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1. Introduction

The recent availability of relatively large memory capabilities associated with
high speed computers has given hope to the possibility of combating some of
the obvious deleterious results of disparate growth rates of medical knowledge,
numbers of physicians, and numbers of patients. The purpose of this investiga-
tion is to establish a method for arriving at a preliminary medical diagnosis by
the use of computer techniques before the patient is seen by the physician. It
appears, however, that the serendipitous result of discovering more insight into
the diagnostic process may be of greater medical significance than the proposed
reason for the study.

2. Logic of diagnosis

In the past few years many investigators, employing a variety of approaches,
have directed their efforts towards establishing a model for computer assisted
medical diagnosis [1] to [7]. A frequent attempt at automating the medical
diagnosis process consists of analyzing and then simulating the physician's di-
agnostic procedure. One problem with the attempt at simulation is apparent
when one considers that whatever method the physician uses (heuristic, intuitive,
probabilistic, deterministic, and so forth) it has the fault that if a disease is not
considered at any stage of the process, that disease cannot be diagnosed. It is
not likely that any physician ever considers all diseases in making a diagnosis.
A series of two decision determinations encompassing all the diseases one wishes
to consider obviates this problem.

Analyses of the currently employed physician diagnostic procedures reveals
some interesting findings. There are inconsistencies in the current concepts of
the diagnostic procedure. However, before these can be discussed it would be
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well to define some termi-s. The word characteristic will be used here to deinote
any information about a patient. Characteristics consist of several types of in-
formation among which are included identifying data (for example, age, sex),
family history, symptoms, signs, test results, and so forth. Family history refers
to any information concerniing the l)atient's family. A symptom is any complailnt
which a patient makes about his conditioin. A sign is an objective abnormality
determinled by the examiner and detected by any of his five senses. A test is an
examination designed to determine or measure a physiological, anatomical, or
other variable. A disease is a specific combination of abnormal characteristics
defined above.

It is generally assumed that symptoms are the results of one's having a specific
illness. That is, one becomes afflicted with a disease and certain symptoms arise.
This concept is supported by the existence of the term "asymptomatic disease"
implying a state in which the disease is so early in its development that symp-
toms have not as yet started. In fact, it is one of the hopes of preventive med-
icine to be able to diagniose all diseases in the "presymnptomatic stage." This
would not only spare the patient the discomfort of the symptoms, but also per-
mit treatment of the conditioni in its early stages. OIn the other hand, it is not
always inferred that asymptomatic disease is necessarily early, or symptomatic
disease necessarily late. Gout, for examlple, may herald its early appearance by
very severe symn)tonis. Duodenal ulcer may develol) late complications of hem-
orrhage and l)erforation without prior symp)toms.
Another tradition of diagnosis is that ideally all symptoms should be independ-

ent of each other. This is an attempt to avoid redundancy, gain mathematical
simplicity, and is based upon the initUitive feeling that indepenidenit symptoms
intrinsically containi more informilationi.
As noted above, a characteristic is any infomniatioin concerninlg an individual.

Thus, it may be any variable which can be associated with an individual, such
as height, age, a blood chemistry iesult, and so forth. It also may be the result
of a disease, such as pain or swelling, or partly be responsible for the onset of
the disease, such as the fact that the individual ingested a toxic substance. Char-
acteristics associated with a disease may be independent of each other withinl
the nondiseased pl)opulation, and yet be dependent on each other within the
diseased group.

In medical diagnosis the kinids of characteristics that are actually used have
no single logical relationshil) to each other and have no specific cause-effect
relatioinship to the disease itself. Characteristics often are used without any idea
of whether they precede or follow the disease. Some characteristics will be pre-
requisites for considerinig certain diagnostic categories. An example of this kind
of characteristic is the necessity of being female to have the diagnosis of preg-
nancy. In this case, the characteristic does not derive from the disease and the
disease does not necessarily derive from having the characteristic.
A more compllex examrnle demonistratinig many of these problems is given by

the clitical eiitity of diabetes mellitus. 'l'his is an examlple in which attempts to
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diagnose the disease at an earlier stage were partially responsible for a major
disruption of the definition of the disease itself. The diagnosis "diabetes mellitus"
in itself is almost meaningless today without further descriptive amplification.
It is not easy to try to describe the complex relationships which exist between
the characteristics of maternal diabetes, paternal diabetes, hyperglycemia, renal
threshold, thirst, polyuria and diabetic retinopathy. Almost every degree of
dependence and cause-effect relationship is represented. Some relationships have
been reversed in the past few decades because of advancing medical knowledge.

Relationships between certain characteristics may be measured with great
degrees of accuracy and specific correlations be given. However, for the vast
majority of characteristics this cannot be done. Even if a relationship can be
established, it is often not clear as to which is the causative agent and which is
the resultant. It would be advantageous to use a diagnostic method which does
not require that the relationship between the characteristics be of any specific
kind, that is, be neither dependent, independent, causative nor resultant.
An estimate of the joint probability distribution of characteristics, that is, the

probability of occurrence of characteristics in relationship to each other, may
be obtained in two ways. The first method involves the use of existing medical
knowledge and theory. Unfortunately, there is a serious deficiency in these areas
and what does exist is subject to severe change, sometimes amounting to a com-
plete reversal. The second method uses data collection and usually requires a
prospective study because of the nature of present medical records. Retrospec-
tive studies for the collection of this kind of data reveal many inadequacies in
records, as well as a great variety of descriptive phrases requiring interpretive
judgments by the investigator.
The utilization of published medical information introduces a variety of prob-

lems. It would seem that the probability of a common symptom such as cough,
in a common illness such as pneumonia, would be simple to determine. In med-
ical books and journals, attempts at quantification usually will be couched in
such terms as "not infrequently," "'usually,' ''often," "rarely," "occasionally,"
"it has also been reported that," and so forth. Furthermore, these semiquantita-
tive phrases apply to individual characteristics, not to the joint probability
distribution of characteristics. Articles will be found dealing with specific num-
bers of cases of various illnesses and the probabilities of occurrence of individual
characteristics. These are almost always derived from review of clinical records
containing fragmentary data.

In our early work we went through a series of stages usiing what we thought
were probably independent characteristics based on current medical theory. We
then set up committees of experts who were to estimate, from their experience,
the probability of occurrence of these "independent" characteristics. Disagree-
ments usually resulted in compromise values of the probabilities of individual
characteristics in the disease group. Consider the problem of trying to establish
agreement as to the probabilities of combinations of characteristics. Soon, the
conclusion was reached that in order to get meaningful data, prospective studies
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involving the simultaneous collection of characteristics in large numbers of
patients was required.
An important attribute of characteristics which is not always considered in

automated diagnosis is that of time. Time relationship between different char-
acteristics (completely aside from the problem of causality) is important along
with the sequence in which different characteristics appear. Another considera-
tion on which attention must be focused is the time interval of recurrence of the
same characteristic and its duration in time. Still another temporal aspect of
characteristics which must be considered is that of the relationship of therapy
to the modification of the characteristic. The physician uses all of these time
relationships in his diagnostic procedure. Again, these facts are not easily ob-
tained from the literature or from experienced physicians. Prospective studies
may be adjusted so as to include one or two of the time considerations in the
data collection itself, as will be noted in tables I and II. However, it is not
feasible to qualify fully the characteristics in regard to time because of the huge
increase in the sample space which is then necessary.
Another kind of information used in arriving at a medical diagnosis is the

probability of the existence of the disease in the population under considera-
tion, usually referred to as the prevalence of a disease. If "population under
consideration" is to be defined as the geographical area, how big should this
area be? The prevalence of a disease in a city may be totally different from that
of the state. San Joaquin Valley fever is such an example. Available statistics
are inadequate because of the methods of collection of these statistics.
The milieu of the patient is ever changing. In the midst of an epidemic should

a patient telephone his physician and report the development of symptoms
compatible with that of the epidemic disease, the diagnosis would most likely
be that of the epidemic. However, should the patient go on to relate that several
members of his family are currently afflicted with another contagious disease,
the physician would be hard pressed to decide upon a diagnosis. What a priori
prevalence rate for a disease should be used? That of the state, city, block,
factory, family? At the start of an epidemic this changes by the hour. For some
diseases it changes with the seasons; for some it changes with the landing of an
airplane at the local airport. When a situation arises in which information of
this sort is very important, it can be incorporated into the characteristic com-
plex in this method. For example, residence or visit in the San Joaquin Valley
would be one of the characteristics used in consideration of San Joaquin Valley
Fever.
Up to this point consideration has been given primarily to the characteristics

of the patient. Relationships between the diseases to be diagnosed must also be
considered. Unfortunately, extraneous diseases can act on a patient in such a
way as to interfere with a particular disease process and its manifestations. The
coexistence of other diseases can severely modify the characteristics produced
by each single disease. As compared with methods which use mutually exclusive
diseases, a sequential two decision approach to the problem has advantages in
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this regard, because at each step the question is merely: does or does not the
patient have the disease or disease combinations under consideration regardless
of what other disease he may have. In the proposed method this is inherently
true because of the manner in which the test is established.

In any system in which the probabilities of the existence of mutually exclusive
and exhaustive diseases are reported, the probabilities of all states considered,
diseased and nondiseased, must sum to unity and one is therefore dealing with
a closed system. Should a patient have a disease outside the closed system as
constructed, the reliability of the diagnosis is decreased. This may obtain by
not having a disease within the specified system or by having a nonspecified
combination of the diseases. It is important to avoid the use of a system in
which diseases are mutually exclusive unless one is prepared to handle every
combination of all known diseases. In a sequential two decision problem, the
diseases considered at a particular two decision level may have any or no rela-
tionship to diseases considered at other levels.

In view of the foregoing, the following criteria were set in deciding upon a
method for approaching automated medical diagnosis:

(1) any disease, disorder, or category should be eligible for inclusion either
alone or in any combination with any other disease, disorder or category;

(2) any characteristic should be usable regardless of apparent relationships
either to other characteristics or to the disease itself;

(3) disease prevalence data should not be used as such but information con-
tained in such figures, when it is of sufficient significance, should be included as
specific characteristics;

(4) to avoid discarding useful characteristics on the basis of currently held
but invalid medical theory, the automated method should itself select the most
useful characteristics.

3. Mathematical model for symptom selection and diagnosis

Responses to 50 dichotomous questions were collected from known "normal"
persons and patients with specific disease entities. The form of the questions
used was such that it was expected that diseased patients would answer affirm-
atively and "normals" would answer negatively. Data reduction to 12 of these
50 dichotomous questions was accomplished on the basis of single characteristic
marginal attributes. The probabilities of affirmative responses for each single
characteristic in both the diseased and "normal" groups were determined. The
ratios of these probabilities, diseased to "normal," was then calculated and
ranked in order of magnitude. The 12 highest ratios, providing that an affirm-
ative response in the diseased group of at least 10 per cent was obtained, indicated
the 12 characteristics to be selected. The tabulation was further examined to
be certain that no characteristic had a significantly greater negative response
rate in the diseased group.
The necessity for limiting the niulmber of characteristics to a small set, such
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as 12, at this time is apparent from a considerationi of several factors. The nium-
ber of possible responses to 12 dichotomous (luestions is 212 or 4096. The number
of patients in the study is about 12,000 for the "normals" and approximately
500 for the largest grou) of diseased patieiits. The number of patients per pos-
sible characteristic response is not sufficient to fill an adequate number of cells
when using more than 12 cllaracteristics. Additional limitations arise from the
memory and speed capabilities of even large modern computers.
At this point the critical regions established by the -Neyman-Pearson method

of testing hypotheses [8] were employed not only for elimination of less valuable
characteristics, but also to establish those sets of responses that will be used to
classify an individual as having the particular disease under consideration.
Having reduced the number of characteristics to 12 for each disease, the remain-
der of the procedure is accomplished by the computer, using the estimated
errors to eliminate the less valuable characteristics.
The basis of the method consists of calculating the ratio 0si, which is the

proportion of patients with the disease under consideration and with a specific
set of characteristic responses Psi, to the proportion of individuals without this
disease and who have the same set of characteristic responses Psi. This is done
for all sets of characteristic responses and results in a ratio for each character-
istic response set,

pD
(3.1) asi = "IVISi

These ratios are then assembled in ascending order of maginitude and the char-
acteristic response set associated with each ratio is arranged in the same order.
It will be found that most individuals with characteristic response sets near the
top of the order (low ratios) are nondiseased (with reference to the disease in
question), and those individuals with characteristic response sets near the bot-
tom of the array (higher ratios) have the disease. A criterion can then be estab-
lished to divide the array of 0 into two regions, nondiseased and diseased,
depending on the errors which can be tolerated. The criterion is a numerical
value of 0 and the characteristic response patteriis above this value are classified
as "nondiseased" and the characteristic response patterIns below this value are
classified as "diseased." Since the hypothesis we are testing is that an individual
is diseased, a criterion near the top of the array will have a lower probability
of "error of the first kind" or a, and a higher probability of "error of the second
kind." A criterion near the top of the array usually will in effect classify more
"normals" as diseased, but will not usually classify many diseased as "normals"
(lower rejection of the true hypothesis). As the criterion is moved down the
array the reverse obtains. The method insures that having selected a required
estimated probability of error of the first kind, perhaps because of the nature
of the disease under consideration, the estimated power or estimated specificity
of the test is maximized. Conversely, should a specific power or specificity be
required, the sensitivity (which is equal to 1 - a) will have to be maximized.
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The estimated probability of crror is the empirical plrobal)bility foulld in the
array. As the sample size increases these estimates approach the true error. For
the remainder of this paper "error" refers to the estimated error unless other-
wise qualified.

Further data reductioni, employing the ab)ove described imetlhod, to a single
characteristic, was accomplished by a step down procedure in which character-
istics were eliminated one at a timle. A step downi procedure was employed be-
cause it seemed the most direct way to use the unknoown relationships betweeni
the characteristics to a maximal practical limit. This method does not use all
the information l)resent and therefore does not necessarily select the best char-
acteristics even assuming the estimated probabilities are the real probabilities.
To do so would require the examination of all combinationis of all sets of char-
acteristics and their responses which at this time is not feasible. The criterion
used for the elimination of these characteristics, one at a time, is a linear func-
tion of the two kinds of estimated errors,

(3.2) criterioni = a(l - a) + b)(po\er).

At each step (reducing n characteristics to n - 1 characteristics) the set of 1 - 1
characteristics is selected which maximizes the criterion.

Using these n - 1 characteristics as the new base set, the process is rel)eated
resultinig in a selection of n - 2 characteristics. In this mannier characteristics
are selected for each disease uinder considerationi. In the diseases considered here
a and b were temporarily set at uinity. lFor other conditions, such as tuberculosis,
a would probably be set several magnitudes higher than b. This may be estab-
lished for any disease in an optional manner.

Having now completed the ranking of individual characteristics with respect
to value in discriminating the disease in question, attentionl must be directed
to the sensitivity and specificity required by the medical considerations of that
disease. As will be shown, such a consideration will indicate the minimum num-
ber of characteristics which must be used for that disease. Having selected the
n "best" characteristics for diagnosiing the disease in questioni, the array of
ordered 0 is used to establish which sets of characteristic responses will differen-
tiate the diseased and "'normal" groups. The sample space, that is, all possible
sets of characteristic responses, will be divided into two regions by a criterion
established by the necessary sensitivity and specificity. The "negative region"
occupies the part of the array at or above the criterion value and includes all
sets of characteristic resplonses typifying those individuals who are likely to he
free of the disease in question. The "positive region" is that part of the array
below the criterion value and includes those sets of characteristic responses more
likely to be found in those individuals who have the disease in question.

Having established the characteristic response patterns in each region it is
henceforth necessary to determine only wlhich characteristic response pattern
an individual has anid then determine in which region of the sample space it lies.
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4. Example of the method

A number of considerations were involved in selecting diseases with which to
establish a test for this method. Because it was planned to employ a relatively
large number of characteristics it was apparent that many individual patients
would be necessary, thus requiring diseases with high prevalence rates.

Diseases in which definite diagnoses could be confirmed by some objective
method would be desirable. Preferably, characteristic responses should be ob-
tained prior to the establishment of the diagnosis, so that the patients would
not be influenced by the fact that they had just been informed of the diagnosis.
It was further decided to select two diseases which were difficult to differen-
tially diagnose clinically to test the method under very difficult circumstances.
All patients who were about to have X-ray examinations of the upper gastro-
intestinal tract were requested to fill out a questionnaire prior to having the
X-ray examination done. These questionnaires consisted of 50 questions selected
from several hundred used in our Multiphasic Health Checkup [9], which, on
the basis of medical theory and knowledge, would seem to be those containing
the most information of use in diagnosing diseases of the gastrointestinal tract.
The questionnaires were then collected and set aside until the reports of the

X-ray examinations were completed. All X-ray reports indicating the presence
of a hiatus hernia or duodenal ulcer (in any stage of activity) were then collated
with the questionnaire for that patient. Of necessity this procedure introduced
a number of variables which could not be avoided without decimating the data
available for the study. Among these variables are the use of different radiol-
ogists, the use of some individuals who knew they had the disease in question
from past examinations, variable time of onset of symptoms relative to time of
completion of the questionnaire, possible onset of therapy for the disease based
on clinical grounds before the X-ray was done, and so forth. All of these variables
tend to decrease the ease of diagnosing the disease in question.
Because of the nature of medical examinations today, it is not possible to

obtain a large group of individuals who are known to be free of the above named
diseases and who are also free of other closely associated abnormalities. These
X-rays are not part of a routine examination done on all individuals. Patients
are not subjected to these radiological examinations unless there is some devia-
tion from normal suggesting that the examination be performed. Accordingly,
it was decided to use as the "nondiseased" group all individuals reporting for
the Multiphasic Health Checkup during a specified period of time and in whom,
as a matter of course, all of the identical questions would have been asked. It
was felt that the prevalence of the conditions to be studied was such that an
error of not more than perhaps five per cent was introduced, and this was
always in the direction of having some diseased patients in the "normal" group.
This "nondiseased" group of 12,262 individuals will henceforth be referred to as
"normals."

In order to determine how patients with some other diseases might be divided
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in the sample space, several diagnostic categories were selected from those
diagnoses made by physicians following the Multiphasic Health Checkup exam-
inations. These individuals had answered the same 50 questions which had been
asked of the patients subjected to the radiological examination. These diseases
were selected in such a manner that some were nongastrointestinal diseases
which might ordinarily be misdiagnosed as the gastrointestinal diseases under
study. Among these were angina pectoris and ischemic heart disease. Other
diseases were selected because in no way should there be any confusion with the
gastrointestinal diseases. In this group were benign prostatic hypertrophy and
bronchial asthma.
By applying the procedure described above for selection of characteristics

most useful in differentiating diseased from "normal" patients by use of mar-
ginal attributes, the 50 questions were reduced to 12. Those found to be most
valuable for diagnosis of hiatus hernia are listed in decreasing order of value
in table I. Those found to be most valuable for diagnosis of duodenal ulcer are

TABLE I

QUESTIONS USED FOR DIAGNOSIS OF IIIATUS I-IERNIA
In decreasing order of value according to the criterioii established for this study.

(Questionnaire number precedes each questionl.)

31. HAVE YOU often, IN THE PAST 6 months, IIAD HEARTBURN, INDIGESTION OR PAIN IN THE
upper PART OF YOUR STOMACH OR BELLY (above the navel or belly button)?

38. HAVE YOU OFTEN, IN THE PAST 6 months, HAD HEARTBURN, INDIGESTION OR PAIN IN YOUR
STOMACH THAT AWAKENED YOU FROM SLEEP?

16. HAVE YOU often, IN THE PAST 6 months, HAD TROUBLE SWALLOWING SOLID FOOD?
63. HAVE You often, IN THE PAST 6 months, TAKEN LAXATIVES OR CATHARTICS?
28. HAVE YOU often, IN THE PAST 6 months, HAD NAUSEA (sick to your stomach) OR VOMITING

(throwing up)?
21. HAVE YOU often, IN THE PAST year, HAD PAIN OR PRESSURE OR A TIGHT FEELING IN YOUR

CHEST WHEN YOU WERE SITTING STILL?
23. HAVE YOU, IN THE PAST year, HAD REPEATED PAIN OR PRESSURE OR A TIGHT FEELING IN

YOUR CHEST AFTER A BIG MEAL?
19. HAVE YOU often, IN THE PAST year, HAD PAINS IN THE SIDES OF YOUR CHEST OR ON ONE

SIDE ONLY (and not in the middle of your chest)?
27. HAVE YOU often, IN THE PAST year, HAD PAIN IN YOUR CHEST THAT LASTED more THAN

TEN MINUTES?
37. HAVE YOU often, IN THE PAST Six months, HAD INDIGESTION, HEARTBURN OR PAIN IN YOUR

STOMACH BROUGHT ON OR MADE WORSE BY BENDING OVER OR LYING DOWN?
40. HAVE YOU often, IN THE PAST 6 months, HAD PAIN IN YOUR STOMACH THAT WAS NOT HELPED

BY MEDICINES?
24. HAVE YOU, AT ANY TIME IN THE PAST year, HAD ATTACKS OR EPISODES OF PAIN OR PRESSURE

OR TIGHT FEELING IN YOUR CHEST THAT AWAKENED YOU FROM SLEEP?

listed in decreasing order of value in table II. Such questions as "Do you have
a duodenal ulcer?" were eliminated from the study for obvious reasons, although
physicians do find these questions of great assistance in diagnosis. It will be
noted that there are many questions common to both lists.
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TABLE II

QUESTIONS USED FOR DIAGNOSIS OF DTUODENAL ULCER
In decreasinig order of value accordinig to the criterion established for this study.

(Questionniaire numiiber precedes each question.)

31. HAVE YOU often, IN THE PAST 6 nionths, HAD IHEARTBUlRN, INDIGESTION OR PAIN IN TllE
upper PART OF YOUR STOMACH OR BELLY (above the niavel or belly l)utton)?

3). HAVE YOU often, IN THE PAST 6 nionths, HAD HEARTBU7RN, INDIGESTION OR PAIN IN YOUtR
STOMACH THAT AWAKENED YOU FROM SLEEP9

60. HAVE You often, IN THE PAST 6 months, TAKEN MEDICINE FOR YOUR STOMACH OR DIGESTION?
28. HAVE YOU often, IN THE PAST 6 months, HAI) NAUSEA (sick to your stomach) OR VOMIrING

(throwinig up)?
41. HAVE YOU often, IN THE PAST 6 months, HAD HEAIRTBtUR1N, INDIGESTION OR PAIN IN YOuR

STOMACH THAT WAS RELIEVED OR HELPED BY EATING?
30. FOR THE PAST month HAVE YOU HAD A POOR APPETITE FO(R MOST OF THE TIMIE?
34. HAVE YOU often, IN THE PAST 6 months, HAD PAIN IN TIIE LEFT SIDE OF YOURL STOMACH

ORt BELLY?
40. HAVE YOU often, IN THE PAST 6 months, IIAD PAIN IN YOUR1 STOMACH THAT WVAS NOT HELPED

BY MEDICINES?
3:3. HAVE YOU often, IN THE PAST 6 months, HIAD I)NI IN TllE RIGHT SI1)E OF Y-OU-IR ST()MA(CI

OIR BELLY?
51. HIAVE YOUR BOWEL MOVEMENTS often BEEN MIIXEI) WITH MUlCUS ORt SlIMY MATUr-ER IN TIlE

PAST 6 months?
64. IHAVE YOU LOST MORE THAN 1t) POUNDS, IN THE PAST 6 miionths, WNITHOUT TRYING?
54. HAVE YOU, IN THE PAST YEAIl, HAT) ANY SOFT BLACK (as tar) BOWEL MOV\EMENTS (Whell

not takinig ironi medicinie or vitaminis xvith inerlds)?

The 12 (luestionis were reduced in numliber to a sinigle characteristic, ofle at
a time by the iterative )rocedure described above. As a result of this l)rocedure
an array of sets of characteristic responses and the associated 0 was obtailled
for the "best" characteristics at each level of this stel) down l)rocedure. Examples
of such arrays are shown in tables III and IW.

TABLE III

COMBINATIONS OF SIX CHARACTERISTICS FOR DIAGNOSIS OF D)UODENAL ULCER A'I'
SPECIFIED SENSITIVITIES AND SPECIFICITIES

Characteristics are qutestions number 31, 38, 60, 28, 41, 30 of table II.

D)uodenial Ulcer Estimated Estimated
Characteristic Patients "Normals" 0 Sensitivity Specificity

Set No. Per Cent No. Per Cenit Per Cent Per Cent

23 0 0 l 0.000
52 0 0 2 0.000
54 0 t) 3 0.000

20 (0 0 11 0.001 0 100 0
23 0 0 27 0.2 1
34 0 0 28 0.2
3 0 0 80 0.7
0 29 8.7 8582 70.0 0.12 91 71
2 1 0.3 231 1.9 0.16 91 7:3

16 4 1.2 240 2.0 0.61 90 75
4 2 0.6 114 0.9 0.64 89 76
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TABLE III (Continued)

Duodenal Ulcer Estimated Estimated
Characterist ic Patients "Normals" 0 Senisitivity Specificity

Set No. Per Cent No. Per Cenit Per Cent Per Cent

8 12 3.6 538 4.4 0.82 86 80
32 6 1.8 212 1.7 1.04 84 82
1 12 3.6 388 3.2 1.14 80 85
9 9 2.7 267 2.2 1.24 78 87

42 1 0.3 28 0.2 1.31 77 88
5 ,3 (0.9 68 0.6 1.62 76 88

48 2 0.6 42 0.3 1. 776 89
7 2 0.6 34 0.3} 2.16 75) 89:39 i 0.13 17 0.1f

36 1 0.3 16 0.1 2.30 75 89
10 1 1 3.3 161 1.3 2.51 71 91
12 7 2.1 94 0.8 2.73 69) 91
18 2 0.6 26 0.2 2.82 69) 91
41 4 1.2 49 0.4 3.00 67 92
40 6 1.8 70 0.6 3.15 66 92
33 3 (.9 34 0.3 3.24 65 93
11 15 4.5 149 1.2 3.70 60 94
13 14 4.2 139 1.1 3.70 56 95
17 2 0.6 19 0.2 3.87 55 95
6 4 1.2 34 0.3 4.32 54 96

24 5 1.5 40 0.31 4.59 521 96
26 1 0.3 8 .59}
21 1 0.3 6 0.0
38 1 0.3 6 0.0 6.12 52 96
50 1 0.3 6 0.0o
19 1 0.3 a ( 0 7.34 51 9655 1 0.3 5 o.of519
47 1 2 3.6 57 ().;5 7.73 47 97
35 a5 1.5 2 :) 0.2 7.98 46 97
57 2 0.6 9 0.1 8.16 45 97
29 3 0.9 13 0.1 8.47 44 97
14 13 3.93 56 0.5 8.52 40 97
43 9 2.7 35 0.3 9.44 38 98
15 33 9.9 113 0.9 10.72 28 99
37 3 0.9 10( 0.1 11.(1 27 99
56 4 1.2 13 0.1 11.30 26 99
27 2 0.6 6 . °1 12.24} }
62 1 0.3 3 o.0f f
45 14 4.2 38 0.3 13.53 21 99
30 2 0.6 a 14.69} 193 (9
60 2 0.6 5 0).0 f4
46 7 2.1 16 0.1 16.06 17 99
61 6 1.8 13 0.1 16.94 16 99
58 2 0.6 4 0.0 18.36 15 99
44 9 2.7 17 0.1 19.44 12 99
31 7 2.1 11 0.1 23.36 10 99
63 13 3.9 17 0.1 28.07 6 99
22 1 0.3 1 0.01 ~ ~36.71} 5 99
,53 ~~~~0.9 3 o.off

2S 3 (.9 2 (.0 55.07 4 99
49 5 1.5 :3 (.0 61.19 3 99
59 9 2.7 5 0.0 66.08 0 100
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Table III contains the array for the "best" six characteristics for distinguish-
ing patients with duodenal ulcer from "normal" individuals. The number of
patients with duodenal ulcer is 334. With six characteristics there are 64 possible
sets of characteristics and in this case all 64 were represented by at least one
individual from at least one of the groups.

TABLE IV

COMBINATIONS OF FOUR CHARAC,TERISTICS FOR HIATUS HERNIA DIAGNO-SIS
AT SPECIFIED SENSITIVITIES AND SPECIFICITIES

Characteristics are questioins iiumber 31, 38, 16, 63 of table I.

Estimated Estimated
Hiatus Hernia Sensitivity Specificity

Characteristic Patients "Normals" 6 (per cent (per cent
Set No. Per Cent No. Per Cent true +) true-)

0 88 16.8 9119 74.4 0.23 83 74
1 12 02.3 696 05.7 0.40 81 80
2 19 03.6 258 02.1 1.7 77 82
8 8 01.5 91 00.8 1.9 76 83
9 1 00.2 17 00.1 2.0 76 83
4 104 19.9 1189 09.7 2.1 56 93
12 8 01.5 33 00.35 5.0 52 94
3 13 02.5 59 00.5
5 44 08.4 172 01.5 5.6 43 95
6 132 25.2 450 03.7 6.8 18 99
15 10 01.9 19 00.2 9.5 16 99
7 44 08.4 94 00.8 10.5 08 99
13 9 01.7 15 00.1 17.0 06 99
14 27 05.2 36 00.3 17.3 01 99
11 2 00.4 7 00.0 - 01 99
10 3 00.6 7 00.0 - 00 100

Total 524 12262

Table IV contains the array for the "best" four characteristics found to
distinguish 524 patients with hiatus hernia from the 12,262 "normals." Again,
some of these "normals" have hiatus hernia in accordance with the prevalence
of hiatus hernia in this population. Again, all 16 possible sets of characteristics
are represented.

It will be noted that if the array is divided into an upper and lower region at
any optional sensitivity, the specificity is established. The higher the sensitivity
desired the lower the specificity. The method insures that at the selected sen-
sitivity the estimated specificity is maximized.

It will be noted in table III that if the criterion used for selection of duodenal
ulcer cases was set at a sensitivity of 86 per cent, the specificity or power would
be 80 per cent. Thus, all individuals who had characteristic response sets asso-
ciated with 0 values of 0.82 or less would be classified as being "normal" since
they belong to the upper "negative region" and those with characteristic response
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sets associated with a 0 greater than 0.82 would lie in the "positive region" and
be classified as having duodenal ulcer.
Although 12,262 individuals comprise the "normal" group, and there are only

64 cells to fill in table III, it will be noted that only one "normal" person had
characteristic response set 23. Clearly, this is a weak assignment of this cell to
the negative region because if only one duodenal ulcer patient were to have this
characteristic response set the 0 would have been 36.7 and this cell would have
been categorized as belonging to the positive region. Similarly, there are many
other cells assigned to either the positive or negative region on the basis of the
response of a single individual. In those arrays created by more than six char-
acteristics there are cells which are completely unspecified and cannot be iden-
tified as belonging to either region. The more characteristics used the greater
the number of unspecified cells.

It will be noted in table IV that with only four characteristics and 16 cells
there is only a single characteristic response set that was assigned to a region
based on the response of a single individual. Specifically, characteristic response
set 9 would have been in the negative region had it not been for the one hiatus
hernia patient with this characteristic response set.
Another noteworthy comparison of these two arrays reveals that the character-

istic response set in which all individuals respond negatively to all questions,
set 0, lies midway in the array when many characteristics are used and advances
to the top of the array as the number of characteristics used is decreased. When
this occurs a maximum value has been set for the sensitivity which may be
selected because it is not medically desirable to randomly divide patients who
have identical characteristic responses into diseased and nondiseased categories.
It indicates that even if one should classify as diseased any individual who
answered any single characteristic positively, some diseased patients would still
be classified as nondiseased.
From the foregoing it is apparent that there are patients without any of these

symptoms who were sent for the gastrointestinal X-ray examination. There were
in fact 59 hiatus hernia patients who answered negatively to all of the "best"
11 of the 12 questions. Analysis of the clinical records of these individuals
revealed that patients may be sent for X-ray examinations which reveals the
presence of hiatus hernia or duodenal ulcer even though they have no symptoms
at all. Physicians have known that both of these conditions may exist in the
absence of any symptoms. In this study, individuals without symptoms were
sent for X-rays for a variety of reasons among which were: (1) anemia of un-
known cause, the X-ray being done to discover possibly some silent lesion; (2)
X-ray required for some highly sensitive job requirement such as airline pilot;
(3) dermatological condition present which is often associated with radiological
findings on gastrointestinal X-ray examination; (4) intermittent symptoms last-
ing a very short time and not present several days later at the time of the X-ray;
and (5) pernicious anemia in which it is a frequent procedure to get periodic
X-ray examinations because of the increased prevalence of neoplasm. It is
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app)arent that in view of the existence of these diseases (hiiatuis helnlia aid(I
duodenal ulcer) in the absence of symptoms, Ino method of diagnosis depending
onl symptoms will be 100 per cent successful. Similarly, because of the existenec
of individuals with the disease in the "normal" group, a specificity of 100 per
cent would not be expected.

In order to test the arrays with additional cases of hiatus hernia and duodenal
ulcer to determine the actual error of the method, 50 cases of each disease,
selected in the same manner as the previous groups but not used in establishing
the array, were examined. The characteristic response patterns were determined
for all individuals using the single "best" characteristic and combinatiolns of as
many as the "best" eight characteristics. The criterion was the maximum sulml
of the sensitivity and specificity. This criterioin had been used in the selection
of the "best" characteristics to prevent the sensitivity or specificity from extelid-
ing outside the bounds of clinical usefulness. Had the criterion been set at an
arbitrary sensitivity, for example, characteristics could have been selected when
the specificity was either too high or too low to be useful. However, any crite-
rion might have been chosen depending upon the re(quiremenits demanded of the
disease in question. The results of this test are showni in tables V and VI. In

TABLE V

ESTIMATED AND ACTUAL SENSrIrI-rrY AND SPECIFICITY IN DIAGNOSIS OF IIIATUS HERNIA
Criterion for positive regioli is the maximumii sumII of estimated sensitivity and specificity.

Senisitivity Specificity
(per cenlt) (per cenlt

Act ual

238
Quantity 168 Beniigni

of 579 384 114 Ischaemic Prostatic
Symp- Actual Routinie Duod. 96 Anginia Heart Hyper-
toms Esti- 50 Esti- Patients Ulcer Asthma Pectoris I)isease trophy
Used mate Cases mate (MIHC) Cases Cases Cases Cases Cases

1 72.1 68.0 83.6 83.9 27.1 84.4 83.3 82.7 89.5
2 79.2 80.0 80.9 81.0 21.1 76.0 81.6 79.2 87.0
3 80.9 82.0 80.0 80.1 19.8 74.0 79.8 78.0 85.7
4 80.9 82.0 80.1 80.1 19.7 78.9 79.6 78.0 86.7
5 81.9 82.0 79.8 79.5 18.9 74.0 79.8 78.0 85.3S
6 81.3 82.0 81.2 80.1 20.2 81.3 79.8 80.4 86.6
7 81.7 80.0 81.6 80.0 22.1 81.2 78.9 79.2 87.0
8 80.2 66.0 84.2 82.6 22.,7 77.1 82.5 79.2 87.0

addition, these tables show the result of testing 579 additional Multiphasic
Health Checkup (I\1HC) individuals. These are not a subset of the 12,262 inl-
dividuals whose responses were used to establish the array. Also included in
these tables are the results with the other diseases tested. In addition, the hiatus
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hernia patients werc tested with the duodenal ulcer symptomns and the duodenal
ulcer patients were tested with the hiatus hernia symptoms.

TABLE VI

E'STIMATED AND ACTUAL SENSITIVITY AND SPECIFICITY IN D)IAGNOSIS OF DUODENAL UIEIE
Criterion for positive regioni is the maximum sum of estimated sensitivity ani(1 specificity.

Senisitivity Specificity
(per cent) (per ceint)

Actual

238
Quantity 168 Beniigni

of 579 574 114 Ischaemic Prostatic
Symp- Actual Routinie Hiatus 96 Anginia Heart lIvper-
toms Est i- 50 Esti- Patienits Hernia Asthhma Pectoriis )isease trophv
Used mlate Cases mate (MHC) Cases Cases Cases Cases Cases

__
I )71.4 84.0 8:3.5 8:3.9 28.2 84.4 83.3 82.7 89.5
2 78.1 84.0 80.8 81.0 20.7 76.() 81.6 79.2 87.0
;- 86.5 86.0 76.4 76.3 17.9 69.8 76.3 70.2 81.9
4 89.2 92.0) 74.() 73.4 1 - 7 64.6 75.4 67.9 80.7
5 88.3 92.0 75.8 75.1 17.9 69.8 76.3 70.8 82.8
6 85.6 84.0) 80.4 80.0 28.1 71.8 83.3) 76.8 86.2
7 86.8 8().( 80.9 80.4 27.6 73.2 95.9 77.3 85.0
S j 85.6 70.0 84.0) 84.0 36.9 77.1 88.6 79.9 86.1

5. Discussion

Elxamination of the data in tables V and VI reveals that the gastroiiitestilnal
diseases, hiatus hernia and duodeinal ulcer, are sufficiently like each other that
they cannot be separated whein oinly a few characteristics are employed. Some
differentiation is apparent in table VIII whein using five or more duodenal uleer
characteristic responses of the hiatus hernia patients.

It is iml)ortanlt to niote that the sensitivities and specificities as shown in tables
III and IV are discrete points. For clinical purl)oses of testing on individual
patienlts, interl)olation betweein these points should Inot be done, since one would
thein be forced to arbitrarily and randomly divide a group of patients witlh iden-
tical responses inito two divisions as re(uired by the interpolatioin. Patients with
identical characteristics would theni be found in both the positive and negative
regions. This meanis that should a senisitivity of 80 per cent be desired in the
case of hiatus hernia (table IV) one would be forced to make the clinical decision
between 81 per cent and 77 per cent. However, for purposes of comparison of
symptoms and methods, wheni onie is not testing specific patients, interpolation
does enable one variable to be held conistant and allows for better examiniation
of the behavior anid characteristics of the method.
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TABLE VII

ESTIMATED AND ACTUAL SENSITIVITY AND SPECIFICITY IN DIAGNOSIS OF HIATUS HERNIA
Criterion for positive region is the maximum sum of estimated sensitivity and specificity.

Estimated sensitivity fixed at 80 per cent.

Sensitivity Specificity
(per cent) (per cent)

Actual

238
168 Benign

579 384 114 Ischaemic Prostatic
Actual Routine Duod. 96 Angina Heart Hyper-

Number Esti- 50 Esti- Patients Ulcer Asthma Pectoris Disease trophy
Variables mate Cases mate (MHC) Cases Cases Cases Cases Cases

1 80.0 77.0 60.5 61.0 19.7 61.4 60.6 60.2 65.0
2 80.0 80.8 77.8 77.9 20.4 73.0 78.4 76.2 83.6
3 80.0 80.9 80.5 80.6 20.7 75.1 80.7 78.7 86.4
4 80.0 79.7 80.6 80.5 20.7 80.7 80.0 78.5 87.3
5 80.0 78.4 81.4 80.4 21.0 81.4 81.4 80.1 87.5
6 80.0 79.7 82.1 80.6 20.5 81.6 81.8 81.2 88.1
7 80.0 79.7 82.8 81.8 22.7 82.6 81.8 81.2 88.5
8 80.0 66.0 84.3 82.7 22.7 77.1 82.5 79.2 87.1

The data of tables V and VI are shown in this latter form in tables VII and
VIII. Here the sensitivities have been held at 80 per cent and the changes in
specificity as the number of characteristics is increased is more apparent.

TABLE VIII

ESTIMATED AND ACTUAL SENSITIVITY AND SPECIFICITY IN DIAGNOSIS OF DUODENAL ULCER
Criterion for positive region is the maximum sum of estimated sensitivity and specificity.

Estimated sensitivity fixed at 80 per cent.

Sensitivity Specificity
(per cent) (per cent)

Actual

238
168 Benign

579 574 114 Ischaemic Prostatic
Actual Routine Hiatus 96 Angina Heart Hyper-

Number Esti- 50 Esti- Patients Hernia Asthma Pectoris Disease trophy
Variables mate Cases mate (MHC) Cases Cases Cases Cases Cases

1 80.0 88.3 61.1 61.4 20.6 61.8 61.0 60.6 65.6
2 80.0 85.4 73.8 74.0 18.9 69.4 74.5 72.4 79.4
3 80.0 79.8 80.1 81.4 22.9 77.0 78.5 72.8 85.4
4 80.0 80.8 81.8 81.7 23.2 75.5 82.9 80.0 88.0
5 80.0 79.4 83.4 82.5 34.1 74.4 84.3 78.2 86.7
6 80.0 75.6 85.5 85.9 31.5 79.3 87.8 85.8 91.3
7 80.0 72.7 86.8 85.7 31.5 80.1 87.6 83.9 88.0
8 80.0 56.0 88.6 89.7 40.6 84.4 91.2 88.8 91.1



AUTOMATED MEDICAL DIAGNOSIS 883

The data in these tables reveal that there is no difficulty obtaining acceptable
specificities with either the hiatus hernia or duodenal ulcer symptoms when pa-
tients with diseases other than gastrointestinal diseases are used. While the char-
acteristics employed here do not satisfactorily distinguish between the two
gastrointestinal diseases it should be pointed out that the characteristics were
not selected for this specific purpose. These characteristics were selected to give
the "best" differentiation from the "normal" patients as previously described.
Several analyses were made on symptoms selected specifically for the purpose
of distinguishing these two diseases and some improvement in diagnostic ability
was obtained. However, this is not a practical solution to this problem because
it implies that the best characteristics would have to be sought to differentiate
between all combinations of diseases. This could be used as an alternate method
in selected situations in which the differential diagnosis could only be made by
more hazardous medical methods, such as surgical exploration.
One of the prime problems still confronting any method of automated medical

diagnosis involves the selection of characteristics to be used. This is of impor-
tance because there is not a wide latitude in the number of characteristics which
may be used. Figures 1 and 2 show the increase in specificity obtained, with a
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FIGURE 1
Hiatus hernia estimated sensitivity = 85 per cent.
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fixed sensitivity, when increasing numbers of characteristics are emp)loye(l. Tre
points in brackets were extrapolated and indicate theoretical points which
cannot be used without randomly dividing the patients at a particular 0 level.
Thus, at the sensitivity indicated, 85 per cent, in figurle 1, it is ilecessary to use
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I IGUItE 2

Duodenal ulcer estimated sensitivity = 90 per cenit.

at least five characteristics. From table IV it can be seen that sensitivities below
83 per cent may be achieved with the use of four characteristics. It will be noted
from figures 1 and 2 that the incremeInts in specificity are not large as the num-
ber of characteristics increases. It must be remembered also that the numbers
of characteristic response sets increases logarithmically with the increase in num-
bers of characteristics. An increasingly large number of characteristic response
sets become unidentified (with respect to belonging to the positive or negative
region) as the number of characteristics is increased. This results in decreased
performance as shown by the decrease in sensitivity in tables VII and VIII
when the 50 additional cases are diagnosed by the use of eight rather than seven
characteristics. In this study the positive region was established by the use of
only 524 and 334 patients, respectively.
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Biecause of these limilitationis oni the number of characteristics used, it is
extremely important to select the characteristics that carry the greatest amount
of inlformationi. It is for this reason that it would be advantageous to start the
automated )rocedure in the earliest stages of data reduction so that valuable
clharacteristics are not overlooked because of current medical opinion. A num-
ber of approaches were attempted in this regard aind the method selected and
herein described was slightly better than other methods tried. Unfortunately,
nio properties of the marginal values of the inidividutal characteristics were dis-
covered which were clearly more useful than what was done in makiing the
"best" selection. If such a l)rolerty exists it wvill be a funietion of the l)ro)ortions
of affirmative responses of the diseased aiid nioindiseased groups as well as the
relationships betweeni the characteristics.

6. Conclusions

The critical regionis established by the Neymian-Pearsonl method of testinig
hypotheses does enable inidividuals to be classified oni the basis of response to
questions as diseased or nioindiseased with medically acceptable levels of seii-
sitivity and specificity. The use of too few characteristics results in estimated
errors, and the use of too many characteristics results in actual errors, which in
either instance ale too great for cliinical usefulness. A sequential two decision
plan obviates some of the difficulties encotuintered in the medical diagnostic
process.

The assistance of L. Davis in comul)Uter programming, A. Siegelaub in statis-
tical analyses, J. Neylmian aind G. Daiitzig in advice and counsel, and the assist-
ance of the Computer Center Staff, UTnliversity of California, Berkeley, is
gratefully acknowledged.

REFERENCES

[1] It. S. LEDLEY al1d L. B. LUSTEI), "Reasoninlg founidationi of imiedical diagniosis," Science,
Vol. 130 (1959), pp. 9-21.

[2] J. E. OVERALL aIl(1 C. M. WILLIANMS, "Models for medical diagniosis," Behavl. Sci., Vol. 6
(1961), pp. 134-141.

[3] H. A. WNARNER, A. F. TORlONTO, L. G. VEASEY, an1d It. STEPHENSON, "MIathematical
approach to medical diagniosis. Applicationi to conigeniital heart disease," J. Am?er. AIed.
Assoc., Vol. 177 (1961), pp. 177-183.

[4j J. E. OVERALL anld C. M. WILLIAMS, "Colnditional problability programii for diagniosis of
thyroid funietion,"' J. Amiier. Med. Assoc., Vol. 183 (1963), pp. 307-313.

[5] R. L. ENGLE anld B. J. D)AVIS, "Medical (liagniosis: presenit, past anid futuire,' Arch. Iln.
Med., Vol. 112 (1963), pp. 512-543.

[6] M. LIPKIN, "The likelihood concept in diflerenitial (liagliosis," Persp. Biol. Aled., Vol. 7
(1964), pp. 485-497.

[7] 1\. 1F. COLLEN, L. 1{RUBIX, and L. DAVIS, "Comptiters inll il)iphasic screening," (Com-
piters in Biomedical Research, Chapter 14, Vol. I (edited by 1. W. Stacy nI(l 3B. 1).
Waxinan), New York, Academiiie Press, 1965.



886 FIFTH BERKELEY SYMPOSIUM: RUBIN, COLLEN, AND GOLDMAN

[8] J. NEYMAN, First Course in Probability and Statistics, Chapter 5, New York, Holt, 1950.
[9] M. F. COLLEN, L. RuBIN, J. NEYMAN, G. B. DANTZIG, R. M. BAER, and A. B. SIEGELAUB,

"Automated multiphasic screening and diagnosis," Amer. J. Pub. Health, Vol. 54 (1964),
pp. 741-750.


