had to be approached from two directions, both of which hopefully would
lead to the same conclusion.

First of all, a theory had to be formulated which predicted the
effect of stress on a healthy heart, and on a diseased heart. It was
necessary to determine the blood pressure response to an increased heart
rate in both healthy and diseased patients. The solution to this prob-
Tem was not as simple as one might expect. Very little research has

been done in the field of blood pressure response to stress in relation



to CHD. Consequently, extensive research had to be conducted, be-
ginning with basic discussions of physiology of the heart and the
pathologic conditions of CHD, and extending to recently published com-
plex discussions of exercise physiology.

Secondly, if the groups of positive and negative patients were
postulated to be sufficiently dissimilar to allow discrimination, a
suitable method had to be selected in order to statistically analyze
the blood pressure data and answer the following questions: (1) Which
variables were significant in discriminating between patients with and
without CHD? (2) How sure can one be of results obtained using various
statistical methods?

The pursuit of these answers resulted in research on various
statistical methods and their applications, and in consultation with

several statisticians concerning possible options.



LITERATURE REVIEW

Basic Physiology of the Heart

Basically, the heart is a pump which not only does extraordinary
amounts of external work, but also supplies itself with the energy to
operate. Since the heart is a constantly working muscle, it requires
large quantities of nutrients, and rapid and efficient removal of
waste products of metabolism in order to remain functional. These re-
quirements are met by the coronary arteries, branching blood vessels
which cover the surface of the heart and extend into the musculature,
supplying every cardiac muscle cell with oxygen.

The flow in the coronary arteries is approximately 225 ml/minute,
or four to five percent of the total cardiac output (Guyton, 1976).

As blood passes through the coronary circuit, an unusually large portion
of its oxygen is given up. Arterial blood with an oxygen content of 20
volume percent is reduced to about 5 volume percent, in other words

the extraction of oxygen is high (Burton, 1965). The coronary arteries
supply an unusually rich capillary network in which practically every
muscle cell is adjacent to a capillary. The structure of the larger
vessels is such that on the outer surface of the heart Tie the large
epicardial coronary arteries which are the primary suppliers of blood

to the heart (see Figure 3). Below these arteries is a layer of smaller
intramuscular arteries which penetrate the musculature and supply
nutrients to the surrounding tissue on their way to the endocardium.
Finally, below this bed of vessels lies the subendocardial arterial

plexus, the innermost layer of blood vessels (Gray, 1977). Here, in
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the depths of the ventricular musculature, the flow of blood drops to
zero during the contraction of the heart (systole) due to the intra-
ventricular pressure and the force exerted by the overlying layers of
muscle during systole. Similarly when the heart is at rest (diastole)
the blood flow through the subendocardial plexus is several times great-
er than flow in the outermost arteries. In order to pass such a large
amount of blood the subendocardial arteries have to be much larger than
the nutrient arteries in the middle and outer Tlayers of the heart

muscle.
Response of the Body to Stress

During strenuous exercise, the energy requirements of the heart are
greatly increased due to the increased metabolism rate of the cardiac
muscle cells. Since, as previously stated, a very high extraction of
O2 from the blood occurs normally in the heart, this demand for more
oxygen cannot be met by more efficient extraction of O2 from the blood,
rather it must be met by increased coronary blood flow (Goldschlager,
1976). Although coronary flow is also affected by nervous control, it
is generally agreed that the major factor in local blood flow regulation
is the demand of the heart for oxygen (Guyton, 1976). It is believed
that a lack of oxygen causes dilation of coronary arterioles. Several
mechanisms by which this dilation is accomplished have been suggested
but the most promising theory at present is as follows: a decrease
in oxygen tension in the cardiac tissues directly reduces the amount

of oxygen available to the coronary vessels which causes the arterial

walls to weaken. As the walls weaken, the vessels dilate spontaneously
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(Guyton, 1976).

This dilation of the coronary vessels is very important, in fact,
it is essential to life itself. Were it not for this dilation a
pathologic condition would exist, characterized by insufficient coronary

blood flow. This condition is called coronary heart disease.

Atherosclerosis

The most frequent cause of this disease is atherosclerosis.
Atherosclerosis is the deposition of 1lipids and cholesterol beneath
the tunica intima at many points in the arteries. These areas of
deposition frequently become calcified or invaded by fibrous tissue.
This results in the development of atherosclerotic plaques and relative-
1y hardened arterial walls which can no longer dilate in response to
increased oxygen demand (Guyton, 1976).

Since the first few centimeters of the coronary arteries are a
common site for formation of these plaques, ischemic heart disease is
a common result. Although the heart is equipped to combat this build-
up of plaques by developing collateral circulation in the areas of
occluded arteries, the sclerotic process will usually develop beyond
the Timits of collateral development (Morris, 1978). Once this has
occurred, the working capacity of the heart is severely limited, and
there is a high probability of myocardial infarction which is cell
death caused by an insufficient supply of oxygen to a specific area of
cardiac muscle.

The purpose of treadmill stress testing is to recognize the onset

of coronary atherosclerosis, before it has reached deadly proportions,



so that measures can be taken to prolong the patient's life. These
measures may be as simple as a change in diet and a daily exercise
program, or as drastic as coronary bypass surgery. By making the
treadmill stress test a more dependable tool of the doctor, coronary
heart disease could be made much easier to diagnose, and lives could

no doubt be saved.

12
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METHODS

Formulation of a Theory

The data collected by Dr. Alexander and his associates consisted
of three measurements: systolic blood pressure, diastolic blood pres-
sure, and heart rate, measured at eleven time intervals. One reading
was taken before the stress test began; five readings were taken at two
minute intervals during the test; and five readings were taken after
the test at two minute intervals.

In order to determine the proper method for analysis of this data,
a theory had to be formed concerning the expected results. In other
words; it remained to be determined if the blood pressure response to an
increased state of stress differed in healthy and diseased patients. If
this difference existed and could be determined, general trends in the
data could be identified, and various groups of patients could be
classified.

This question of blood pressure response is not trivial. Many
factors are involved in the regulation of blood pressure and they are
all designed to keep the blood pressure within a relatively small,
physiologically acceptable range. In determining the response of
pressure to a stressed heart, it was helpful to consider the two pres-
sure measurements independently. Systolic blood pressure is the higher
of the two readings, and represents the maximum pressure generated by
the heart during contraction. Diastolic pressure on the other hand,
represents the minimum pressure within the blood vessels as the heart

relaxes.
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Significance of Systolic Blood Pressure

Since systolic pressure represents the maximum force exerted by
the heart during the cardiac cycle, it is proportional to the ability
of the heart to perform work. Therefore, it might be expected that in
a diseased heart, the systolic blood pressure would drop. What actually
occurs is that the heart works harder to maintain the desired pressure.
But by increasing its work at a resting state, the heart sacrifices its
ability to increase its output as drastically as a healthy heart.
Therefore, a person with coronary heart disease will tire after perform-
ing a seemingly menial task. This is because his maximum cardiac output
has been exceeded by even mild exercise, and the tissues of his body are

not receiving sufficient oxygen.

Significance of Diastolic Blood Pressure

Diastolic pressure represents the pressure in the blood vessels
while the heart is at rest. Naturally in order to assure constant pro-
fusion of the periphery and to prevent retrograde flow, the diastolic
blood pressure must never fall below the values of pressure downstream.
During diastole, the valves between atria and ventricles are opened,
and blood flows from the atria and fills the ventricles. At the same
time, blood flow in the coronary arteries reaches a maximum value. This
is because during systole, the ventricular musculature is in total
contraction and all of the blood vessels within the muscle are flattened
and totally occluded by this pressure. As the heart relaxes in
diastole, the natural rigidity of the coronary vessels causes them to

open spontaneously and to carry blood throughout the heart. If these
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vessels are occluded to the point that blood cannot pass through them,

cardiac tissue can become ischemic.
The Regulation of Blood Pressure

In order to make a reasonable prediction concerning the effect of
stress on the blood pressure response of a diseased heart, it was neces-
sary to understand the various factors involved in blood pressure regu-
lation. There are many effector and feedback mechanisms for the control
of blood pressure. Therefore, it usually cannot be said that a change
in blood pressure is the result of one distinct phenomenon.

One of the effector components for regulation of blood pressure is
local vasodilation of the working musculature. Blood flow to an active
muscle can increase by fifteen times during strenuous exercise and
this increase is more than can be accounted for by sympathetic stimula-
tion alone (Smith, 1976). Therefore, there must be some intrinsic
decrease of vascular resistance in the working muscle during exercise.
This decrease in resistance is broucht about by vasodilation. As
exercise is initiated, and the musciz's vessels dilate, sympathetic
stimulation causes an increase in arterial pressure which greatly in-
creases the blood flow through the working muscle. Were it not for
sympathetic action, the blood pressure would drop drastically as a re-
sult of vasodilation. But the two mechanisms working in conjunction
act to supply working muscle with more blood while decreasing blood
flow in resting muscle.

Sympathetic stimulation has been called the "emergency" or "fight

or flight" reflex. It has the effect of increasing the efficiency of
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the heart as a pump by, (1) increasing heart rate, (2) increasing
myocardial contractility, and (3) by decreasing both the diastolic and
systolic ventricular volumes (this causes an infusion of blood into the
periphery) (Smith, 1976). Sympathetic stimulation also tends to in-
crease the mean circulatory pressure and the venous return to the heart.

There are many other control mechanisms which are known to
regulate blood pressure. Some are documented and some are merely
postulated to explain observed phenomena. These mechanisms include a
hydrodynamic feedback system, cortical radiation (activating impulses
to working muscle from the cortex), humoral feedback, baroreceptor
feedback, muscle afferent feedback, and others (Smith, 1976). These
are presented solely to indicate exactly how complicated the control
mechanisms for cardiovascular response and blood pressure regulation
are.

Still the question remains to be answered; how does a heart with
partially occluded coronary arteries affect peripheral blood pressure
response in muscle? In the case of a treadmill stress test the working
muscles are in the legs while the blood pressure readings are taken
at the brachial artery in the arm. Thus, by the previous model of
sympathetic stimulation/vasodilation, the blood flow in the arm should
be greatly reduced and the pressure elevated. In a diseased heart the
coronary arteries cannot provide sufficient blood to the working cardiac
musculature, and therefore the heart does not work efficiently as a
pump. As a result, it would be expected that the blood perfusion pres-
sure would drop somewhat when this point of cardiac insufficiency was

reached. The systolic blood pressure should drop more drastically than



17

diastolic, because it is the systolic pressure which represents the
maximum force exerted by the contracting heart. Diastolic pressure
might be expected to drop as well, but again not as drastically as
the systolic pressure.

Having made these basic assumptions, it became possible to select
an appropriate analytical method for the collected data and begin

classification.
Statistical Analysis

The analytical power desired in this situation was an ability to
statistically discriminate between two groups, namely patients who were
positive and negative for CHD. The specific test which performs this
function, called discriminant analysis, was the method of analysis
chosen in this case.

In order to distinguish between groups, a set of discriminating
variables was selected, namely systolic and diastolic blood pressure and
heart rate. To enable the statistical procedure to discriminate, these
discriminating variables had to measure characteristics which were ex-
pected to differ. The procedure then performed a mathematical weighting
and linear combination of the discriminating variables so that the two
groups were forced to be as statistically distinct as possible. This
was accomplished by performing one or more linear combinations of the
discriminating variables. These "discriminant functions" were of the

form:

Di = di]Z] + diZZZ CAIPN | dipr
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where Di = score on discriminant function "i"
din = weighting coefficients
Z. = standardized values of the p discriminating variables

used in the analysis (Zar, 1974)

These functions were formed so as to maximize the separation of
the groups.

Once the functions were formed it was possible to pursue the two
research objectives of this tool: analysis and classification.

The analysis aspects provided several tools for the interpretation
of data. One of these was a test for measuring the success with which
the discriminating variables actually discriminated when combined into
the discriminant functions. Another was a test for homogeneity of the
variance within a given group of variables.

After the initial computation and analysis, the classification
techniques were applied. This involved the derivation of a set of
classification functions which would permit the classification of
patients with unknown memberships. This classification of unknown
memberships was accomplished by the use of separate linear combinations
of the discriminating variables for positive and negative patients.
This produced a probability of membership in each group, and the patient
was assigned to the group with the correspondingly higher probability.

The entire set of data was also analyzed in another similar but
distinct method. The data was combined and reduced by the use of
factor analysis. Factor analysis, characterized by its data reduction
capabilities, assisted in the detection of underlying patterns of re-

lationships in the data. If such a relationship existed, the data was



rearranged or reduced to a smaller set of factors which were taken as
source variables that accounted for observed interrelations in the

data.

19
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RESULTS

SAS Subroutine Procedures

The discriminant analysis performed on the data involved the use
of Statistical Analysis System. Statistical Analysis System (SAS) is
a system consisting of various tools for all types of computer analysis
of data. It includes the capacities for information storage and re-
trieval, data modification and programming, statistical analysis, and
others.

The SAS subroutine which handles discriminant analysis is desig-
nated PROC DISCRIM. The output of DISCRIM contains the following in-
formation taken directly from the SAS manual (Barr and Goodnight, 1979).

(1) Values of the classification variable, frequencies, and prior

probabilities for each group.

(2) Simple descriptive statistics including the number of obser-

vations, sum, mean, variance, and standard deviation for
each group.

(3) The within-group covariance matrix S, for each group.

t

(4) The within-group correlation matrix for each group.

(5) If the pooled covariance matrix is used, the linearized
discriminant function includes the pooled variables.

(6) The results of a chi-square test of homogeneity of the
within-group covariance matrices.

(7) The generalized squared distance between groups.

(8) The classification results for each observation, including

the observation number (if an ID statement is included, the

values of the identification variable are printed instead
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of the observation number), the actual group for the obser-
vation, the group into which the developed criterion would
classify it, and the posterior probability of its membership
in each group.

(9) A summary of the performance of the classification criterion.

In addition to the utilization of PROC DISCRIM, a factor analysis
procedure, PROC FACTOR was used. The discriminant analysis was per-
formed on a combination of a merged pool of the raw data and the four
factors, and also on the factors alone. This was done twice using two
different data sets. One set included systolic blood pressure and
heart rate, and the other contained diastolic blood pressure and heart
rate. A program was also run using all three variables combined but the
combination seemed to mask differences between pools and thus lower
discriminating capacity drastically.

The discriminating function was obtained from DISCRIM by using a
data set consisting of 45 patients. Then, in order to test the discrim-
inating capacity of the functions, a special option called TESTDATA was
utilized. This option used data for 50 different patients and attempted
to classify them by using the discriminating function obtained prev-
iously. This classification of patients with unknown membership is
exactly the type of test which could be done in a cardiac clinic as an
aid in the diagnosis of CHD. It involves nothing more than summing the
products of discriminant functions and variables and can be performed
easily with the use of a hand held calculator with a continuous memory.
It is this application which would be the ultimate practically ap-

plicable result of my project.
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Initial Qutput

When this program was run initially, it failed to perform the
analysis needed. This was due to the fact that out of 48 patients
studied, only 6 had complete data present. That is to say, that the
other 42 patients had one or more missing values in the data describing
their stress tests. The DISCRIM procedure takes all the values of
variables for a particular patient and stores them in an array or
matrix. Since all of the analysis was done using this matrix, no
missing value could be permitted, and any patient with a missing value
was eliminated from the analysis. Therefore, the output from this pro-
gram consisted of discriminant analysis performed on 6 patients, and
it provided no useful information.

Upon analysis of the raw data, on the patients of missing values,
two separate groups became apparent. One group consisted of patients
who had not had their heart rate recorded before the test began. The
other group consisted of patients who had not finished the test due to
exhaustion, dyspnea, or other reasons specified by the doctor in charge.
In order to perform the analysis, some adjustment had to be made if any
results were expected.

The problem with the group of patients for which data was lacking
on the initial heart rate was solved fairly easily. By examining
Dr. Alexander's files, I obtained resting heart rate values (which were
recorded at other times) for all the patients who lacked this data.
While obtaining this supplementary data, I also checked the files of

patients who were not missing data on their initial heart rates, and
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looked up their resting heart rates. The values recorded for their
initial heart rates in the files and before the test were all quite
similar (all were within plus or minus 3 mm Hg). Therefore, I do not
feel that any sensitivity of the test was lost in this addition of data.

After the data on initial heart rates had been added, there still
remained 29 patients whose missing data was due to the fact that they
had failed to finish the stress test. These patients fell into 3
groups, those who failed to finish the last 2, 4, and 6 minutes of the
test. Since the majority of the patients who were diagnosed as positive
for CHD had failed to complete the test, eliminating them from the
analysis would destroy any chance of good results.

Similarly, if analysis were done on the 3 groups separately, (1)
the groups would have been too small, and (2) an insufficient number of
negative patients would have been included. The only feasible alterna-
tive remaining was to eliminate the last 6 minutes during the stress
test for everyone, and perform the analysis using the initial four
minutes during the test, and the ten minutes following the test. There
is no doubt that this did not hurt the analysis and the final results,
but it was a necessary adjustment, and was the result of laboratory con-
siderations which were beyond anyone's control.

Finally, after these adjustments, the program ran successfully and
printed out statistically correct and physically analyzable results.

The program obtained is being submitted with this report, but excerpts
of significant sections are included within these pages.

The first results which provided information as to the nature

of the data being studied was the factor patterns (see Figure 4). As
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can be seen, the factors obtained using both systolic and diastolic
blood pressure contain some very interesting and statistically signifi-
cant patterns. Each of the factors obtained can be seen to statistic-
ally represent different physical characteristics of the data. Take as
an example factor number 3 derived from systolic blood pressure. The
negative values indicate that there is some physical explanation of
the systolic blood pressure response to stress by a factor which sub-
tracts values for increasing systolic blood pressures and heart rates
and adds values for decreasing systolic blood pressures and heart rates.
In other words, this factor could be physically interpreted to represent
the slope of the blood pressure and heart rate curves. Other definite
patterns are also visible in the factors, although they might not be so
easily explained.

These definite patterned factors indicate that the variability
of the data is mathematically as well as physically interpretable. In
other words, the data makes sense; it is consistent from patient to
patient and explains much of the variability of the data. The exact
quantity of variability which was described by each factor is shown

below in tabular form.

Systolic Blood Factor 1 39.6%
Pressure and Factor 2 20.3%
Heart Rate Factor 3 10.8%
Factor 4 7.8%
Total 78.5%
Diastolic Blood Factor 1 31.9%
Pressure and Factor 2 29.1%
Heart Rate Factor 3 9.2%
Factor 4 8.5%
Factor 5 9.2%

Total 85.9%
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The next interesting portion of output was the eigen values.
These values indicate the portion of the variability of the data which
can be explained. The larger these values the better, because the
magnitudes of the eigen values indicate the probability that there
exists a linear combination of variables which will explain a large
proportion of the data. This is a requirement of the data if it is
to be successfully discriminated.

Another portion of output which actually provided information on
how well the two discriminant functions were separated was the gen-
eralized square distance function (see Figures 5 and 7). This indi-
cated the distance between the two groups (which should ideally be very
large) and the distance within the two groups (which should be very
small). The ideal generalized square distance function would be as

follows:

from CL 0 1
0 minimum maximum
1 maximum minimum

The above 1is the case because it is desired that each group be as
concentrated as possible, hence low values for distances between 0O and
0, and between 1 and 1. Similarly, in order to discriminate between
the two groups, they should be as far apart as possible so as to be
distinct, hence, high values for distances between 0 and 1.

The results of the discriminating classification tell the entire
story. As can be seen in Figures 5 and 7 the test classified every
patient perfectly into the correct group (misclassifications are

denoted by an asterisk). This means that when the classification of a
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patient is known, there are sufficient differences between positive (1)
and negative (0) patients that can be extracted from the data so that
the two groups can be discriminated between successfully. As shown,
the discrimination is 100% positive, in almost every case. The results
are entirely similar whether systolic blood pressure or diastolic pres-
sure as shown by the two columns on the right which are the normalized
probabilities for classification.

Unfortunately, the classification of test data did not provide
quite as astoundingly accurate results as I had hoped it would. The
results of these tests can be seen in Figures 6 and 8.

In the analysis using systolic blood pressure and heart rate
(Figure 6) there were 13 correct classifications of negative patients,
and 15 correct classifications of positive patients. But there were 17
false positive classifications and 5 false negative classifications.

In all, 28 patients were correctly classified while 22 were incorrectly
classified. The tendency for misclassifications seems to tend toward
false positives which was the characteristic I had hoped to correct by
this project. But the five false negatives are totally unacceptable

as is the case in most all medical diagnoses.

The test classifications using diastolic blood pressure and heart
rate for analysis performed slightly worse than did the previous test.
In this analysis (Figure 8) there were 4 correct classifications of
negative patients and 16 correct for positive patients. There were 26
misclassifications of false positive and 4 false negatives. In all, 20

patients were correctly classified while 30 were incorrectly classified.



FACTORS PCPIVED FROM SYSTOLIC BLCOD PRESSURE AND

Gif2
55
sa
5H
@l
St
Qo
SR
“o
HR
e D
M
SRS
R
D
iR
~
FACTOR
1
- z
-
s
N
vt Ll
- k7
o
ISk
14
N
-}

NIy = 3T

[ e B A RN |

b

; Q

IR0 e |

~fye

=N

[N
[

)

PERIVED FROM

NEIrY Iy v

b

2 e o * o o @

v OFACTORS wILL
FACTOR PATTE

FACTINRZ2 FAC

SIth 77 I I S 2 —i0e

188 35 Teabh2164% U

Tgy 4T M e 15677 -Coe

Ly e 5 e= 9722 Ue

TH DT Ce71123¢ T e

S o asE Neb&bl63 C e

“r.; (S e .'.;,(,;1 (8] :.

234 76 Je€6052 =l

i et % T eb 7074 ~Co

55181 JeE6H12R ~Q0e

LSS A TS -Ce

; CalihB4 Coe

Cel7501 Ce

Ce21%7C Je

T el G TARE " e

027822 [

4

FACTOAL

T e G 19
TebGBT2
Tef 1049
.26{"’03
6L (e
s £ L]
o 492 R
« 337068
e 1220
« E184Y
7994
e 4 OC13
e REL23
e bEREYG
e /AR e 2
"e 731073

Y Y

ST v e

ipRU N g O i ]
-

FACTCR S

[ ¢

WILL BE PETAINED.

FACTCR PATTLRN

NTIASTOLIC

!

DODOO DO HIDODOD HOD

o

!

FACTORZ

« 366 T8
e 24 02°€
e 193924
e406S2
o922 SR
«s8X4p2
5677

. L) - L]

RS AN W SN
o]

o)

LN ON MmN

[P A o R S S N SR

NP WBMoON
NN O™

Fi

gure 4

RLCGD

r

<

Pl s B

3

)

DD P)ILN N D) s

~
v

FACTCOR3

-0e16R7E
Ce27€6 4
11204
2413

45336
60638
51429
29703
33922
26466
67935
09248
23630
07544
14632

!

!
® s ® o o 5 5 &

QDO G ) D ) Dy

® * o & o

PRESSUKE

FACTORS

-003697“
0.20469

0ep6604
073631
JedEHET
=2.079656
-C0.223278
~0.03214
-5 e30892
~04197S3
-0.28299
018931
0elb1RA
0401335
CeC’5191
0.0330¢

AND

HEART

27

HEART RATE.

RATE

IR 2 FACTORG FACTORS
50 76 JeB 326 00,0619
62 92 G « 39841 =04 248
NG Ce2CH 67 -0 s48B72
SG 2R = Cle 2 T -0 +.2R0F
LT =3 e 1 G sin ~0e01lb4
2 0r28 -0 s152108 0del192
G [ @ i GG U et 767
445346 G 2206 J 5
7312 ~C o4 7357 d]

c37e =0 s X514 -0

L %0 —l e T3 Y 0
2288 Je2Z4306 -0

2h 43 Cel24697 G
£1646 )¢180009 6]

7= a2 Je i C2EL @
2605 ne.l92c02 -0

MO b



28

RATE

IMNITIAL CATA
HE ART
TO CL

CISTANCE

oFfF

<

ANALYS]
SQUARELD

S

FLO0OD PRESSURE AND

N
J

SYSTnLIC
CNERALIZETS

ty

~

NPISCRIMINANT

CcL

USIN

FDC"‘

T

~o
oun
< 0
oD
<~
S
. o
O~
<~

CLASSIFILD
INTO CL

cL

FRANM

G09000000371103002000000000000008000300003900
OGO90000300020530?003000053OOOOOQ;OOCOOOOOQ900
OCCOOOOOO3O?OGODOFn.,nu,U900030900009SOOOOOQOCDJOC
QGOOOOO?OCCCCCGCOCOGCCOOGG..JCOOCOQ.COOOQOOOCQ,CC

.o.oonoo-oonll.tt..oooeooocooooc...oc..oa.Dno
ODOOOOOOOAJOﬂ.OﬁanDCnJﬂhOOﬂvlll1111.111C111~111]11ﬁbjl

DO OOLOINOANOOILOOOOOCOLOOCOOLONOLUWONDODOOO 00
COUCOOOVIOONROIOONOOLOOOONNOOOODLOOOLOLVLOOOOOO
OO0 ODHOOCOOOONLDOLOOOONODOLOOLOOD OO
UFVUAVOOOOCFJUQQ;Cc)nyOQ.,O»JnJﬁ«CCOhuﬂJP.OCOOGOOCCOOCOGﬂuﬁ.nu
0.0..0...;0...0000.-....osoo.-.o...oc-loooooo
1111111111«..Uh,ln‘ulﬁ.ﬂullllaﬂuﬁ.nwfr..,CDOnJOOOOCCOFJOCOOC

0COOOA.OCOCA.a.ns.n,:n‘.ﬂv»nﬂ:C:llll]ll«:l1.1111.]11111.11}

QOO OO ITLUOLC O FYCretrigiriet el vl et gfvd e vlvrd ol g wivd vt it o

KR EIE S RVORNCECARC U SRV SV NPEVERIREFT TN S GRS SO TENCIRE REORTRS vl VI SN PR IR ETR N B R S RS
ColL AL INM LN LM YD IY et GOAT 3T COMGM GG S r 3 [ NI GVIE RSO SN
[ RS e ARY VA I S I N oV Cf L er i ettt O LGNNIt ot gt ol w

Figure 5



29

CHECK DATA
HOCART RATE
TOTAL

1

ON

n
AND

TEST
RESSURE

)

I

_COD

CRIMINATINA
£

OIS
IC
CL

s 3
STCL
F ROV

D

Loy

RESUL TS

UGT NG

[ofeRoleNaNoNeNe]
COOOT OO0
O LOLOCOoOOCO
QOOCOOOLO
e ® <« o 9 o o o
O O

- DR O OO0 OO TOOOAD AFOODODOOMNOMOOOOOOO O
ONC HCOOOCODTITMOOl "TCODOMCOOODODOmoC Nl Oo
OOV UWOECOOCNLOCAMNOOONLCOODOOROLOLNO OO OO
OO TLCLOOOOCOGI UOOUOHLVLULOOOLOLVLOODOCOLOHOCOURITFOOOOL
® 9 @ o @ ® ¢ 8 B ¢ ® B 0O o 9 e 6 e & I g @ P & K 0 &6 & O @ ¢ O u & 2 0 6 2 0 ¢ o
A D OO MO AT D 1 C DA A QOO OO C it Oriet OO OO e v

0eS997

O3 oo 0o (oo O OmOOOOOCDINITOOTVONOCOOO0OROGONOMONTHOODOOMOSOOLOOO
Mo N o 0o ARSI OUCOOODGOWOCUSOOOIVT DOV UOmUOOODOOVOO000CDODOO
. ) e QQ,r.Un..300n.uru,Jf\.\AJnJu,.AJU.,(L.,OAJCﬁ/O:a.ohu.;urlx,nunu_./OCOGQCCOLSOOOQ.UUOGC
o o < el R R e N = R e R e R S R AR SR AR CR SN AR A SR R S ANE SRR S R =R SRR SRS R- R R R=R R+ RN = NSNS = IS Y= < SN =
(o] (S QD * 6 9 ¢ & 6 B 6 & 0 @ & 6 o U % & O 0 @ § 6 & Y @ & @ O 6 o 4 0 ¢ ° 6 0 H o & e &6 bt ¢ & 9 v s & s
i ~— 4 OO0 COOHOOCOOOOCOMHNTAOOEAOO A0 OAMO0LOOROVUL OV ~OTCOON
N~ o~ o ae o
L RV -t o M © * ¥ x ¥ & = * o ¥ . > - E * + % « & + «
. . - o
0 L 4w o A OO A A O A Ot OO O e UO O MO OO ririetriOrrdri A GO
el P VY ° L
(@] = O
o
O
MMOnDe Lo o )
- o - (] s
. . . o} < -
0 Ui (R T -
~ o [+p] . o

PO | HACOOHOOODOUCOCLUOOUOOOLOLOLODOOCCOOOO M edrtmrrdr ™ A et riei e

0
1
FRO
€

o
s %]

L o4

~N QO Q

ks )

[(ORW] o

—-a c. \

SVECaR S RUEC/R AT W SR G ol VR o ¥ S LI SR (VR il S RSURR § SERT R S
TRE IR IN o T I SN GPRT S I I I A G S S VORE STRVANIE o N SN - VI GV . JENUR

YRVeR QUTol S ENTITENG AT W VRV ISR (TR I SRS S« ale Al plE e I o RN .S WSV I o Ve

)

DA AN TR R QW)
=t OO X
AN RIS Tl > URN )

o

[aX Y]

OFSCRVATION
Figure 6

IFICD

P TN

1TSECLASS

»

+*




30

RATE

DATA
€9,70R35C36

€0 0R568057

HCAR T

INTITIAL
AND

CF

RESSURFE

e
37611291

ANALYSITS
SQUARED DISTANCE 7O CL

FLOCD

7208326832

53

DICCRIMINANT
PTASTOLIC
SENCRALIZED

cL

i Ked L8

FROM

=y CO0COOCUITOOILOOLODONOOGNOCOODVDONOOORCOOCONOOCONDO
OO0 QOO NODOCOOOT TOOOOCODOOOOLOCOLOOCLTUULCO OT o0
QOO OCODLHOOONOODOLVOOODULUOCOOCOCDOHOLOOOODONDNOOLOLOCOO VDTS
CLOUOCLUMCOVLOLODOLVOLDUOODLWOLOLLOODOLLLOCOULWGT OO OC CO
® @ 0 v & 0 & ¢ 0 @ @ 8 9 " 0 b e 0 y e P 0 9 D e O 6 v 4 6 e v B B eI g e e
QOCOULOCOOOOOOOOUOOLUOCOOCOD O et ririedriefrirtetedr v v o4 rivd v O e =
[ OCCOOCOOLCLOOMOOITOONOOOMCLCOOOOOULOLNODOOCODODOOMOO

COLOCOOUCOOMNGLITOLDT OV DUVLH OO LOOOMOAOOOODOO
COOOOLOLTOONDOITOLICLOLOlCOORLCLOLUCOLONOLOLOONOODTGO
COCOCQLOLOLOULIOOUOOVNCHOPOULUOLLUCOOLOLOLOULOUCULUOOO WIS W
L S I I I Y I R Y T L I Y I IR K I I N T I T D I RN T S R TR T S R I R R Y
AT At A e C et i P A Ot {1 C OO0 C QOO LUOCCLULOOULCLCOLODOOC

(@) COOCOCCCLELOUO QOO QO CCOeriemede efvd vl ed e e e ri 04 gi = vt v 4 4 e e ¢
L)

— O

.

O

U

v, 2

<

-

o

2 QOO OOLOCOCOULOOUWOOOC OO ededrtrd m ed el ed vt vt 4 g e e vt 4
O

¢

L

= S AT Al VORI Gs VU RN VVIL, 3 WO VIRV SURVIIT ol S /N vl SENVIP DRSPSl S I SIS oA SR THRE T o S 2 S5 LS S VI OO0
L SN TR S N SUR SOV 1 IVEN N MRV IR SFUNT PISARN SENAR IO A A S S NEVEN ZE . 0N SRV gXs A (VI L TN DN S S e di SN S )
(LE e O i Gy CMH LS C iy [ARVOR TR TN VI N SVIEUOIN o TRY Sl e Al pESRC S o S V10 o I TA X ~S N4

Figure 7



31

-

CHECK DATA -

Ay
R

c

RIS CRIMINATINNG T E ST

nr

RESUL TS

RATE

HE ART

AND

IR

)

FLOOD PRESSL

c

=
4

CTASTOL

USTING

TOTAL

b

FROM
CL

20

100.00

2 F
€ 67

1 c)

{000

4

20.00

TOTAL

16,00

84 000

PCPCENT

05000

2.5000

PRIORS

Gt

CLACSCSIFIECD
INTC

}
—

[OX®)

M

FR

10000009OOCOO3030010090000000000000000600000000000
OO O0OOOCDTOOOOCOLOGCOoOOOX OO0COCOODO0OCCLOOOOOSOPOOMOL:OoCT OO0
000003093OC600000013000@0300000000000O900OCFQO?OOO
09000OOQ,OOCOGOO,UOOOCOCr.OCOOOOCUOCOOCOGQ00[030030?0
Q...le.l..lb‘...‘.....ttoo.‘....OCC.Q...il.nﬁ....
OOlllllrulnulllll11131111101111111011111011nu].J.!lc,l...l

93000001000QCOO?COQ;QOCOCOOO330630?000040O903300033
E?OCOQQOQDDfT.UO93315090rdC?OCO?OQGOGQOOOGGQr;.OU]On,\,Q
ColoomoLocooool COOO?...FOOOQCOOOOOOCOUOO,UODOCC93000?000
o;AJCCOCOCOODH,CCOAJCCQ.ﬂ..r;..QDP.COCOOOOCOOQCUCCOOQnkh\\r.o.{cﬁ\n‘ﬂ
0.000.0..cn'k...&toac000000000000000.00001-0000000
ClCn.,OCOQOIGCC.\CC.??A.CO,JA._O]ODCC??C10030?3C0Cn._0OOOOCO
.
N
L IR I * L N S R * K ¥ ¥ * K ® X « 4 4« ® *

O O et e g v vt al,lh.,l1.1114«941:111_310111‘111101.11111110111.10]11

]ql_ﬂuCO]C»..AUW:‘Uﬁ.;bn‘r.yr.f.,_ CHICACVCI CoOQ I OO CIE C nv1.1111ﬂ.111ﬂ‘111111..1

TrODUMOSIO0 M0 C LI - LU - Dy
AN LY e IV LT S (RIS SRV TN S VR —
COMAMNLQUT M GO NN 0L GANONENCDC

2 CaliMPI e Pl et 3 C DU o oL
Moo QDeded M MO Ny 0 Lo
'] z.

& KaE?
NL UMty AT 00 S M

S o B ol B o
(G0 SRR
C ey <

¢

4%
HE

(2

(=)

MISCLASSIFIED OBSERVATION

*

Figure 8




32

DISCUSSION OF RESULTS
AND CONCLUSION

The results obtained from this project are not nearly as far
reaching as I had hoped they would be. The real purpose of the project,
the correct classification of patients on the basis of blood pressure
and heart rate has not been obtained to any practical degree. Never-
theless, I do feel that significant progress has been made toward that
goal, and that significant results have been obtained in the process.

To the best of my knoweldge this is the first time that anyone
has ever tried to formulate a procedure for the computer based diagnosis
of coronary heart disease on the basis of blood pressure and heart rate
alone. A successful accomplishment of this task would be a great ad-
vancement in the field of cardiology, and would also provide interesting
and even revolutionary insights into the pathological functioning of the
heart with CHD. Just because the desired results were not attained
does not indicate that this research has failed. Rather, a method has
been proposed for the diagnosis of CHD and the study of this method has
shown that this diagnosis could definitely be possible.

The fact that definite factor patterns and hicheigen values were
obtained combines to indicate that the data is both mathematically and
physically interpretable. In addition, the discriminant functions which
were formed have perfect records of classifications. This indicates that
the blood pressure and heart rate do indeed measure quantities which
are significantly different for positive and negative patients, and that

this difference can be used to discriminate.
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It is my feeling, that a continuation of this research could yield
very interesting and applicable results. There are many other
statistical methods which could be applied to the data. One of these is
factor rotation which could well lead to the results expected. In addi-
tion, there are many things which could be done to the data before it
is analyzed which could cause a better yield of results. If the groups
were larger or were divided up into more exclusive populations, the
results would no doubt improve. The only criteria for consideration in
this study was that the patient be a male, aged 40 to 65. If this
group was further subsdivided on the basis of whether the patient smokes,
his dietary habits, whether his Tifestyle is sedentary or active, or
any other variable known to be linked to CHD, results would again im-
prove. If physical and family history could somehow be integrated into
the analysis, there is really no predicting as to how accurate the
diagnosis might be. The possibilities are virtually limitless, and
the information learned from a continuation of the research in this
direction could well provide a new understanding of coronary heart

disease in the medical and social communities.
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