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PROLOGUL
The conbext in which the studies in thisg thesis are
placed is that of decision-meking in clinical medicine.
Various aspects of clinical decision-making ave examined
and a number of tenteative conclusions are advanced.

The firgt chaptexr paints in the background to decision-

making in medicine and puts forward & possible mathematical
framework for the investigation of the diagnostic process
using information theory, conditional probability theoxry
and decision theory.

In the second chapter a detailed critical histovical

review of studies in computer-agssisted diagnosis is
presented. The use of techniques of symbolic logic,
probability theory, discriminant function analysis,
decision theoxry and mumerical taxononmy is illustrated.

the third chapter provides a simple descriplion of

the concepts of conditionel probability theoxry, information
theory and non-lLinear discriminant functlon which are used
in the studies in this thesis; also included is a brief
introduction 1o decision theory and to studies of clinical
decision-making which have made use of its concepls.

There follows a group of studies of sequential
decision-meling using Dayes theorem and the entropy calculation

of/



of information theoxry.

tn the first of these studies in Chapter 4 the basic
sequential model is described, in which the influence of
prior probabilities, financial and non~financisl costs,
are discussed. Computer programs are presented, written
by the author, which allow on-~line computer diasgnosis at
a computer terminal. 8Significant reduction in the numbexr
of investigations needed to make & diagnosis in cases of
non-toxle goityre ls demonstrated.

Uging this sequential probability model the studies
covered in Chaptexr 5 provide a detailed diagnostic profile
of each of gix cliniclang studying an identical et of
capes of non-toxic goltre. This profile analysis is used
to compare the cliniciang indireclly with one another and
to study the influence of personality factors and of
clinical ezperience.,

In Chapter 6 the diagnostic profile is presented on-
line at two types of computer terminal. The relative merits
of each texminal are compared and a system for the anslysis
and teaching of diagnostic skills is presented in some
detalil.

In phagtegmz,a quite different approach is made to
the problem of selecting cases for treatment with anti-

thyroid/




thyroid drugs. A non-linesy discriminant function
technique is used to distinguish the cluster of patients
who are drug responsive from the cluster of those who are
drug resistant. Only by taking into account the
behaviour of such clusters over time was it possible to
separate the two groups satisfactorily.

Finally, in the epilogve a mmber of possible avenues
of further research are suggested which might produce
answers to the many questions raised by the studies in

the thesis.
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CHAPTHER T ¢ INTRODUCTION

I.1 The Diagnostic Process.

1.2 A mathematical analysié of the

diagnostic process,

I3 Sequential Decision-making.




I.1 'The diasgncstic procesg

Decision-making in clinical medicine has always been
regarded as a disgtinebively buman activity. However, the
next decade will see digitel computers increasingly used
in the decisilon-making process that underlies diagnosis
cand treatment in clinical medicine., This promises to be
perhaps the most exciting, and almost certainly the most
significant, development in medicine today. It may well
marlk the end of an era of descriptive clinical medicine
and the emewrgence of a new "twentieth centuxy®™ objective
clinical nmedicine. The assessment and management of
patients as well as the decision-making which underlies
these activities will change as ‘the gimple deciglons ére
automated and insight is gained into the more complex
ONes .

A clinician faced with a disgnostic problem makes
a sequence of declsions, He begins by choosing a syuptom
on which to concentrate initially and when he is satisfied
about its presence or absence he chooses what he supposes
will be the next most informative item. An experienced
specialist wepeatedly makes decisions asbout what to
lgnore in a patient's story. He decides when o ask the
patient to expand his or her account of a symptom and where
to concentrate his examination of the patient. In addition,
he must declde what labovatory tests might be expected to

be/




be most informative in a particular case and, finally,
when he has gathered enocugh information he must decide
what treatment to allocate and the probability of its
BUCCess,

The selection and aséa&sment of clinical informatlion
and the decislong aboutl treatment are conducted against
a hackground of the clinician's value system. Thus, he
must decide if the expense and discomfort of any invest-
igation or treatment is compensated by any expected
impwovement in the patient's health., Decisions of this
type foxm the basls of the whole of clinical medicine.
Yet the intelleofual procegses hehind these decisions
and even the premises on which they axe based are poorly
understood,

L2 A Mathematical Analvsis of the Disgnostic Process

Despite the enormous complexity of modern techniques
of investigative medicine and of treatment, almost nothing
is known of the intellectual processes by which invest~
igations are selected, thelr resulils assessed and an
appropriate treatment chosen, The diagnostic process is
largely tvaught by example and almost no theorstical basis
exigts ag yet to describe the intellectual activiﬁiés

which underlie it.
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TRADITIONAL MODEL OF THE

DIAGNOSTIC PROCESS

Select and perform all relevant tests

Y

Consider results

Dt

Decide on diagnosis

ot

Choose appropriate treatment

TIGe L.XI. TRADITIONAL OR 'STATICY MODEL OF THE
DIAGNOSTIC PROCESS




Techniques of computer-assisted diagnoses have, unbil
recently, been seen largely as interesting arithmetic
exercigses of little practical importance in medical
practice. They have led, however, to the gradual emergence
of mathematical concepts which desciibe important components
of the diagnostic process (Taylow, 1967 ).

Almost all studies of conputer~assisted disgnosis
have atbempted to xreproduce the traditional or gtabic
view of the diagnostic process. The clinician is seen
as collecting all sveilable data on the state of health
of his patient bhefore assessing this, reaching a diagnosis
and choosing a suitable treatment (Fig. 1.1). As
clinicians we teach this version of the diagnostic process
to our students but in practice we use a geguentigl form
of decision-making (Ledley and Imsted, 19593 Ledley, 19663

Hemilton, 1966),
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I.3 fequentisl decision~-making

After the diagnostic process has been broken down
into a sequence of decisions (Flg. 1.2) it may be restated
in mathematical terms by making use of information theory,
conditional probability theory and statistical decision
theory. Although cliniclans are, of courge, familiar with
the use of such measurements as blood pressure, pulse rate
and blood suger level, they are largely unaware that
further statistical techniques can be applied to the
objective interpretation of such measuvements. Turther
analysis is based on statigtical theories whose over-
riding importance is that their hasis in mathematics
makes their exploitation with digitel computers vexry
promising and holds out the possibility that paxt of the
diagnostic process can eventually be taken over by the
computer.

INFORMALION THEORY states that 'informatlon' can be
gained in two distinct wayss by commmication in some
agreed langusge or sign system in which a message can he
assembled; and by observation ~ when, for example, we look
vat a picture or down & microscope., The exchange of
information (the signal) takes place across & 'channel!
connecting the patient or sender and the clinician ox
recelver. The amount of information transmitted by a

chaxmel/




chammel can be measured and the upper limit of the amount
that any channel can transmit is known ag the 'channel
capacity's The charmel often transmits information
other than the signel (noise).

The exchange of information between doctor and patient
can be viewed Iin this way. The data about the patient's
condition can be auditory (history, heart sounds), visual
(facial expression, electrocardiogram, blood slide) or
tactile (pulse). They ave encoded, transmitbed and then
detected and decoded in the clinician's brain. The
occurrence of noise in this chaymel can be measured as
tobeexver variation'. This variation takes two formss:
'intra~cbserver error', where one clinician differs in
his assessment of the same data (such as history, physical
examination), blood slides) on different occasionss and
tinter~observer error', where two or more clinicians
differ in their asssessment of the same set of data.
Information theory allows ug to measure both the information
provided by s piece of data andlthe effect of noise. It
can be used to study mathematically this important aspect
of the diagnostic process and o compare different methods
of acquiring and assessing clinical data (whether this is
provided by computer or by clinician).

Ttems/




Items of a patient's history, physical examination
and laboratory tests all produce single pleces of
information, each of which must be processed in a
similer way. Thus, the question "Is your neck painful?"
or the observation "Is the thyrold gland hard, fimm or
goft in consistency?', can both be called tests.

VYhen the clinician has in hand the outcomes of one
or more of such tests, another stage in the diagnostic
process begins. He must intevpret these pieces of
information and assess them in the light of his factual

knowledge and personal experience of the group of

digeases from which he thinks his patient may be suffering,

He revises his opinlon aboul diagnosis and treatment
progressively as new information becomes available,

Once again there is a well established theory of
statistical inference typified by conditional prohability
theory and by Dayes theorem in pariicular which can
describe this process. DBayes theorem is widely used in
studies of computer-assisted diagnosis., It allows us,
mathematicelly, to vevise our opinion of a hypothesis
(for instance, deciding if a patlent is suffering from
thyroid cancexr) in the light of new information, such as
the outcome of & test. The calculations ave based on

previous/
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previous knowledge of the diseases being studied. This
knowledge is summarised in the form of 'likelihoods!
which predict from past surveys the relative frequencies
of test oubcomes in each disease.

In this way likelihoods arxe used to summarise
guantitatively previous experience of the diseases.
Bresumably the elinician stores the same information
derived from his own past experience of a large number
of diseases in his hrain in some coded form. He uses this
data to revise his oplnion in the light of new infoxmation
by psychological mechanisms asg yet unknown.

Apart from these likelihoods, the only other retro=
gpective data used in computer-assisted diagnosis ave the
prior probabilities of each disease. These are the
incidence rates of the diseases in the population being
studied., The probabilities vary in diffevent populations.
Thus, tropical discases are common around the equator and
vare in Britain.

So by combining prior prcebabilities, likelihoods and
test outcomes (on the patient being assessed), by means
of conditionel probability theowxy we can pepresent
mathenatically the process of inference involved in the
diagnostic process. Many of the studies of computer=

assisted/
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assigted diagnosis are based on conditional prohability
theory and have been found to give an accuracy in
diagnogils comparable to that of clinicians,

The thizd theoretical component of this analysis of
the diasgnostic process 1s statistical decision theoxy.
Thig descrilibes mathematically the decision-making process
which underlies the selection and assessment of clinical
information and the choice of investigetions and treatments.
AL each step of the decigion process a number of factors
has to be welghed up. These include the advantages of
meking an immediate correct diagnosis and the conseguences
of making an overhasty misdiasgnosis. Forthermore, the
financial cost, discomfoxt, inconvenience and delay due
to further invesbigations before trealtment irs begun must
be congidered.

THE PRINCIPLE of ‘zationality' -~ one of the bases
of statistical decision theory ~ when applied to the
clinical situation asserts that any rational diagnostician
acts as 1f he is able to measure the adventages snd dige
advantages of a decision in common units and make decisions
(such as to contimue testing or to make a dlagnosis) so
that the expected net advantage ig as large as posaiblé.
In other words, he attempls to achieve the greatest benefit

for/
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13

for his patients at a minimwm 'cost'. This view of the
practice of medicine in terms of 'costs' vepresents the
implicit value system with which cliniciens menage their
patients.

Since clinicians differ in their judgements of
these costs, it can be said that each state of health or
of illness hag its 'value! for each clinician. Thus,
one c¢linician in a chronic renal dialysis unit, wﬁere
potential patients greatly outnumber bthe limited number
of kidney machines available, may feel that only young
adults should be accepted for chroniec dialysis. By
contrast, anothexr clinician may Ffeel only patients with
8 criminal recoxd should be excluded and that all others
should be put on a waiting list. The importance of such
value systems is that they strongly influence the number
of investigations and type of treatment chosen.
Btatistical decision theory provides a mathematically

baged framework for studying and measuring such values.
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Theoretlcal Backsround to the Studies

the studies in this thesils can be conveniently divided
ihfo those using the disease system of non-toxic goitre,
which are based on derivatives of conditional probability
theory and of information theowy, and those using a non=
linear discriminant function nmethod in the development of
a dynamic model of thyrotoxicosis.

2.1  Conditional nrobability theory

Probability can be defined as a means of quantifying
uncertainty and it may be argued that all probabilitics
are conditional in that one's degree of cerbalnty aboutb
an evenbt, such ez a symptom or a diagnosis, is conditioned
by the knowledge one already possesses aboul it.
Conditional probsabilities provide a probabilistic
expression of ouxr wvevision of an opinlon in the 1light of
new information.

The best known exsmple of condi tional probability is

Bayes! Theorem which is used to combine new information

with that already lknown to xeach for example a differential
diagnosis.

2.1.) The use of Tayesian conditional probabillities hasg
heen summarised briefly as followss

(1) Probabilities are orderly opinionsg

(2)/




(2) statistics is concerned with the vevision of
opinion in the light of new Informsition.

(3) Bayes' Theorem of probsbility theory is s mathe-
motically optimal rule for such revisions of
opinion.

(4) Such probabilities are usually expressed ag
fractions of 1, such tha% the total of probab-
ilities in the group considered (for example
diseases) add up to 1. |

Before describing DPayes' Theorem, it is worthwhile
réstating two of the definitions already used in the
introduction,

Since an item of history and of physical examination
produces information in the same way as laboratory ox
other testg, it will be the convention in the studies
described in this thesis to wefer to all such items as
tests., The response to a question, the result of an
examination or investigation ave thus referred to as

test ouwtcomes.

2+1.2 Bayes' Theorem can be expressed in many fovms,

but the commonest version iss

p(D/T) = RP(T/D)P(D)
b(T)

f

(tmless P(D) = 0 or P(T) = 0)
Vhere D = discase, and T = test oubcome, the standard

notation/
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notation of probability theory weans that the expressions
P(D/T) reads as "“he probability of disease D given test
outcome T"; for example, the probability of thyrotoxicosis
(D) given that exgphthalmos (test) is present (test out~
come). Similarly P(I/D) weads "the probability of test
outcome (exophthalmos is present) given the disease (thyro=
toxicosis ).

P(D) zeads “the probability of disease DM

P(T) reads "bhe probability of test outcome 1"

The expression P(D) is normally called the 'initial' ow

TPriox!' probability before the test T has been caxried

out, while P(D/T) iz the 'final' or 'posterior' probability

lee. the revised opinion sabout disease D in the light of
the new information provided by the test outcome T. P(T/D)
is referred to as the likelihood.

2e1l¢3 Prior probabilities

The prior probability (P/D) represents the incidence
rates of the diseases under consideration in the population
being studied. Thus, in the non-toxic moitre study
(Chapter 4) the frequency with which the three diseases
are seen in the thyroid clinic at the Royal Infirmexy,
Glasgow, are Haghimoto's disease 10 per cent, simple goitre

89 pe® cént and carcinoma of thyroid 1 per cent; this gives

the prior probabilities used in the study of (.10, .89,

JOL),




In the studies described here the population from
which the sample is drawm is well defined, namely, a
porticular thyroid clinic in a particular hospital, and
so the choice ox prior probabilities is simple. Dy
contrast, where a group of diseases is studied without
any clear reference to a specific population, the choice
of priors may be difficult. Boyle et al (1966) avoided
this by choosing the "relative likelihood" forxm of Payes'
theorem in which the prior probabilities are effectively
onitted. The effect of diffevent prlors has been
discuased with reference to Cnshing's syndrome by Fugent
et al (1964) when comparing thelx own study in Salt Leke
City, Utah, U,5.4, to thal of colleagues in a similaw
study in Nashville, Tenessee. In the former group's date
the prior probebility of Cushing's syndrome was 0.25,
while in the laltbter population it was 0,19. Thus, P(D)

can be seen as the 'geogwraphical' component of Bayes?

theorem. Later in the study of non-toxic golire the effect

of different prior probabilities on the effectiveness of
a diagnostic model are explored and discussed (4.6.3).

2eLs4  Likelihoods

Likelihoods might be sald to wepresent quentitatively
the previoug experience of the digeases in question. ¥ig.
2.1 gives an example of Llikelihoods in non-~toxic gollre

which/
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LIKELIHOODS

No. Test Response HASHIMOTO'S | SIMPLE CANCER
25 Consistency Firm . 9057 .5800 .4600
Hard . 0566 . 0400 .5300

Soft L0377 . 3800 . 0100 +
27 C.F, test ++ . 8372 .0100 .0200
.0698 .0513 .1081
- . 0930 .9387 . 8719
8 Pyramidal Lobe Absent . 8491 . 9608 . 9783
Present . 1509 .0392 . 0217

FIG. 2,1, EXAMPLE OF LIKBLIHOODS




19

which is taken from the matrix of likelihoods published
by Boyle et al (1966). It shows that a 'firm' gland is
muech more likely to be Iashimoto's disease (.9057) than
simple goitre (.5800) or thyroid carcinoma (44600); while
8 'haxd' glend is wore likely to be thyrold cancexr (,5300)
than Hashimoto's disease (L.0566) or simple goitre (.0400).
By contrast, the presence or absence of a pyramidal lobe
is very similar in all three diseaseg and so thig test
ia of little discriminating value in these three diseases.
A sequential bechnique 4o seleol tests on the basis
of their expected usefulness in discriminating within a
group of disecases is the basis of the first part of this
thesis. The theoretical basis of this technigue is
described later (2.2).

2+1e5 Pogterior probabillties

The posterior probabilities yepresent the revised
gtatietical opinion in the light of the available data,
ise. the differential diagnosis. The final diagnosis is
allocated to the disease with the highest posterior
probability. In the study of non-toxic goitre (Chapter 4)
a posterior probability of .99 which is unchanged for
three consecubive diagnostic ovders was chosen as the

"gtopping" mule for an acceptable final diagnosis. In



cages where the final posterior probability is less than
«99,; the diagnosis may be regarded as less reliable.

The number of such uncertain diagnoses in a sample
of test cases must clearly be taken into account. In
the apsessment of the value of a model for computer-

assisted diagnosis Croocks et al (1959), Nugent et al

(1964 ) amd Andemson and Boyle (1968) have each introduced

a category of uwncertain or 'gqueried' diasgnosis in which

Judgement is suspended until further information is

available. Crooks et al (1959) using a lineay discriminant

model left an ares in the centre of the linear scale of
their disgnostic index such that a score of from ~L6 to
+11 would indicate a diagnosis of "definite non-toxic",
a scoxe of more than +L9 was "definite thyrotoxic" and

the intermediate score of +11 to +18 was denoting the

"equivocel range". MNugent et al (1964) in their Bayesian

model for Cushing's syndrome, used a final posterior
probebility of .90 ox more for a 'likely diagnosis' with
judgement being reserved in other cases (less bthan .90).

Anderson and Boyle (1968) used as o stopping rule that

the largest posterior probability should be at least ten

times that of the next largest. Other aspects of the
problem of diagnostic certainty and misdiagnosis ave

discussed in detail latew (4.6).

20
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2,1.6 Independence of tests

The assumption of stvatistical independence between
test is made in all studies to date of computer-assisted
diagnosis by conditional probability models. This is,
strictly speaking, unvealistic in practlce since the
various cliniecal, blochemical and other manifestations
of a disease ox a pathological process are likely to have
gome relationship to one another. The ilmportant point
is whether these inter-velationships ave weak or strong
and whether theve is any theoretical or practical benefit
in attempting to measure them and to bake such intere
actiong into account in the model.

In many studies in the literature fthe assumpbtion of.
independence i acknowledged, briefly discussed but dig-
regarded in the calculations (Overall end Williams, 19613
Winkler et al, 1957). Some workewrs have atblemplbed to
reduce the effect of interactlon on the assumption, not
so far conclusively proven, thal failure to take intepaction
into account would reduce the success of the model. Warner
et al (1964) grouped together four diffexent types of
diagnoses which were known to bhe inberdependent and
allowed one positive wvesponse for one or more of them
being present. Lodwick et al (1965) adopted a similar

approach,/
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approach of grouping related tests in their model fox the
diagnosis of primary bone tumours, so that only one test
outoome was recorded for the whole group. Nugent et al
(1964 ) prepared contingency tables for the actual and
expected coincidence of 154 possible paired combinations
of 13 tests in the patients studied, The extent of
interdependence was calculated on the bhasgis of the Chi
square test. Since two tests ( (a) the presence or absence
of ecchymoses and (b) a serum potassium of 3.6 m.eq./litre
or less) were involved in the five significant associations
found, these were elininated and the remaining 11l tests
used in the model.

In the sequential model of non-toxic goitre used in
this study the date used is that of Poyle et al (1966).
In the orviginal preparation of the matrix of likelihoods
thege auvthors eliminated three serum tests known to be
based on sexum globuling and in two other gexum tests
(thymol turbidity and zinc sulphate turbidity) the result
of only one ox other of the tests was used, never both.
Independence among the remaining tests was otherwise
agsumed..

The non~lineax discriminant function model used in
the second part of the thesis uses conbtinuous data and

some/
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some account is btaken in the calculations of interdependence
among the tests used.

In practice the aspumption of independence is
dictated by the lack of sufficlently large samples to take
account of interdependence and by the great increase in
computational time needed., Only in situations where models
based on the independence assumption do not function
efficlently (compared with clinicians) will the move
sophisticated model be necessary. In more theoretical
analyses of the mathematical ‘structure' of diseases, as
in the thyrotoxicosis study described later, the more
sophisticated models are preferable to prevent mige
intevrpretation of data.

2.241 Sequential probabilistic models and information theory

In the introductory chapter the sequential nature of
clinical decision-making was described and in the preceding
section of this chapter the use of Bayes' theorem in the
'static! models of computer-pssisted declsion-making has
been discussed in detail.

In the literature to dete only two forms of sequential
decigion models have been developed.

The first group fall into the category of logical
decision trees where the oulcome of tests are recorded as

Yes/No/
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Yes/No or equivalent clossifications. BIxamples of such
logical decision trees are thogse of Bdwards (1970) (for
the anatomical and pathological diagnosis of dysphagia),
Kleinmuntz (1965) and Wortman (1966) in the neurological
field, and Slack et al (1966G) who used such a logical
decigion tree as the basis of a computer~based history
taking system. Several systems of this type are reviewed
in Taylor (1970c).

Buch logical decision trees are vigid and it is
possible to btake the wrong woute in the decislon tree should
g test outeome be uncerbain or incorvect without any
possibllity of correcting the route in the light of later
information. 'They are likely to make a limited contyib-
ution to the general problem of the clinical diagnosis.

The othex group of sequential decision models are
those based on statistical decision theory. Ginsberg and
Offensend (1968) dealt with o simple decigion problem about
the type of biopsy selected o investigate a collapsed
gpinal vertebra in a 5 year old boy, while Gorwy and
Barnett (1968) used a Llimited form of statistical decision
theory on the data of Warner and his assoclates (1965)
for congenital heart dlsease. The role of decision theory
is discussed later im this chepter (2.4) and a deteiled
analysis of the above gtudies has already been presented

in the literature weview (3.5).
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22,2 The seguential probabilistic model

In olinical practice cliniciens collect data on their
patients in a sequence, being guided at each stage of
selecting the next test by & mental estimate of +the
probabilities of the dissases under consideration. He
chooses the test (ow group of tests) which he expects to
vield most information at the sltage he has veached in
the cese being considered,

It is possible to select testr in a similar way by
using a caleulation which predicts the wost informative
test, The bechnigue used in this study was first
described by Lindley (1956) when he suggested using the
information or 'enbtwropy! measure of Shannon (1948)§ one
of the key concepts of information theory,for sbabistical
problems. This measure was originally used to measure
mathematlically the amouat of information trensmitied by
& communication channel. Lindley suggested that this
could be applied as a measure of the information provided
by an experiment. Thig could then to used to select in
a sequence those experiments which are expected to yield
the greatest gain in information and continue experiment-
ation until a pre-assigned amocunt of information hes bheen
obtained.

Good,/ »
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Good. (1968) suggested that lLindley's use of the entropy
caloulation could be used o select tests in a sequence
to reach a prewassigned amount of information, namely a
posterior probability of an acceptable value. Iach test
is then seen as an experiment.

The technique sugsgested by Lindley uses the posterior
probabilities as calculated by Bayes' theorem for each
test separately. The calculations to select the 'best
test' from the available 30 tests in the non~toxic goitre
study (Chapter 4) is as follows:

(1) For each test ouwtcome the appropriate Likelihood
(from the table of likelihoods) is used to calcoulate the
posterior probability by means of Bayes' theorem. Hence
with, for example, 30 tests and two possible outcomes for
each, we will have 60 postexrior probabilities. .

(2) The posterior probabilities for each ocutcome of each
tegt are combined by Shannon's informetion or ‘entropy!
measure to arrive at a value for the expected gain of
information for each test.

(3) The test with the lowest entropy value (or conversely
the highest information value) is selected as that which
is likeliest to yield the greatest gain of information
whatever the test outcome in the patient in question proves

to be.
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The calculations Jjust described are summarised in
Tige 242, while in Tig. 2.3 an 'entropy' value is calcul-~
ated for each test outcome and the total entropy pexr
test is shown.

(4) In the program used in the study of non~toxic goitre
the 'best test' is selected by the above means, The test
outcome ls entered at the terminal and the posterior
probability (already celoulated for each test outcome)
appropriate to the outcome is used as the new prior
probability for the next cycle. Yhis posterior probabe
ility is printed out at the bterminal and is used to plot
the graphe shown later (Figs 4.8 = 4,11),

The value of such a probabilistic sequential decision
tree ig that it move closely wesembles the actual practice
of clinicians than the 'static' models so faxr used. The
logical decision twees are much more rigid and do uno%
allow the effect of erroneous test outcomes to be overcome
later as in the disgnostic sequential probabilistic model,

2.3 MNon~linear discriminant function model

The noxmal discriminant function technique attempts
to separate two oxr more groups of data by a straight line
(in a two dimensional model) ox its equivalent in higher
dimensions. In some cages no such line can be drawn which

will/
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will separate the groups. A non-linear model (Iig.2.4)
uses an elipsoid to cirvcumscribe each group in the
following memmer (Aitchison, 1971, Personal communication).
Suppose that a numbexr of patients have been diasgnosed

into two clagses and that for each patient the resulls

of t diagnostic tegts ave available.

The technique defines the two groups of patients as ‘two
clustexs in multidimensional space. A measure Lkoown as

the guadratic form for each case is computed which rvepresents

the relationship of that porticular case to the cluster
to which it belongs, and a similar quadratic form is
calculated for the relebionship (in multbidimensional
space) of the same case to the other cluster(s). The

value that the guadratic form takes in any case is determined

by the test oulcomes in the case in question.

The DLasis of the btechnigue can be stated in a more
precise mathematical form in the following ways
Lach patient is represgented by the oulcomes in his case
of the sel of tests clhogen to invegstigate the diseases
in quegtion. The cases sre already in a diagnosgtic
category or class. The set of test outcomes in any one
case is denoted as the vector of outcomes in £ diagnositic
tests,

Let/
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Tet Cl and 02 denote the two classes of vectors of

test outcomes (for example in thyrotoxicosis the classes
ave "cured" and "velapsed").
Letﬁg and, Si be the vector of + means and the co-

It
s #rmacase

variance matrix of the ith group of patients (i = 1,2).

Yor any t-dimensional vector X (test outcomes in a single
patient), define the two quadratic formss
3, G0) = Gex))'s, ey,
and let
ki = max di(x)
x€C;
(that is, let ki = the maximm valuve that the quadratic
form dicn) takes in clags 1)
then @, = (x:di(x) $ ki),
define the circumscribing quadrics of the two classes.
The circumscribing quadrics srxe fitted by the computewx
program to each group in the form of Mellipsoids" taliing
the 'shapes' of these clusters and of such a size that
they Jjust contain all the points of their clusteow.
The degree of separation of the two classes can then
be investigated in two stages -
(1) by zeometrical considerations

(2) by likelihood ratio,

1)/



(1) Any x in C, such that d2(x)y k, and any x in G, such
that d, (x)> k) is said o be separated by geometrical
considerations alone. Any x in C]. or 02 not so separated
lies in Q’J_ﬁ Q29 the intersection of the two quadrics.

(2) Any x in C, or C,, not separated by (1), may be

investigated by consideration of the likelihood ratio

A (x) =(EEE“E%)%' expég% &(:r) - dz(xﬂ} ,

det Sl

where det (.) denotes determinant. Our rule is to vegard
x in O, as separated if A (x) >1 and, similarly x in C,
as separated if A(x) <1,

For the diagnosis of a new patient with vectorXof
test results we compube dl(x) and dg(:x:). If dl(x) s ky
and. dz(x)J‘ k, then x lies in ) but outside Q, and we
dlegnose as in first clasg (‘cure'). If c‘il(x)>kl and
dz(x) = k, then x lies in Q, but outeide Q, and we
diagnose as in second class (‘relapse'). If dl(x) = k’l
and dg(x) s k, the patient is in both @ and Q,3 we then
compute A (x) and disgnose as in first or second group
according asA.(x) >1 or<l., If dl(x)> k, we say that the
new patient is 'oubtside previous experience'y in this
casgse we again compute!\(x) and diagnose as above,

The following points should be\ noted in addition:

1. The nmunber of patients in each class must he at

least/
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least t+l.

2. Separate covariance matrices arve computed for the
two classes and previous experience with the
. bechnique suggest that ‘bthe covarlence matrices are
sufficiently diffewent to make linear digeriminant
analysis of inferior guality.

3. dimilar experience suggests that the likelihood
ratio will be more useful in practice than the
geometric method.

2.4 Statistical decision theory

The concepts of decision theory are not immediately
relevant to the aclual experiments in this thesis but
menyy of the problems of diagnosis and computer-assisted
diagnosis can be illuminated if viewed in terms of
decigion=-making,

In the introductoxry chapter (1L.3) the iﬁportamce of
the value system which guides the clinician in his choice
of investigations and treatment was emphasised. The
concept of financial and non~financiasl costs was also
put forward. The 'principle of rationality'! was shown
$o assert that any rational diagnosticiean acts as if he
ig able to weigh up the advantages and disadvantages of
a decision in common units and meke decisiouns so that

the/
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the expected net advantage is ag large as possible. In
this way he attempts to achieve the greatest benefit foxr
hig patients at miniwum cost.

The concepts of decision theoxy were put forward in
the earliest writings on computer-asgigted diagnosis
(Ledley and Imsted, 1959) but so far have had little
practical welevance in studles to date. Iusted (1968)
discusses itg value in calculating the choice of optimal
treatment and Aitchison (1970) proposes a bechnique for
the caleculation of costs which clinicians attach Lo the
treatments which they choose.,

Since no study involving statistical decision theory
is included in the thesis no further elaboration of the
theory is needed, opart from the geneval principles

covered in this section and in the literature review.
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3.1 Introductions eaxly situdies

Computer-assisted diagnosis hasg developed over the
last 15 years from studies based on symbolic logic ox
discriminent function analysis (often deducing or calcoul=
ating differential diagnoses without actually using a
digital computer) to the present day emphasis on
conditional probability theoxy.

several of the earliest studies used discriminant
function analysis to calculate the disgnogis in liver
disease (Zieve and Hill, 1955), in thyroid disease (Crooks
et al, 1959), in lung cancer (Hollingsworth, 1959) and
to estimate prognosis in pulmonary tuberculosis (Oyama
and Tateuoka; 1956). Concepts of symbolic loglc were
used in several early studies to deduce logically a diff-
erentiation diagnosis. Nash (1954) developed a 'logical
slide rule' for differential diagnosis among 336 common
diseases, while Ledley (1956) and Lipkin and Hexdy (1958)
used a similar logical approach in haematology by means
of marginal punched cards.

However, the most important early paper in the whole
field of computer-assisted diagnosis was undoubtedly that
of Ledley and Imsted (1959) which laid the Ffoundation in
symbolic logic, probability theory and statistical decision

theory for all the significant research since then.
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The general picture that has emerged since 19%9 is
that of active reseéreh in many specialist areas, in
pexrticnlar thyroid disease, cardiology and haematology,
with a strong emphagis on Bayesian conditional probability
models. However, in the last few years such studies have
decreased and no serious atbtempt has been made to apply
the techmnigues alwready available to 'real-life! olinical
situations. This is probably due in part to "lack of a
sufficient number of people endowed with the necegsary
cross disciplinaxry background in both computer science
and medicine™ (Ledley, 1969).

The main reason is almost cerxtainly that the diagnostic
problems so far chosen for investigation do not quite £it
the day~to=day clinical material seen by clinicians. ALL
studies to date have assumed that only one disease is
present (with the possible exception of Warner et al (1961)
in their study of congenitel heart disease) and have largely
ignored the importance of psychological disorders which
very commonly co-exist with or simulabe organic digease
(Taylor, 1969). The author has proposed a two-tier out-
patient system in which the first screening tier is based
on a system of computer-mssisted diagnosis (Taylor, 1970)
using the sequential decision model described in the

previous/




previous chapter (2.1). An important feature of this system
will be the concentration on baking account of dual
pathology (for example, simple goitre with an anxiety

state) and of psychological diseases.

In the following veview of progress between the early
studies Just descxibed and the present the headings
indicate the technigue used. The most important techniques
are those of gymbolic loglc, logical decision trees,
diseriminant function enalysis, conditionel probability
theory and stetisticel decision theory. A brief discuss~
ion of the various techniques of numerical taxonomy used
in the clomely xrelated field of disease classification
is included.

3.2 Symbolic logic and logical decision trees

The paper of Nash (1954) proposing the use of a
Ylogical slide wule' was probably the earliest paper in
this field. The slide rule had a reference set of 336
common digeases listed along one edge. Strips corresponding
to the mymptoms, signs and test vesulits in an unknown case
were inserted into the 'Logoscope'! and the differential
diagnosis is 'vead-off' where a complete line is seen

across the whole of the glide rule. More recently Nash

(1960)

36



37

1960,1963) has applied this technique to a wide variety
of clinical problems and advocated the use of symbolic
logic in clavifying our ideas about the process of
diagnosis.

Ledley (1956) and Lipkin and Hardy (195%8) both
advocated the use of marginal punch cards in arriving at
a logical differential disgnosis. Each disease is
represented by a card with all the disecage features
recorded as marginal punches., By mechanically extracting
the disease cards with all the features of the best
patient's case, a differential diagnosis is autonmatically
reached. Since there is one disease ver card (i.e.
multiple pathology is not considered) and goxrting is done
only on the positive presence of a feature (i.e. no sige
nificance is attached to the abmence of a feature) the
gystem is of Llimited value. Lipkin and Hardy (1958)
applied this method with Llimited success to 26 different
blood diseases. A similar system for use in ophlhalmology
has been developed by Paycha (1955, 1960). Hore recently
Barker and Bishop (1970) have used a compuber program which
scansg patient's records for combinations of gymptoms and
gigns which are sssoclated with a high fregquency of hypo-
thyroidism.

Another/



Another uge of symbolic logic has been its application
to problems of diseasge clagsification and definition.
TFeinstein (1963, 1964, 1966) has written extensively in
this area with particular reference to the definition and
prognosis of acutle rheumatic fever.

More wecently the use of logical decision {trees has
combined the concepts of sywbolic logic with the use of
on~line inter-active computer termminels. By a series of
guestions and answers at a terminal the patient oxr clinm
ician is led logically to a diagnosis.

The most important application of such logilcal
decision-making is with history taking terminals connected
to a computer. In Great Britain, fdwards (1970) has
developed & logical decision tree for the diagnosis of
dysphagia. This is based on his refinement over many years
of an elegant anatomical, functional and pathological
analyses of the mechanisms of dysphagia. le has developed
this for use with an on~line microfilm type computer
terminal connected to & remote compubter for auwtomated
history-taking. Iries et al (1970) has used a similar
logical model in the diagnosis of several types of
arvthritis.

Worner Slack and his group in the University of

Wisconsin/
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Wisconsin (Slack et al, 1966, 1968) have used o L.I.N.C.8
computer with its small visuel display for general history
taking. More recently Mayne et al (1968) at the Mayo
Clinic have experimented with a rather complex microfilm
torminal (with a light pen) for general history taking.
srossmen et al (1968) ot the Massachussets Genewal Hospital
have used a simple teletype for history taking in which
the patient is led through over 200 general history questions
by a simple logical decision tree. The Meyo Clinic system
involves about 300 possible questions snd the Slack system
has about 400 guestions.

A1l of these systems are reviewed in Taylox (1970)
including a comuercial history taking system which is
alrveady bheing marketed by a subsidiaxy of an Auerican dyug
firm (Medidats Inc., Woltham, Massachussebs, U.Sed.).

This system is based on a PP 81 computer and uses as its
data hase a well established medical questionnaire the
Cornell. Medical Index (Bordman et al, 1949).

The disadvanteges of such logical decigion trees axe
theilr rigidity end the fact that erroneous dats may lead
irveversibly down a quite misleading path in the decision
tree., The sequential probabilistic model described in
the fivet paxrt of this thesls has none of these digw

advantages.
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3.3 Digcriminant funetion analysis models

Studies using e discriminant function model were,
as we have geen above, among the earliest in the field
of calculated or computer-agssisted diagnosis.

Zieve and Hill (1955) used this technique to assess
11 liver function tests in normal and cirvrhotic patients
and. showed that 4 of the tesgts could differentiste between
normal and abnormal liver function as effectively as the
whole group. Oyama and Tatsuoka (1956) used 13 items of
information to produce a progunostic score for pulmonaxy
tuberculosis which was 75 per cent correct in its
prediction.

Among the best lmown studies with e discriminant
function model is that of Crooks et al (1959) in the
development of their elinical diasgnostic index for thyro-
toxicosig. A complimentary index for the diagnosis of
hypothyroidism was later produced by the same group
(Billewicz et al, 1969). Gurney et al (1970) have modified
the originel thyrotoxicosis index to take account of
pasychological illnesses., ALl of these thyroid studies
based on linear discriminant functions will be covered
in more detail in the section of this review dealing with
thyroid disease.

Hollingsworth/




Hollingsworth (1959) investigated the early diagnosis
of bronchial carcinoma by linear discriminant function
and produced a linear model which was 85 per cent
efficlent with the 200 cases used. loxre recently Highes
et al (1963) and Norrvis et al (1969) have uged s similar
approach to suxrvival and morhidity after wyocardial
infarction. Nowris et al (1969, 1970) produced ftheir
prognostic index to help in the selection and managenment
of patients in a coronary care uanit. Neurath et al
(1969) have used a similar approach to pre-operative
diagnosis before pelvic surgory. Terris et al (1970)
recently used a non-linear discriminent funcition model
(used in Chapter 7 of this thesls) in the differential
diagnosig of Conn's syndrome.

3«4 Conditional probability models

By far the most frequently used models in studies of
computer assisted diagnosis are those based on Bayes!'
theorem (2.1) or its derivatives.

The earliest paper on the use of conditional
probability models in computer-agsisted diagnosis is that
of Ledley and Imsted (19%59). In this paper the authors
laid the broad foundation in symbolic logic, conditional
probability theory and statistical decision theoxry on

which most of the subseguent worxk in this avea is based.
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In o series of papers since then (Ledley and Imsted,
19605 Ledley and Iusted, 19623 Ledley, 1966) both authors
have developed further the general theoretical framework
in the field and have, in particular, extended the theo~
retical analysis of the use of decigilon theowy in treatment
plamning. Ledley (1959) in particular has developed a
theoretical basis for aunlomatic pattern recognition and
produced the first system for automatic pattern wecognition
of chromosomes (Ledley, 1966, 1969). MNore vecently Iusted
(1968) nas published a monograph on medical decision=
making which agsembles and analyses critically most of
the work In the field of computer-apsigted diagnosis.

The monograph élso inciudes a detailed analysis of the
important toplc of observer exrrox.

Most other studies in the field of conditional
probability models have applied Bayes' theovem to differ-
ing populations of patients. Some have confined themselves
to applying the technigue accompanied by some comments
on its value in vesearch and in clinical practice in
thelr own speciality. Others have attempted to resolve
some of the problems involved in the use of Bayesian models
such as the independence assumption, the effect of puiox:
prebabilities and the importance of non-Ifinancial costs.,

A1/




ALY of these topics arve discussed in detail in the previous
chapter and in the body of this thesis.

The review of conditional probability studies is
perhaps best made under the headings of individual
specialities.

Tn the fiskd of Haematology Lipkin (1964) has used

the likelihood ratio (i.e. the relative odds on each
diagnosis) in the differvential diagnosis of 26 blood
diseases. In this study the computer "matched" the tesl
case to ‘the most likely diseame to produce s list of
differential dlagnoses and to suggest further tests.

In the field of Castro-enterology Rineldo et al

(1963) and Scheinok and Rinaldo (1968) have used a
conditional probability model to amalyse 11 items character-
ising upper abdominal pain and have compared the Bayesian
model with a discriminant function model. The date were
carefully ﬂefiﬂéd in both papers and even with 8 items
from the history alone the compuber program was over 69
per cent acouralte in histus hexnia, gallstones and duodenal
ulcer patients. An important feature of these studies

was that the aim was to predict the radiographic findings
and not an operative or histological diagnogis. In the
comparison of the Bayeslan and discriminant function models

the/
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the former was more accurate for duodenal ulcer, while
the latter was best for gostric ulcers. Wilson et al
(1965) used a conditional probability model in developing
criteria for the wradlological differentiation of benign
and malignent gastric ulcers. From an oxiginal list of
70 items, Bayes'! theovem was used to identify a final
ligt of 31 statistically significant variables.

The mosl important studies in the field of Cgardiology
have been those of Waxnew et al (1961). TFrom a lawrge
amount of clinieal aund laboratory daba they have developed
a Payesian model for 53 items on 35 types of congenital
heart disease. In a series of studies (Toronto et al,
1963; Warmer et al, 19643 Wawner et al, 1965) many
important problems including statistical independence of
date and dual pathology have been thoughtfully analysed.
Templeton et al (1966) and Reale et al (1L968) developed
a similaxy model for the radiologicsal diegnosis of
congenital heart disease, as have Bruce and his co-workers
(Bruce, 19633 Bruce et al, 1961, 1966) in the field of
valviular and ischaemic heaxrt discase.

In other areas of clinical medicine Lodwick et al
(1965) had an accuracy rate of 80 per cent in a study of

primary bone tumours, while Overall and Gorham (1963)

dealt/
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dealt in detadl with pesychistric discnosis. The applic~

ation of a Dayesian model to Cushine's syndrome by Nugent

et al (1964) tackled many important problems, including
the effect of prior probabilities, independence of data
and the comparison of the data used in the study with
identical data collected in another centre.

3.5 Svatistical decigion theory

hpart from the theoretical studies of Ledley (1966,
1969), Imsted (1968) and Ledley and Imsted (1959, 1962)
there are very few studies of decision theory in a
medical context. Gorxny and Barmet (1968) developed a
theoretical seguential decision model based on avitificial
cogte in which a treatment was chosen by a path of
minimal cost?. Ginsberg and Offensend (1968) have used
2 decigion theoxy frameworlk to analyse the sluple decision
problen of chooging a method of biopsy in a child with
a collapsed spinal vertebrae., This declsion system has
four possible diagnoses (bone infection, bone cancer,
histioeytosis and rheumatoid nodule), four Hreatments end
four poseible outcomes (cure, kyphosim, peralysis ox
death). A detailed anelysis of the problem including
decigion trees is included in this interesting btheovetical
analysis,

Do/




Two recent s&m&ies of trestment choice have leaned
heavily on decision theory (fitchison, 1970; Card and Good,
1970). - The former deals in cousidereble detail with
utility estimation in general and in medicine in
particular, and proposes a technigue for caloulating
utility functions from the decision-nsking behaviour of
clinicians which is being used in a study of decision=-
making in thyrotoxilcosis by the wriber,

3¢6 Criticel analvels of computer-assisted disgmosis

Sterling and Pollack (1966) critically reviewed the
approach to computer-sssisted diagnosis. They identified
three types of diagnostic problems: the fivet cabtegory
includes the situation whewe the clinician starits with
no prlor knowledgze of the patient and the authors suggest
the field is too wide for any coumputer systewm, lxperience
with general history-taking systems (Slack et al, 19683
Grossman et al, 1968) suggests this is too pessimistic
a view.

The second category is that of differential diagnosis
such ag in a specialist clinice. It is in this categoxry
that they felt computer~assisted diagnosig was most

promiging.,.

The third category is in electrocardiographic analysis,

processing/
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processing of radiolsotope scans and rvadiation treatment
planning and success in thieg ares is already apparent.

The most diffleult problem of all, according to
these authors, 18 use of computers in decisions wheve
value Jjudgements are iunvolved. The studies described in
an eavlier section (3.5) of this review ave elementary
attempts at this problem,

3.7 Computer-sssisted disease clagslfication

The final part of this review deals with an area
which, like obgerver error gtudies, is closely related
to the topic of this thesis., Because of the similarity
of the techniques used in the studies of thyrotoxicosis
in Chapter 7 to traditional methods of numerical taxonomy,
these will be dealt with In some detail. The most
imporbant techniques wsed in this area are symbolic logic
and numexical baxonomy.

One of the most active workers in the field of
disease classification is Feinstein (1963, 1964, 1966,
1970), who makes extensive use of the concepts of synmbolic
logic and in particular Vemn diasgrams, which poxtray the
logical relationships between groups of symptoms by means
of overlapping circles. Such techniques ave useful in

clarifying/
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clarifying ideas sbout diseases and Teinstein et al (1964)
have made very effective use of such techniques in theix
gtudies of the variations in the manifestations and in
the prognosis of acute rheumatic fever.

In the moye complex problems of clagsification, the
group of techniques known as numerical taxonomy have
been used. These were originally developed for use on
bacteriological sand botanlecal classifications and during
the last decade over 30 methods have been proposed to
measuxe the inter-relationship between ovganisms, plants
or patients (Wishewt, 1969). The subject of numerical
taxonomy has been extensively veviewed in an Importaut
book by Sokal and Sneath (1963).

The general objective of numerical taxonomy (ox
'cluster anslysis' ag it is often known) is to partition
a population of individuals into "meaninzful" or Museful"
clagees, The computer programs nsged in these studles scan
the set of data wepresenting a large population of patients
with & set of relabed disesnses, to detect similarities
between pairs of patients. This similevity is measured
by means of a similarvity cow-efficient and the computer
'1inks! together in paiwvs lnto clusters those patblents
who are most similaw, Over 30 different techniques, based
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on different co-efficients of similarity, are now in use
(Sokel and Sneath, 19633 Wawd, 19633 Wishart, 1969).

Mumerical taxonomy has been applied with success to
the leukaemias (Hayhoe et al, 1964; knox, 1964; Mentel,
1967), pyelonephritis (Zimser et al, 1962), cardiology
(Manning and Watson, 1966) and liver disease (Fraser and
Baron, 1968)., The latter authors have reviewed the
application of rmmerical taxonomy to medicine (Baron and
Fraser, 1965),

Technigues of numerical taxonomy differ radically
from the non~linear model for cluster definition used in
the second half of this thesis., In the non-~linear model
the clusters are specified at the outset of the gtudy and
a mathematical model is fitted to each cluster. Unknown
cases ave bhen diagnosed on the basis of their ryelative
similaxity to these clusters.

In rumerical taxonomy, as we have seen, the clusters
temerge' in the course of the analysis,

3.8 Sbudies of thyvroid disease

The eaxliest study in thyroid dleease was the altbempt
by Schultz and Zieve (1956) 1o produce a remission afler
a single dose of radioactive iodine in thywotoxic patients.

This/
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This study used a score obtained by allocating weighted
values at intervales after therapy to the clinical state,
the thyroid uptake of 13119 the basal metabolic ratle
and the level of serum cholesterol.

The most important early study was that of Crooks
et al (1959) who used the symphom analysis of Weyne
(1954) to identify the most discriminating items in
patients suspected of thyrotoxicosis. A linesy disciime
inant function analysis was used to produce weightbing
factors for the chosen symptoms and signs. A total score
of 2 419 was taken as 'definitely thyrotoxic!, <+11 was
'definite non~toxic', while the intermediate zone of +11
to 419 was designated the 'equivocal range' where clinical
Judgement should be reserved. A success rate of 85 per
cent in 171 test cases was obltained. A decade later the
same group produced a similar index for hypothyroldism
(Billewicz et al, 1969). This is now used for *the follow-
up of treated thyroloxic patients (Hedley, 1970) while
Gurney et al (1970) have modified the thyrotoxicosis index
to take some account of psychological disoxders.

The best lmown conditional probability model in
thyroid disease is thal of Overall and Williams (1961.)
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which was later developed further by Fitzgerald, Overall
and Williesms (1966). Tn this study the diagnosis was
made between three types of clinical thyroid status, i.e.
hypothyroid, euthyroid or hyperthyroid, and pastients were
allocated to these classes on the basis not of laboratory
tests but of response to tweatment after one year's
observation. In this study the Payesien model was 96 per
cent correct;

This same model, including the original data, was
later used by Winkler et al (1967). This latter group
compared in detail thelr own data with that of Mitzgerald
et al (1966) and made impoxtant observations on the effect
of the definition of symptoms (in particular Nethargy!
vhere there was a tenfold diffevence in incidence between
the populations). The model was 91 per cent accurate on
test cases provided by Winkler et al.

More recently Crover and CGordon (1970) in Israel
have umed the same Fitzgerald et al (1966) program and
data on 1,000 cases from Tsraeli centres with an accuracy
of 98 per cente.

The study from which the first part of this thesis
is derived is that of Boyle et al (1966) in the simple

three/
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three digease system of nou~-toxic goitre where the
diagnosis rests between Hashimoto's disease, simple
goitre and thyroid cancer (4.2). Two probabilistic
models were studied, Bayes' theowem and the relative
likelihood (where prior probabilities ere assumed to be
equal )s The latter method was found to he superior

becoause no cases of thyroid cancer were misdiagnosed.
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4.0 Bummazy

A sequential probabilistic model of the disgnostic
process has been developed which is based on a cowmbination
of Bayes! theorem and a 'minimel entropy' calculation
derived from Information theory. It has been applied to
the simple three disease gystems of non-toxic goltre.

The original model based on 155 cases hag been shown to
have an accuracy of between 87 per cent and 93 per cent,
depending on the prior probabilities, when tested with
60 casges derived from tThe same clinic population.

Three experiments with different prior probabilities
were condncted and the most effective model was found to
be that using equiprobgbility, thus confirming other
similar studies elsewhere and sugpesting that priox
probabilities might be safely ignored in future studies,

The factors including f{insuncial and non-financial
costa, redundancy of tests and methods of parxtitioning
continuous data which influence the choice of a diagnostic
model are discussed in some detail, along with several
Illustrative examples.

The great vaviation in discriminating power amohg
tesgts has been shown and the value of a sequential model
in highlighting such veriability is indicated. The
superiority of some clinical tests over expensive
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laboratory tests is also clear when the sequential model
1s used.

Tinally, the importance of the on~line diagnostic
technique developed for this study is emphasised and its
pracﬁioality'fqr future larger decision systems is briefly
discussed,

4ol Introduction

Almost all examples of computer-~assisted diagnosis
to date ave based on the 'static' model described earlier
(Tigelsl). Apart from logical decision trees (2.2), the
only other sequential model is that developed by Gorzy
and Barnet (1968) which is based on a limited application
of statistical decision theory (2.5).

In clinical practice, clinicians collect data in a
sequence, being guided at each stage in the selection of
the next test by a mental estimate of the pwrobsbilities
of the diseases under consideration. Ile selects the test
(or group of tests) which he expects to yield the most
information at the particular stage of the diagunostic
process which hag been reachead,

42 Suatigtical method

In this study the tests to be used are selected in
a sequence by the ‘minimel entropy'! caleculation (Lindley,
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19565 CGood, 1968) described in detail previously (2.2).

Statigtical independence is assumed between the test
outcomes in the study since the owiginal sample was too
small to measure their interdependence and to use it in
the calculations,

In the three experiments in this study the prior
probablilities were initially set at equiprobability
(+33, 33, +33); in the second experiment the prior
probabilities used were those of the clinie populatbion
from which the cases were drawn (.10, .89, OL). In the
third experiment they corresponded to the distribution
of diagnoses in the 60 cases used in all three experiments.
These were 34 cgses of Hashimolo's disease, 19 of simple
goitre and 7 of thyroid carcinoma (566, 4317, «107).

4.3 Clinical data

The data wsed in the calculatlions are derived from
that of Boyle et al (1966) based on & survey of non-toxic
goitre in two thyroid clinics in Glasgow.

In & patiecnt with a visibly enlarged ‘thyroid gland
who i@ not suffering from thyro%oxicosis (i.e., with nonw
toxic goitwe), the differential diasgnosis rests among
Hashimoto's digease, simple golitre and carcinoma of thyroid.
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HISTORY
3 - Discomfort
9 = Pain in goitre
10 - Hoarseness
11 - Dysphagia
12 -~ Choking or tightness
13 - Cough.or stridor
15 - Recent increase in sizab
23 = Duration .
30 = Age

SPECIAL EXAMINATION

EXAMINATION

6

-

8

16

24
25

26

-

—

-

Fixation to tissues
Cervical lymph glands
Pyramidal lobe

Nodular or diffuse
Estimated size of gland
Consistency . ‘

Clinical status

4 = Tracheal deviation (or compression on X-ray)

5 = Laryngeal palsy (indirect laryngoscopy)

SERUM TESTS

1 - Precipitin test’

2
18

19

27
28
29

1

I

Serum globulins !
Gammaglobulin

ESR - )

CF Test ,
Thymol turbidity

Zinc sulphate turbidity

14

17
20

21
22

SPECIAL TESTS

KClOu discharge’ '
B.E.1311

24 hour thyroidal 1311
PRl271

48 hours PB131:

FIG. 4ol. TABLE OF' TESTS USED IN STUDLY.
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Tn the original study by Boyle et al (1966), thivty
itens of information (Ttests') wewe used (Fige 4.1).

The likelihoods (ﬁig,ﬁ.l) uged in the calculations
are based on 155 casess; B3 patients with Haghimoto's
disease, 51 with simple goitre and BL with thyroid
carcinoms. AlL patients had been referved to the thyrold
clinies in the Royal and Western Infiymaries, Glasgow.

The model was tested with 60 new cases derived from
the same clinic population ag the original data. In
each paticot both in the oxiginal data and in the btest
cases the diagnosis was elther established higtologically
(in about 70 per cent of casea) oxr by agreement among
physicians well emxperienced in thyroid diseases.

4.4, Erogrommine technique

In studies wheve the 'sbatic'! view of the diagnostic
process is assumed, Bayes'! theorem (2.1) is applied to
all the available data before calculating the final
posterior probability. This was the technique used by
Boyle et al (1966) and many others (3.4).

In the present study the auwthor wrote the original
computer program in Algol 60 for the L.Cul KuD.¥.9 at
the Computing Service Department, Glasgow University.
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The originsl version was an 'off-line' program where
the data on the test patients were stored in the bhody of
the program as & data~file, Test oubcomes on a patient
being diagnosed by the program were 'vead off! this file
during the running of the program.

The program, using the "minimal entropy' technique
(2.2), calculates which test is expected to be the most
informative at each disgnostic cycle. When this test
selection procedure in the program is completed, the test
outcoume on the particular test selected is read off the
data file on the program, the posterior probabilities
appropriate to this test oulbcome are printed out and are
used as the new prior probabilities for the next cycle,
The 'off-line' version of the program written in Algol 60
ig Bhown in Appendix A,

A typicel exuaple of the output from this version
of tlie pro ram is suown in 4p eueix oy with o siaplilied
vers.on of the same progrem written in sortran IV for the
LaCoise iwcai’ad compubtera

cie main value of the sequential technique lies in
its vesemblence to the sequential approach to decisionw
making used by clinicians. In order to make it feagible

fox/
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for a computer based diagnostic model to bhe used in actual
practice, we must provide the computing facility in the
hogpitel area (e.g. oubpatient clinic) whewve decisions

are made.

This type of facility ls possible using an 'on-line!
computer link to a couputer at some distance from ‘the
clinic. The teletype texrminal (Iige.4.2) is connected to
the computer by a switching device, called a GeF.0,
moden ', over the public telephone circuit. Access to
the computer is obtained by dialling a number using an
ex~dirvectory Lline.

The originmal ‘on-line' program was writben by the
author in Algel 60 for the commercial 'time-sharing!
system of General Ilectric Mnformation Services (G.l.I1.8.)
and is also shown in Appendix A. A similaxr version of
this fon~line!' progran was written by the author for the
on-line system (Cotan 3) provided by Glasgow University
Computing bexvice on their I.C.L. KD.#.9 compuber.

The task of desligning, writing, testing and develop-
ing the set of programs Just described represents about
12~14 mouths' work on the part of the author.

When the terminal is in use, the program selects
after a comuand signal Ifrom the teletype keyboard the

"hest/
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CARDS 14:27 GEIS G @7/704/170

IN SEGI1
IN «FIRST
IN SEG2
IN «FIRST

THIS IS A DEMONSTRATION OF INTER-ACTIVE DIAGNUSIS.

WHEN A QUESTION IS PRINTED OUT», PLEASE . (PE THE RESUL|
CASE RECORD AND THE NEW PRUBABILITIES WwlLL BE PRINTED.
IF YUOU DECIDE THAT NO MORE TESTS ARE REQUIRED,

TO THE NEXT QUESTION.

FTHE PRIOR PROBABILITIES ARE :

C+F« TEST (2737
THE PROBABILITIES ARE NOw :

P.B. 127 1 21)?
THE PROBABILITIES ARE NUW 3

PRECIPITIN TEST « 1)?
THE PROBABILITIES ARE NOW :

THYMOL TURBIDITY (2837
THE PROBABILITIES ARE NOW 3

P.B. 131 I AT 48 HUURS (22)?
THE PRUBABILITIES ARE NOW :

CONSISTENCY (25)?
THE PROBABILITIES ARE NOwW @

GAMMAGLOBULIN (1837
THE PRUBABILITIES ARE NOW 3

EeSeRe (19)?
THE PROBABILITIES ARE NUW 3

FIXATION TO TISSUES « 637

TYPE
HASHIMUTO'S

- 1002002
1

«90196
2

«87137
2

«65129
2 .

«81618
3

+ 99673
1

«99841
1

« 39588
2

«99995
A

THIS COMPLETES THE EXAMINATION

{ISED 53.80 SEC.

AS GIVEN ON THE

AS THE RESPUNSE

SIMPLE

+89000
«39588
« 12442
«33845
+18232
.60232
« 20149
« 20400

-B0000

FIGs 4e3.  TYPTCAL 'ON-LINGE' PRINT OUT FROWM THE

TELETYPE TERMINAL,.

CANcER
«31000
00215
«00421
+01026
00150
22295
02005
29012

+ 20005
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"vest' test from the total of 30 shown in Fig.d.l. The
terminal prints out the name of the tests and awaits entxy
by the physician of the patient's response (test outcome)
before proceeding to select the next most Informative
tests Iig. 4.3 shows a typical exanple of a 'print-out!
from the terminal.
4de> Hesults

The first achievment of the study cawme when both
the off-line version of the progrem (in Algol 60 and
Fortran IV) and the on~line version (G.H,I.5. and Coban 3
versions) were finally zun without error.

The results of the three experiments axre shown in
Pigs 4.4 and 4.5. The overall success rale using the
three sets of prior probabilitics (433, ¢33, «33),
(e10p 89, LOL), (4566, 4316, 116) are shown in Tig.4e4.

The first general observation that can be made is
that the higher the prior probability for a diagnosis,
the fewer the misclassifications in that category in the
60 test cames; this is especially clear in Hashimoto's
digease and thywvoid carcinowma. The best ovexall model
ig that using equiprobability with the third model being
cleoge behind.

Migclamsifications tend to occur in the divection
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HASHIMOTOYS

SIMPLE

CARCTINOMA.

TOTAL

FIG. dude

Misdisonosed as

Study Prior Correct Wreong H S ¢

1 «33 32 2 0 0 2
2 «10 29 5 0 4. L
3 566 32 2 0 0 2

1 33 17 2 1 0 1
o .89 18 1 o o0 1
3 «316 16 3 2 0 1
1 «33 T 0 0 0 ¢}
2 « 0L 5 2 0 2 0
3 116 T 0 0 0 0
Study 1 56 4 = 93 per cent
"2 52 8 = 87 per cent
o3 55 5 = 92 per cent

DIAGRNOSTIC ACCURACY POR 3 STUDIES.




of the other disease with the highest prior probabilities.
for example, in Hosbimoto's disease the misclassifications
with the .10 model are mostly as simple golitre whose
priors in this model are .89; a gimllar trend is found
with misclassifications of carcinomas as simple goitre.
The other misclassifications are probably too evenly
spread to merit comment.

An important aspect of misclasgificetions is their
relative seriousness clinically., Thus, only two mig-
classifications of carcinome occur, IJDoth of these are
found where the prior for carcinoma is lowest of all
(i.e. .01) and the misclassifications are both as simple
goitre (where the priors arve highest of all, i.e. .89).
In both the equiprobability model and the third model
there are no misclassifications of carcinoma at all.

The problem of misclassifications can be viewed in
clinical terms by looking more closely at some examples
of misclassifications. Thus, in the first model
(433, «334 «33) there were four misclassifications.

Two mimple goitres were misdiagnosed, one as Hashimoto's
disease and one as carcinoma. Two cases of Hashimoto's
disease were migdiagnosed as carcinomg..

In the case of simple goitre misdiagnosed as

carcinoma/



Number of Tests

Study Prior 2  3-6  7-10 _>1] 30

I .33 j12 12 3 4 1

HASHIMOTO'S 2 .10 10 16 . 3 0 0
A 3 .566 15 9 3 1 2

1 033 0 3 - 7 3 4

SIMPLE 9 .89 10 5 0 0 3
" 3 3610 4 5. 2 5

1 233 0O 5 1 1 0

CARCTINOMA 2 L0L 0 1 2 2 0
| 3 Ll16 o . 2 > 2 1
A B

LA . Cases with a final probability of .99
B . Cases with a final probability of .51-.98

in which all 30 tests are used,

FIG. 4.5. NUMBER OF TESTS USED IN TEST CASES.
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carcinoms, the thyroid gland was harxd and nodular with
a recent increase in size and, in fact, went to histology
to exclude carcinoma. In the second case of simple
goitre misdiagnosed as Haghimoto's d%seaseg the precipe~
itin and complement fixation tests were mildly positive
even though histology showed & simple goitre  This case,
of course, raises the very importasnt question of dual
pathology, il.e. the co~existence of simple goitvre and a
mild degree of auto~immune thyroiditis, which is well
documented in the literature (Gribetz et al, 1954).

Review of the two cases of Hashimoto's disease
misdiagnosed as carcinoma showed evidence strongly
suggestive of carcinoma. DBoth patients were euthyroid,
both goitres were hard and no immunological evidence of
Haghimoto's disease was demonstrated despite bthe cleax
histological diagnosis, Az was stated earlier, the final
diagnosis was estab}ished in cach case eidbher histologe
leally ox by agreement among clinicians well experienced
in thyroid disease.

Another very impowxtant aspect of the study is summar-
igsed in Mg. 4.5. This shows an analysis of the cases
Awhich were coxrveclly diagnosed in terms of the number of

tests/



teats needed to reach and stay at a probability of 0.99
and. over; also shown are the cases wheve the diagnoses
were correct but vhere the final diagnosis was less than
0.99.

Particularly striking in these regqlta is the fact
that over a third of all the lashimoto's cases were
disgnosed with only two tests or less in the first and
fhird experiments; in all three experiments over two-
thirds of all cases took less than 7 tests. This effect
was least marked in the carcinome cases. The effect of
the high prior probabilities in weducing the numbexr of
tests is particularly mexked in the second experiment
with sinmple goitres.

In each case in the first experiment the wmost inform-
ative test was the consistency of the gland (i.e. in all
60 test cases). In, for exeample, the 12 cases of
Hashimoto's disease in the firvet experiment, the second
est' test were the complement fixation test (10), the
pprteT (1) and the precipitin test (1). The most inform-
ative test in both the second and the third studies was
the complement fixation test.

4.6 Illustraetive cases

The value of a sequential approach is besl seen when
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Probability

1-0- W—m—uﬂm
Hashimoto's

CASE 13
0:54 CLINICAL DIAGNOSIS : HASHIMOTO'S

A

Simple

i Cancer
l D=0 ===~ =0~ 0~0
0 L __ ST - -

25 21 28 6 3 15 7 4 26 30 12 16 23 N
27 1 22 18 29 19 9 5 13 10 2 8 24

Tests
Probability
Cance
1:0 M
‘ CASE 52,

0-5- CLINICAL DIAGNOSIS : CANCER

Slmple
0 Hash.

7 6 21 7 26 16 9 13 22 3 15 Tests

284301910]2232024 n 2 8
FIGe 4464 GRAPH FOR CABE TAKING LLSS THAN 7 TESWS,

PIGe 4e7e  EXAUPLE OF EFTECT OF CONTRADICTORY INFORMATION,



Probability

1:01
Cancer
| CASE 12.
0-5 CLINICAL DIAGNOSIS : CANCER
Hashimoto's
0 o
25 19 15 26 9 5 20 12 16 1N Tests
22 6 4 7 30 13 10 8 23
Probability CASE 29. CLINICAL DIAGNOSIS : HASHIMOTO'S
1:01 '
Hashimoto’s
0:5-
Simple
Cancer
0

25 18 2 30 3 6 9 7 16 20 §
1 22 15 26 23 24 11 10 12 13 Tests

FIGs 448s  TYPICAL GRAPHS OF TEST CASHS
TIGe 449
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the changes in probabilities (as tests are selected) ave
displayed graphically. Fig. 4.6 shows a typical case
which took less than seven tesgts to reach o probability
of 099, Tig. 4.7 shows a case where contradictory
information led to the probabilities oscillating in the
early stages before settling later to a final level of

0.98. 'The outcomes of tests 4, 6, 30, 21, 19, 7 and 1O

were 2

4, Tracheal deviation Yes

6. Tixation to tissues No

30, Age 31=~60 years

o1, pertel 4340 ;aC/100ml.

19, BE.5.R. 0~20 mm,Hg in 1lst hour
Te Cervical lymph glands Palpable

10, IHoarseness Yes

The sequential technique allows wus to pinpoint the poox
or contradictory items of evidence (tests 4, 6, 30, 21,
19) and demonstrates how the positive evidence of tests
7 and 10 overcomes this. Mgs. 4.8 and 4.9 sghow similar
graphs of other cases.
4.7 Discusslon

The place of this model in computer-assisted

diagnosis can be discussed under a nuuber of headings.
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4eTel Sequential v 'static! model

In the introduction to this thesis the segquential
nature of clinicasl decision-making has been discussed
(Figele2). Almost all studies in the field of computer-
agsisted diagnosis have used the 'static' diagnostic
model (e.z. Warner et al, 19613 Lodwick et al, 1965
Fitzgerald et al, 1966). "The exceptions are the logical
decision trees, Thus, Kleinmmntz (1965) used o simple
t"Yea/No" type of decision tree in the diagnosis of
neurological disorders which closely resembles that of
Wortman (1966) while Hdwards (1970) has developed &
gimilar decision tree fox the diagnosis of dysphagia.
fmong the commonest uses of logical decision trees are
the computer based histovy-taking systems using a computer
terminal, of which those of Slack et al (1966) and
Coltart et al (1965) are the best known exomples. Hisbory-
takdng systems of this type are bhrieily reviewed in
Taylor (1970c).

Al of these systems must of necegsity simplify the
complex intersction and exchange of information between
clinician and patient and tend o be wigid. Clinical

situations where a purely logical exchange of information

is poseible are very limited. An incorrect answer to a




question will result in a wrong and irveversible path belng
selected down the decision tree.

The probablilistic seguential model used in this gtudy
approximates much more closely to veality (as studies of
diagnostic skill in Chapter 5 will show) and is much move
flexible, It is also able to cope with misleading
information as the anzlysis of the illustrative cases
(4.6) has shewn. It is of wide application in clinical
medicine and is likely to make the use of computer based
history~taking much more feasible. MNany attempts have
heen made bto use long questionnaires to formalise histoxy-
talkking, for example the Cornell Medical Index-Health
estionnaire (Hidmann, 1964) and the Minnesota Multi-
phagic Personality Iuvestory (Rome, 1962). The labtex
consists of 550 Yes/No statements. The use of a probhgbe=
ilistic decision tree might grestly xeduce the nunber of
items needed for a diagnosis to be made.,

447.2 Costs

The model described here concentrabes solely on the
information processing aspect of the diagnostic process
and takes no account of the costs of the tests or the very
important problem of non-finencial costs (such as the

discomfort/
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disconfort and inconvenience of tests and the 'cost! of
misdiagnosis). The role of statistical decision theory
in providing a framework for formulating such cost consid-
erations has been discussed earlier (2.4).

The only non-logical decision tree so far developed,
apart from the one described here, is that of Gorry and
Parnet (1968). These authors developed a theowetical
decision tree in which arbitrary costs were abtached to
the outcome of clinical decisions. The choice of decision
was decided by computing the expected costs al each
decision point and by selecting the choice with +the
lowest expected costs. The cost values in this study were
not derived from clinicians themselves or from the study
of their behaviour.

Mtehison (1970) has put forward a mathematical
technigue for inferring the costs which clinilcians attach
to the treatment which they select. The asuthor iz at
present engaged in applying this technique to the study
of treatment selection in thyroltoxicosis.

A less complex approach to costs would be Lo concen=

trate solely on financial’ costs and by attaching a cost
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to each test, develop the basic computer program to select
the test with the highest expected yleld of information
per unit cost. 4 cost analysis has been completed in the
Thyroid Clinic at the Royal Imfirmary, Glasgow, and a
modification to the compubter program to take account of
costs is bheing made, It is guite clear from the study

in the following chapter of the cost estimates made by
clinicisns that true financial costs of investigations

are not accurately known to them.

4eTe3 The effect of prior probabilities

The effect of the prior probabilities are summerised
in Figs. 4.4 and 4.5,

The first general observation is that the first model
(o33, o33, 33) is the best from the point of view of
avolding misclassifications. The second model had the
highest total migclassifications and also wrongly disgnosed
two cases of carvcinoma. In o model hased on 'cozts' the
poggible cost of mid&diagnoses such asg these would have
o be taken into account. Boyle and Anderson (1968)
made some attempt to guard against such misdiagnoses iun
effect by attaching weights to each diagnosis so ‘thal
such misclassifications,as missing a case of thyroid
carcinoma, are made much less likely. The same authors
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later compared two models in diasgnosing non=toxic goltre.
These were the nommal Bayesian' conditional probabllity
model, and a modification of this, in which the priom
probabilities were not taken into account (relative likew
1ihood).

The authors in this latter study were in effect
comparing model 2 (.10, .89, OL) the full Bayesian model,
with (o33, 33, «33) the relative likelihood model. They
also reached the same conclusion that the latter model
wag move effective in that it produced fewer misclassife
ications and that no cases of carcinoma were nisdiagnosed.
The same model effectively weights the diagnosis in
favour of carcinome (.33) compared with the actual prior
(.0L).

The overall effect, however, of the prior probasbilities
seems to be smell. This conclusion is of some importance
since the difficulty of matching the prior probabilities
to different population samples (e.g. GePesurgery, general
medical clinic, thyroid olinic) is then avoided.

4oTed Redundancy of cliniecal information

There iz almost certainly a great deal of redundanoy
in data recoxrded on pabtients.
Tige 446 for example, demonstrates clearly that the

great/
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great majority of the tests in this case were superfluous.
Tige 441 shows several tests under the heading 'sewxum
tests'; of these, 1, 28 and 27 are mch more discriminating
than the others (as shown by the fact that they are
gelected much earlier in the diagnostic sequence). HMany
tests could be eliminated without loss of diagnostic
accuracy; for example, test 8 (pyxamidal 1obe) is almost
invariably well down the list of the teslts selected and
this is explained by the likelihoods for this test (Fig.
2.1) whioch show that ite rate of occurrence is almost
identical in each disease. It should be possible to
eliminate bteste by noting their relative position in the
test selection in a lapge numbeyr of temt cases and
removing those which are lowest on the list.

The variation among bests in their discriminating
power 1is alsgo revealed by the graphs (Pigs. 4.6 to 4.9)
and a poor test (e.z. pyremidel lobe) can be precisely
located using this approach. Alteration of the 'normal’!
renge in o laborabory best in a2 particular group of
diseases may moke a test more precise. Thus, Boyle et
al (1966) adopted an informal method of classifying
continnous variables to achieve best separation in the
group of diseages belng studied. The classification of

the/



the exythrocyte sedimentation rate into three classes
(0-20, 21-40,>40 mm in lst hour) was decided after
plotting a frequency histogram and noting that the above
classification achieved the best arbitrery separation in
cages of non~toxic goitre. The important point to note
here is that a test ig being alteved for operational
reasons,; l.e. t; be of maximum value in diagnosing a
group of patients, rather than to make a move precise
measure of a physiological variable.
The discriminating power of climical data (as

opposed to laboratory or other ingtrumental data) may
well be greatly undexestimated. Thus, the test invariably
selected as best in all 60 cases in model 1 (.33, «33,
«33) is the 'comsistency' of the thyroid gland. This is
clagsified ag 'hard', 'fimzm' or 'soft'. It would appesr
that the inevitable observer-error in such a sgign has
not diminished too greatly itse discriminsting power in
this group of diseases; in the second and thivd experiments

(.ng 89, 0L and 566, 316, 116) this test almost
invariably ranks second. The implications of thig feature
are considerable, since this clinical sign is therefore
of compaxrable diagnostic value in this group of diseases
to such elaborate and expensive laboratory tests ag 24~

131 1311.
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The influence of the prior probabilitlies on the red-
undancy of tests is not entirely clear (Fig. 4.5). Thus,
if one uses ag a guide the rnuuwber of cases where less than
11 tests were needed, then the second experiment with 4 7
out of 60 im better than the first (43/60) or the third
(40/60). Howevexr, account must be taken in deciding on
the overall efflciency of the misclasgifications already
discussed. 'Therefore, the difference between the second
and the first is not high enough to deflect one from the
choice of the first model as the overall best.

Cleaxrly, the complex balencing of all such factors
enters into clinical decision~making and by giving
clinicians fresh inslght into the elements of the
diagnostic process we hope to improve disgnostic perfor-
mance (Aitchison, 1970a, 1970b).

The final choilce of a pariticular model in any given
clinical situation must be reached by weighing up such
foctors as the effect of the priors selected, the arbit-
rary level for a final dlagnosis (the level of .99 in
this case represents am errvor vate of 1 in 100 cases),
the factor of vedundancy of tests, the cholce of 'normal
ranges' and methods of clasglfication of continuous data
and, above all, the impovtance of financial and non-

Financial costs.
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deTeb Programming and system desien

This study has shown that the use of an on-Line
computer terminal with suitable programs makes the use
of a computer in diagnosis at least technically feasible
in an oubpatient clinic. In the epilogue of this thesis
dealing with future shudies a plan is put forward for a
cqmputermbased screening clinic, which is under develop-
ment at the Department of Medlcine in the Royal Infirmery,
(Rasgow,

It is impoxrtant to note that this model of non-~toxic
goitre involves only 30 tests in three diseases. The
time delay between entering o patient's resgponse (test
outeome) at the terminsl and printing oul the next 'best
tegt! is of the order of 5.5 =~ 6.0 scconds. In a lapger
model of all thyroid diseases (with 10 or more diseases
and 80 tests) the time delay may be much longer. However,
the compuber used in the present study was rvelatively
sall and it is Llikely that the larger time sharing
systems now under development could successiully menage
guch large caloulation fast enough to make on-line

diagnosis practical.
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5.0  Summazy

In a study of six experienced cliniciens tackling 20
varied cases of non~toxic goitye, the clinicians were
compared in detail with o computer progrem whose
accuracy in diasgnosis was comparable to an experienced
cliniciane

The technigues of information theory, statistical
inference and conditional probability theory were used to
produce a disgnostic profile of each clinician for each
of the 20 cases which he tackled. This profile, consisting
of five measuves of discrepancy between each clinician and
the computer program, allowed the six clinicians to he
compared indirectly with one another.

Using the 'entropy' caloulation from information
theory it was possible to demounstrate, by means of equi=-
lateral wiangles, the gvealt variability in diagnostic
strategies among the group of clinicians.

Measures of personality including extroversion and
obsessionalism showed significant correlation with individual
elements of the diagnogtic profile, with diagnostic accuracy
and with the total number of tests used to diagnose the 20
cases in the study.

Goneral/
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General clinical experience, but not specialist
thyroid experieunce, appears to be related to othew
elements of the profile. The possible relevance of these
findings to the teaching of the diagnostic process and the
gelection of sub-gpecialities by clinlciansg is discussed.

It is observed that individuval clinicians may vaxy
in their capacity for processing information and the
relevance of this finding to clinical decision-maliing is
noted.

The possibility that two measures in the diagnostic
profile, liberalism and ‘diagnosis', may be used to detect
a bype of pattern recognition is advanced. Results which
may indicate that one of the six clinicians in particular
uses this type of infommation processing are presented.

Finally, the role of financial and non~financial costs
in clinical decigion-making is discussed in the light of
egsbimates by the clinicians of the financisl costs of the
laboratory tests used in the study.

5,1 Introduction

The diagnostic process can be viewed as a seguence of
decisiong and is then amenable to analysis in terms of
information theory, probability theory and statistical
decision theoxry.

The/




The sequential model presented in the last chapler has
a diagnostic accuracy of 93 per cent (Fig. 4.4) and so is
comparable in this smell set of diseases to that of an
experienced endocrinologist.

If cliniclansg avre to accept the value of such examples
of computer~assisted diagnosis, a compavison between the
computer program and the diagnostic behaviour of the
clinician is necessary.

Juch comparisons in the past have been based on gimple
differences hetween the diagnostlc accuracy of the clinician
and that of the computer. Several authors have, fox
example, used differvences in percentages of corwect
diagnosis or in the aversge probability ratings (Crooks et
al, 1959; Warner et al, 196L; Boyle et al, 1966). Moreoven,
in such studies the disgnosis has only been made after the
process of data collection is completed (the 'static! or
traditional model of the diagnostic process (Fig. 1.1)).

The sequential process of diagnosis (Fig. 1.2) can
by analysed further intec a simple single recurrent cycle
(Fige 541)s At each such cycle the following factors or
'costs! must be weighed ups

(1) the advanbages of making an immediste correct
diagnosis,

(11)/
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STEP DECISION

1 belect a test
2 Carry out test and observe ouwbcome
3 (i) Select further test, i.ec. return to Step 1

or (ii) meke diagnosis.

TIG. 5.1. SINGLE RICURRENT CYCLE,




(ii) the consequences of meking an over-hasty misdisgnosis
(iii) the finanecial cost, discomfort, inconvenience and
delay due to further diagnostic investigations
before treatment is begun.
The fole of financial costs in diagnostic decisione

making within the MNational Health Bervice is far from clear.

It would obviously differ from that in other countries
where clinicians sre of necessilty more cosgt conscious.

In the design of the study an attempt has been made
to eliminate such coslb-consciousness as may exist by
constantly reminding the participants during each case
that tests were to be regarded as equally available and
'cogt-free .

The prinmaxry purpose of the study is to show how a
detailed comparison between computer and clinicisn is
possible., Objective techniques have been developed which
allow the diagnostic performances of a group of clinicians
to be compared with each other in some detail. The simple
three disease system of non-toxic golitrve ig used and six
clinicians are studied in detail. The influence of
personality faclors and of clinical experience is also

shown.

5.2/
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1st 2na.
TERSTS

SESSION SESSION
A <2 2 5
B 36 3 2
C 7=10 1 0
D 211 1 0
E <e99 2 i e
i} Weong 1 1
GROUP A,B,C, D 2 099
GROUP E <699

lst Session: 2, 9, 28, L2, 13, 20, 17, 11, 4, 23

ona " : 36,1, 2, 23, 11, 15, 24, 25, 17, 16

FIG. 5¢2.  BXPERIMBNTAL DESIGN POR STUDY,




5.2 IThe situdy

A total of 20 cases of non-toxic goitre was used,
comprising 16 diffevent cases with 4 of these repeated
unknown to the participants. The cases were presented 1o
each of six clinicians, members of staff in the Thywoid
Clinic of Glasgow Royal Infirmary, in 2 sessions of 10
cases. The depign of the study is shown in Tig. 5.2.

The cases consisted of 2 cames of Hashimoto's disease,
12 cases (4 repeated) of simple goitre and 2 cases of
thyroid carcinoma; this distribution was chosen as
reasonably representative of the frequencies (10 per
cent, 89 per cent and L per cent) with whioh these
diseases are peen in the clinic.

The cases were selecbted to provide variation in
difficulty by the objective method of classification used
in the previous cheplber (Fig. 4.5). The method groups
cases according to the number of tests required to reach
a diagnostic probahility level of 0.99 by the proceduxe
used in the program (i.e. the comblnation of Bayes'
theorem and the ‘'minimel entropy'! calculation (2.2)).

The cases were presented to each clinician in an identical
random order (Fig. 5.2) such that no clear pattern of
diagnosis or ease of diagnosis was appaxvent.

5.3/
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PROBABILITY ESTQIATE

Teal Teat Nam Outcoma HaahJ Simple Caaoer

26 CL. atatufl Euthyroid

25 Cooalat. Hard

Proclp.T Negative
.1 .8

Cl.nodea

FIG. 5.3. RECORDING SHEET USED BY CLINICIANS.



5.3 Iechnique

The cases were presented in the form of abstracted
case records with the resulis of 30 tests (Fig. 4.1)
available on each. The clinician used a recording sheetb
(fMige 5.3). He began by recording his assessment of the
prior probabilities (incidence rates) of the three
diseapes at the clinic. Me ‘then selected hig first test,
was told the outcome and then entered his revised assesge
ment of the probabilities of the three diseases in the
light of this information. He noted this by dividing the
strip (of unit length in Fig. 5.3) inbo three proportions,
and also recoxded the probabilities below. He then
selected hig next test, was told the outbtcome and again
altered the probabilities as he thought fit. HNHe continued
in this way until he was satisfied that he had sufficient
information to make a diagnosis.

He was allowed to select tests in any sequence, to
'baock track', for exsmple from a laboratory test to an item
of histoxry. He was vepeatedly reminded thal all tests were
equally available and thalt no costs should be taken into
account .

Sed  Analysis
The principles underlying the analysis depend on

statistical/
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statigtical ideas of inference and decision theoxry, and of
information theoxy, particularly the work of Shannon
(1948), Zullback and Leibler (1951) and Lindley (1.956).

The compubter program is that already described in the

previous chapter which operates on the following
assuﬁption%:
(1) for a given disease, the bests are statistically
- independents
(ii) the tests are equally available without costs
(iii) the test selected at cach diagnostic cycle (Fig.5.1)
is that which, welative to the position attained,
promises to provide ﬁcst additional information
by the end of the cycle;
(iv) after a teslt outcome becomes available, the
probabilities of the discase ave updated by the
use of Bayes' theorem.

A elinician's decigion-maling behaviour at each

diagnostic cycle is described bys
(i) his choice of test;
(ii) his updating of the disease probabilities after
learning the outcome of the tesib.
At the étart of each cycle the clinicien is uncextain about
the diagnosig. The degree of hig uncertainty is indicated

vy/
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by the curvent probabilities he is quoting and can indeed
be quentified by means of the ‘entropy' calculation
(Shenmon, 1948) described in Chapter 2.2 and used in the
computer program degcribed above. Tor example, the
probabilities (4,%4,35) assigned to Hashimoto's disease,
simple goitre and thywroid carcinoma correspond to a
maxinmum degree of uncertainty since the clinician is equally
"Sorn' between the three possible disgnoses. At the
opposite extreme, in such a probability assessment ag

(L, 0, 0), the clinician is staling that the dlsgnosis is
certainly Hashimoto's disease and there is no uncertainty
in this view. Such an assessment as (05, 0e3, 0.2)
clearly lies iuntermedlate to these two exlremes in its
agsoclated degree of uncertainty. This intuitive ordering
is wveflected in the quantified degrees of uncerﬁainty [Y
calculated as 1.58, 0 and 1.48 bite (stendard units for
measuring uncertainty amd informetion; see Shannon, 1948)
for the probability assismments (4e5,%), (1, 0, 0) and
(0eB, 0.3, 0.2), respectively.

5.5 The equilatersl triasnsle

An illuvninating method of presenting a cliniciean's
ath to a diasgnosis ig to use an equilateral triengle
2 )

usc/




FIGe Hedo BQUILATERAL TRIANGLE SHOWING CONSERVATIVE
AND LIBGBRAT USH OF THIFORMATION,



A
A

FIG. 5.5. PHOB&BILITY VALUES FOU EACH DIAGNOSIS
HEPHESENTED BY A COLOUR INTENSITY.



HSC (Tig. 5+4), whose vertices wepresent the three disecases:

Haghimoto's disease, simple goitre and thyroid carcinome.
If the altitude of this triangle is of uvnit length then
each point within the triangle can be used Lo represent a
probability assessment for the three diseases, In this
repregentation the distance of the point from the side
opposite a disease vexrtex is the probability placed on that
disease; for example, the digbances of g in Fige 5.4 from
the gides 8C, CH and ¥S are 0.5, 0.3, C.2, and hence g
represents a probahility assessment of 0.5, 0.3, 0.2 on
Hashimoto's (H), simple goitre (8) and thyroid carcinoma
(C). bach time the clinicilan changes his probability
asgessment he moves from one point to another and so traces
out a dizgnostic path within the triangle (Figs. 5.5 and
5.,0)3 his move towards & coxner (for example H) xepresents
his changing proximity bto that diagnosis (Hashimoto's
dise&se).

We can provide an extra dimension to this visual
picture by associalbing with each point in the triangle its
degree of uncertalnty discussed above. If each degree of
uncertainty is represented by a depth below the surface of
the triangle we can trace out as the uncertainty surface
a kind of twiangular bowl (Figs. 5.6 and 5.7). The suxnface

reaches/
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FIG. 5.6. TRIANGULAR BOWL.



FIG. 5.7. MODEL OF TOIAHGUL-'J] BOWL WITH TYPICAL PATH
OF A CLINICIAN.



FIG. §,8. 1aiANGLU WITH COHTOURS OF UHCKRTAHITY.
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reaches to the level of the triangle only at the vertices.
Filge 5.8 shows the uncerteinty countours (Schmitt, 1969)

in the same way as a conbour map shows ocean depth. As

he collects information the clinician moves around the bowl

attenpting to ¢limb towards one of The vertices and so to
arrvive abt a firm diagnosis.

Illugtration of the equilaberal tiriangle,

Fige Ha9 shows the widely different diagnostic pathe
taken by three cliniciansg (Wos. 3, 5, 6) when dealing with
the same case of thyroid carcinoma; alse shiowm by a
broken line is the path taken by the computer prograu.

For each path the point labelled by 0 is the starbing
position. For g clinician this starting point corresponds
to hig view of the incidence rale of the three dlseages in
the clinic; for the computer program this sbtariing point
corvesponds to the obsexved incidgnce pathe in the thyxroid
clinic, namely 0,10, 0.89, 0L for Hashimoto's disease,
aimple goitre and thyroid carcinoma. The successive
points marked along a route show the positions moved to
aftexr succéagive tests. The serial numbers of the tests

gelected were as followss

84.
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Decision~malernr Tests in order selected

Clinician 3 30, 23, 26, 25, 16, 13, 7, 1, 10
Clinician 5 15, 23, 7, 25

Clinician 6 15, 309 231 39 109 125 119 25, 16} 69 7’ 1
Computer program 1, 9, 28, 25, 30, 7

The cluster of points on the diagnostic path of Clinician 6
corresponds to his position aflfter tests 23, 3, 10, 12, 11,
25 and 163 in other words, having arvived there after test
23 he made no alteration to hig probability assessment for
the next six teslts he selected. In each path the final
point shown ig that at which the diagnosis of thyroid
carcinoma was correctly made in each case.

5.6 Discrepancies between computer snd clinicians

The plotting of such paths clearly indlcatles e pilcture
of broad variation between cliniclians, and between some
clinicians and the compubter program. We can obtain, however,
a more penetreting analysis by forcing e compavison between
cliniclan and computer in each diagnostic cycle. To allow
g falr comparison the computer program is made to operate
with the clinician's probabilities at the sbart of each cycle.
In each puch cycle there are then two ways in which differw
ences between the cliniclan’s behaviour and the computer

progran/
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progrem way arises

(1) the test chosen by the clinician may differ from the
computer selection of test

(2) the updating of the probabilities as stated by the
clinician may differ from the updating made by the
computer. Fig. 5.1l0 shows a diagrammetic vepresentation
of the cycle and possible points of discrepancy.
At each cycle, and for each clinician, four measures

may be computed to assess various aspects of these

differences.

5.6.1. MNeagures of discrepancy

Test-selectlon discrepancy, T. At a particular stage

of the diagnostic process the value of any test can be
measured in terms of the amount of information it then
providess that is, the smount of uncertainty it removes.

At any stage of diagnosis 1t is therefore natural to select
the test which promises, or 1s emxpected, to provide most
additional information to discriminate between the three
diseases. The computer program does this (Assumplion 3,
Tige 5.1). The amount by which this meximum expected gain
of information exceeds the corvesponding gain associated
with the test chosen by the cliniclan ig termed the testw

selection discxepancy T.
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ference discrepancy, L. A measuve of the discrepancy

between the clinician's intevpretation of a test oubcome
and the computer interpretation must be some overall
measure of the differences between the two mets of updated
probebilities. One appropriate measure is the Kallbacke
Leibler (1951) measure of discmiminetion, which we denote
heve by I. 'This has the property that it is zero when
the sets of uwpdated probabilities coincide, that is, when
there is agreement between the clinician and the computer
program, aud ls pogitive when there is any disagreement.
The greater the disagveement the greater is the value of
L.

Congervativism=liberalism index, L. In Fig, 5.4

starting from the attained position g, suppose that the
computer move goes to b, while the clinician's move takes
him to ¢. The movement from g to ¢ vepresents a smallew
reduction in uncextainty then the move from & to h. The
clinician may thervefore be said to be acting consevvatively
in his use of data velabive to the computber program in this
case. 1If, on the other hand, he moves to ¢, & pogition of
less uncewtainty than b, he is over-using the date ox
acting liberally relative to the computer program. For

other configurations of gy by ¢ similar arguments apply.

A/
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A measure of this type of discrepancy is the difference [
in the degrees of uncertainty assoclated with b and ¢,
taken positively for liberel, and negatively for conserve
ative behavioux.

Headway towards corrvect disgnosig, D, This is a simple

meagure to show, separvately for each cycle, the wyelative
progress of clinician and computer program towards the
Y

corrvact disgnosis. It 1g sinply caloulated as the differ

[
.3

ence between the updated probabilities assigned to the
known corxect disease, taken positively if the clinician's
asgesdenent is the larger.

5.7 fIllastrative_exampleS

Fige 5,10 has already shown the absolule differences
betwgan cliniclansg and the computer program. g, 5,11
showééthe corresponding cycle=by-cycle discrepancies and
proviaes the (U.T.I.L.D) profile for each clinician in the
same case of thyroid carcinoma. The effectiveness of this
form pf analysis can be illustrated by some observations
on these results., It must be emphasised that no value
judgements are implied in these comparisons. The computer
program merely provides an objective indirect compsrison

emong & number of cliniciang,

(a)/
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(a) Clinician 3 shows a large discrepsncy in test selection
(7) but is close to the computer progrem in intewrpreting
these tests (I). IHe is generally conservetbive in his use
of data (L<0), but is mildly liberal in the use of
information from test 16,

(b) Clinician 5 reduces the degree of uncertainty (U)
more rapidly than the others. e is elso much nearer the
computer program in test selection (1) and uses fewer tests
than,clinicians 3 and 6 to reach s correct diagnosis. In
tegt 7 he is libexal (L)> O) in probability Qstimation and.
is shead of the normative model in progress towards the
diaggosis (D).

(¢) Clinician 6 is more uncertain at the end of his case
then when he began (U)s; he is consistently conservative
(B<.é) and shows a large discrepancy in test selectlon (7).
His inference discrepancy (I) is low, but this may be
explained by the fact that the tests he selects provide
little information when this is calculated in accordance
with the computer program.

The three cliniciansg select test 25 ot diffevent stages
of thelr diagnostlc paths, and yet the test selection
discrepancy T is mero for each, This 1 siumply explained
by test 25 being highly informative for most starting

positions in the triangle.




28 Results

The disgnostic performance of the gix clinicians in
the study can he analysed at several levels.

The pimplest level is that of diagnostic accuracy and
of the nuuber of tests used for each cage by the clinicilans.

More complex information can be acquired by the
analysis of the 'vroubte! or path taken by the clinicians to
a diasgunosis., Wide differences are revealed by this
analysis, pavticularly if the 'entropy' measure (Shannon,
1948) is used.

Differences within the group are moxe easily demonstrated
with;the four nmeasures of discrepancy which, with the
‘entropy ' measure, make up the diagnostic profile.

Interpretation of individual difference is gresatly
helpéd by the addition of data from personality tests and
simpie information about clinical experience.

5.8,1 Disenogtic acocurscy

Cases of varying difficulty were selected for use in
the study by the objective technigue already described
(Pig. 4.5)§ Two of these cases were misdiagnosed by the
computer model, giving it en oversll accuracy of 18/20 in
the study.

The accuracy of the six clinicilans varied fxzom 17 to

20/
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Ciiniclans ranked for cbsessionalisnm

1 & 5 i 2 3
Nurher of correct
cilcgnoses out of 20 20 19 18 18 17
20?-’
)

Total number of

213 174 14l 141 120 153
tests uscd

% Computer 18/20

F:LG. 5 -120

DIAGNOSTIC ACCURACY IN STUDY.




‘CORRECT DTAGNOSIS

Case Computer. Diagnosis 1' 2 3 .4 5 6
1 2 S ST T G T G T 5 B
24 3 5 o o o
2B 3 ‘ S e a6 O & o ©
4 3 S @ @ @ o
9 16 ¢ O e © @ o O
s [ '8 © @
113 Toel s © @,
12 10 ‘ C e @ © O HY ©
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20 2 8 o O O ©
234 2 S © & & © © 0
23B 2 S © © © © O
24 lxc i clic|is
25 2 S o & © © & 6
28 | xc 5 ® © jc] ©

36 3 S QD O O O

20 18 17 18 19 20

FIG. 5.13. DIAGNOSTIC ACCURACY WITH WRONG DIAGNOSES IN BOXES:
SECOND COLUMN GIVES (a) NUMBER OF TESTS IF CORRECT (b)
FINAL PROBABILITY IF <.99 and (c) WRONG DIAGNOSIS OF
CARCINOMA in 24 and 28, FOR COMPUTER.
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20 (Fig. 5.12). An omalysis of individual cases (Fig. 5.13)
shows that in 16/20 cases all clinicians were correct; in
no case were more than 3 cliniclans wrong.

It is important to note that in 20 per cent of cases
the final praobability in the chosgen diagnosis was <.8.
This de reflected in the measure of Vgverage uncertainty
before diagnosis"™ and seems to be related Lo obsessionalism
( 5.8.6).

In the two cases which were misdiagnosed by the
computer, 3 out of 6 {(No. 24) and 5 out of 6 clinicisns
(No. 28) were correct in their disgnosis (Fig. 5.13).

This means that the computer, making use of Dayes'® theorenm
and all the available date (30 tests) was less effective
than the clinicians using belween 6 and 11 tests per case.
since it is unlikely that all the clinicians were guessing,
it suggests that the successful clinicians were processing
the data in & more effective way then the computer. They
may well be using some pattern of intexdependence among the
data which the computer progrem, with Ilts assumption of
independence (2.1.6) has ignored.

It is cleaxly of interest to be able to detect and
study in detbail such 'pattern recognltion's Later in this
chapter a method (based on the 'Liberalism' and 'diagnosis’

components/




NUMBER OF TESTS USED

NUMBER OF TESTS FOR A (ALL CASES). AND B (WITHOUT

THOSE IN BOXES),

Cage _1' 2 3 4 5 6 Computer
1 {10 3 5 6 6 & 2
2o | 7 6 4 4 5 12 3
2B |11 4 8 8 T 12 3
4 {12 8 9 4 8 9| 3
9 9 6 9 6 4 121 16
11410 7 & 7 6 10 °98'
11Bl1L 10 8 7 6 13| (98}
I2 {11 .7 8 6 8 91} 10
13 11 15 12 9 1o 11 5
15 |15 5 8 10 7 6 2

16 |14 6 77 7] 2

A 10 4 6 v 7 71 l.e

asfu 4 7 7 71 5| [6]

20 1L 3 8 T T 1 2 |

23412 4 6 T 7T 6 2

23B | 10 A 5 6 7 6 2

24 9 10 8 10 11 11| |xc

25 |11 4 4 8 7T 6 2

8 | 10 7 12 6 7 11| |xC

36 L1l 5 12 9' 76 3
A '214 120 153 141‘141 174 237

B 153 78104 97 97 117 5T
FIGe5414.4

e o =



'E
W =
= <
= <
= m m.l o~ ™ <
o o a
\N | Q
0s
ge 3
o8 N S
of
= AN
ZV/V///A//VAHE
I | NN i L L
NN 2
%%7///%////////%% NN N TN S
Riinniy £ S
e ________ ///s.o. ||||| o N__T_
e 3W
__.IIHa ..m
| E— 1 T N N T i
] e - | e e 3 s 2 e
“ N - e
a o ) 0 Rl
E % o 8 0w 2 g o o
$°3 gES RS
s Q

TOTAL NUMBER OF TESTS AS HISTOGRAMES,

j;'IGQ 5 .15 )




components of the 'profile') is suggested which may help
to detect the more obvious instances of 'pattern recog
nition' in studies such ag this.

HeBe2 Number of tegts wused

For all 20 cases in the study the computer model
took 237 cases, while the clinlciens varied widely from
120 to 214 (Fig. 5.14). If the 6 cases in which the
computgr was elither wrong or did not reach .99 are
removed (since all 30 tests are used in each case), the
computer clearly uses many fewer tests than the clinicians.
In most individuel cases the computer takes fewer tesbs.

It is worth noting that clinicien 1 took almost
twlce as many tests ag clinlcion 2. This appears to be
related to the degree of obsessionalism of each and is
discussed in detail later in the chapter (5.8.55 5.9.33
5.946).

Another noteworth feature is that most of the cases
(72/120) including the most difficult ones, were diagnosed
with between 5 and 9 tesls per case. This feature
(summarised in Fig. 5.15) mey be explained by Limitations
of short~lterm memoxy ox by the clinician's capacity for
procegeing information. This feature is dealt with in

move deteil later in this chapter (5.8.8).
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PATH

30 age - > 60
23 duration - <1 ysar
15 recent size < no
25 consiatency - hard
6 fixation - yes
7 glands ~ palpable
1 precipitin test - neg.
9 pain in goitre ~ no
13 cough - no
CLINICIAN 1

PATH

26 clintcal status - euthyroid

25 conmistency - hard

1 precipitin test ~ neg.
16 nodularity = nodular
13 cough/stridor « no

7 cervical nodes - palpable

CLINICIAN 2

CASE 9
DIAGNOSIS: C

CASE 9
DIAGNOSIS: C

FIG. 5417. (a) PATH OF CLINICIANS 1 AND 2 IN SAME CASD

AS TIG. 5.9



Tour cases (2, 11, 17, 23) were repeated in the second
half of the study. VWhen the number of tests used in these
cases i3 compared for each half of the study, variation
is again scen (Fig. 5.16). For example, in case 2 there
ié a 100 per cent differvence bhetween cagse 2A and 2B for

clinicians 3 and 4. In general, consistency (or reproduc=

ibility) es measured in this way is good and clinicisan 5
is the most consistent.

5.863 Individual paths to a disgnosis

The wide variation in the routes taken by cliniclans
to a diagnosis has been clearly shown in ig. 5.9, while
Fige 5.17 shows the remalning 3 clinicians in the same
case. This variability takes many forms.

Thus, clinician 6 takes seven test oubcomes before
altering his probabililty assessment and is even more
uncextain gfter doing so. Clinician 2 hesitates and
takes 3 test oubcomes before making a final diagnosis.
The indecisiveness of clinician 6 in this example is
typical of his overall performance, while with clinician
2 the three tesls ave aimed alt finally excluding
Hashimoto's disease and confirming carcinoma.

While it is informative to compare the 6 'roubtes'
for case 9 by inspection, it would be better if more formsl

methods of comparison were possible.
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PATH CASE 9
30 age - > 60
23 duration “-0=-1 DIAGNOSIS: C
16 nodularity = nodular

11 dysphagia = no

7 cervical nodes =~ palpable

6 fixation - yes

CLINICIAN 4

FIG. 5017 (b) PATH OF GLINICIAW 4 IN SAME CASE AS
FIGe 5.9
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The most obvious way would be to make use of the
‘uncertainty ! measure (5.5) which reduces the three probab-
ilities to a single value. It can be used in two wayss
by calculating (i) the average undertainty per teet, and
(ii) the aversge uncertainty before diagnosis.

The average uncertainty per test is a guide to how
long the clinician spends in the centual (Lower) part of
the trianguler bowl. It will be low if the route btowards
& corner is8 rapid and direct gince there will be fewer
tests in the centre where the uncertainty.value is high
(Fige 548)

The average uncertainty before diagnosics wlll measuxe
hov near the clinician goes to a corner (or vertex Fig.5.7)
before pebtling on his final diagnosis.

The valves for these two measures are shown in Fig.
5.18. Clinician 5 has the lowest value for both, while
cliniciang 1 and 6 have high values for both. The signif-
leance of these results is best assesged in relation to
pergonality factors and to clinical experience (see
below, 58465 5.847).

The varied roules of the 6 clinicians in a case of
Hashimoto'!s disease are shown in Iig. 5.19. The computer
model took 5 tests and was'correct, while clinicians 2, 3

and/



PATH CASE 13

30 age - 30-60 years DIAGNOSIS: If
24 size =< 100G

23 duration = 1=10 yoars ™

25 consistency - firm

15 recsnt size ~ you

26 clinical status - suthyroid
1 precipitin test - neg,

6 fixation - no

7 cervical glands = {impalpable
2248 hr, PBI3LL - > 19 D/L
2 ssrum globulin = 0-2,2G%

CLINICIAN |

s | C

PATH CASE 13

26 clinical status - euthyroid DIAGNOSIS: H
25 consistency - {irm

16 nodularity = nodular

7 cervical nodes = not palpable
12 choking/ stridor - no

1 precipitin test - neg.
22 48 hr. uptake - > 1% D/L

6 fixation - no
21 pp 127] - normal
19 ESR - 21-40 mmHg
18 -globulin ~0-0.9 mg

28 thymol turbidity - 2.1-5,0

24 thyroid size -0-100G

15 recent size - yos

30 age = 31-60 years

CLINICIAN 2

FIG. 5.19. (a) PATH OF CLINICIANS 1 AND 2 IN CASE OF
HASHIMOTO'S DISEASE,



PATH
10 age = 30-60 years
23 duration ~ 1-10 years
15 recent size = yeo
10 hoarseness - no
12 choking - no
24 size ~>100G
16 nodularity = nodular
6 fixation - no
11 dysphagia - no
7 cervical glands - impalpable
19 ESR = 20-40 mmHg
4 tracheal dev. =~ you

CLINICIAN 3

S

PATH

30 age « 30-60 yoars
23 duration = 1-10 years
15 recent sise - yes

24 thyroid siaze ~< 100G

16 nodularity
25 consistency
13 couﬁ\l stridor
21 ppleT

1 precipitin test

CLINICIAN 4

S

FIG. 5419,

CASE 13
DIAGNOSIS: H

C

- nodular
- firm

= no

- 3-5

- neg.

(b) PATH OF CLINICIANS 3 AGD 4 IN CASE OF
HASHTHMOPO 'S DISHASE.

CASE 13
DIAGNOSIS: H

C



PATH CASE 13
15 recent sine - yoo DIAGNOSIS: H
23 duration - 1«10 yoars
7 cervical nodes - impalpable
25 consistency = firm
8 pyramidsl lobe = no
16 nodularity = nodular

26 clinical status =~ euthyroid
1 precipitin test - neg.
22 48 hr. PBI31 - > 1kp/L
19 ESR - 21-40 mmHr

CLINICIAN 5

S C

PATH CASE 13
30 age = 31-60 years DIAGNOSIS: H
23 duration = 1=10 years
15 recent size - yeas
3 discomfort - no
24 size -<100Q
25 consistency - firm
16 nodularity = podulay
6 fixation - Do

1 precipitin test -~ neg.
27 compliment fix,
test - +4 .
2z 48nr. PBY3 - > 10w D/L

CLINICIAN 6

FIG. 5,19, (c) PATH OF CLINICIANS 5 and 6 IN CASE OF
HASHIMOTO'S DISHASE,



and 4 misdiagnosed the case as one of simple goitre (Fig.5.13).
Clinician 2 in particulaxr hag a vexry variable route before
making a wrong diagnosis.

In the same case cliniclan 6, although slow to make
use of the test owbcomes which he hasg asgked for, moves
deliberately to the correct diagnosis. Clinician 5 after
nobing that the gland is firm (test 25) is deflected from
Hashimoto's digease by the absence of a pyramidal lobe.

e then moves to eliminate the possibility of simple goltre
(tests 16, 26, 1) before ophing decisively for Hashimoto's
diseasa,

The most striking features of all in these illustrative
examples is the individuvality and variability in the
diagnostic styles of the clinicisng when tackling identical
problems.

B5¢8eH  'Profile analyale': measures of discrepancy

The finst element of the "profile' is the uncexbainty

megsure and this has been dealt wlth in some detail in the
preceding section (5.8.4). For the remaining measures
(test selection, infervence, conservativiem/Liberalism and
diagnosis), the average values per test are shown in

Tige .20, Vhen these values are ranked and compared with
the measures of obsesgionaligm, extroversion and clinical

experience/
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CLINICIAN 1

TEST NO. T | LIB.  CON. D
] 11 «3361 « 0259 -0018 -eR642 -eD291
2 2 +131> +D334 - 9020 -+1041 ~.1601
3 ] + 2000 « 2000 - 0009 - 0000 -2000
4 ] +0009 .2000 « 0000 + 2000 +0000
5 1 « 1024 0022 « 9200 ~.0289 «03178
6 18 «1052 «0149 +0006 ~e0325 -+0344
? 18 +1076 «0081 0076 -.0279 -.0222
8 2 - 3000 +0000 - 2000 «0000 +0000
9 8 <2959 « 0024 - 3000 -.0130 -.20823

10 2 +1287 +0065 + 0000 -.2301 P37
11 3 « 1096 -0007 - 0000 -.0200 -.0203
12 1 1629 - 0084 30237 - 0000 «0621
13 3 «1235 <2821 + 0009 -.B142 -.0117
14 ] 1744 0054 « 2000 -«3063 <8761
15 17 « 1065 +0441 +00B85 -.0392 -.0264
16 9 -1188 «B055 - 0327 -.0362 -.02086
17 [/ « 2000 +0000 +9000 - 0000 .0000
18 o - 2000 - 22089 .2000 + 0000 +2000
19 1 «0567 -0168 + 2000 -.0919 -.1123
20 11 .1232 «0207 +8294 -.0214 +0A450
21 2 +0483 0114 -0000 -+08241 +@B06
22 17 «0653 +8283 «0021 -.0900 =e1119
23 20 «1293 +2139 .8123 -.0220 -.8213
24 16 «1068 .0870 «0036 -.017355 . 1589
25 28 -0410 0762 + 0000 -.1570 -.1138
26 13 1127 <0837 « 0059 -.0103 - 0050
27 2 «0200 - 0009 .0000 +0000 «0000
28 ) +0000 0000 .0000 <0000 +00020
29 ) +0000 «0900 -20020 «0000 - 0000
3@ 20 1056 <0396 @575 -.0671 -+10832

TIGe 5420, (o) AVERAGE VALUES FOR PROFILE MEASURES
FOR CLINICTAW 1,



CLINICIAN 2

TEST NO
1 13
2 °
3 )
4 e
5 o
6 8
7 10
8 e
9 o
19 1
1 ?
12 2
13 2
14 a
15 3
16 7
17 1
18 1

19 1
20 1
21 5
22 11
23 2
24 2
25 20
26 20
21 o
28 1
29 o
30 1

iG. 5.20.

T
«D160
+ 0000
« 3000
« 0000
«0000
Q7917
«BB876
0000
- 0000
«1637
« 0000
«1814
«1236
<0000

«1290

<1276
« 1144
-2785
+@932
-0186
«@3546
- 0030
e1471
«@146
@593
- R000
D662
0000

«0821

+0190
-2000
- 2008
<0000
3000
.0383
.3222
0000
+0000
+@016
0000
-0162
-0113
+0000
<0614
+B159
0197
+0068
+1869
+0369
<0455
+0254
2000
«B585
<1479
-0024
<0000
<1486
0000

2122

LiB.

«0172
+ 3000
- 89020
« 00020
- 0000
« @304
+ 00844
3000
- 0000
- 0000
~0000
8009
«B376
- 2000
« 0520
« 0049
«@374
3000
- 3000
«0203
«0079
«@053
-00029
«0000
«3193
«B333
- 2000
« 0009
«0000

+ 0020

CON.
-.8153
+0000
<0002
0000
-0000
-«0218
-.0334
+2000
+ 0000
-+8163
+20600
-+0695
-.02085
+0000
-.0170
-.0189
<0000
~e8175
-.2844
- <0925
-+0136
-.0227
- 0000
-+0639
-.1189
+03000
+0000
-.08529
<0000

‘.0‘23

(b) AVERAGE VALUBS FOR PROFILE MEASURES

ToR CLINICIAW 2,

~eB164
- 0000
<0002
0000
3000
«1191
+A300
- 8000
-DO00
«0255
= 0000
«0800
«B8924
«30200
~«01087
~+0063
«0921
«B225
~«3776
-«@334
-«0737
--0572
0000
«1797
~+0942
«B176
9000
=+3573
+2000

=e@b57



CLINICIAN 3

TEST NO.

1 2
2 2
3 i

4 3

5 %
6 9

7 5

8 2
9 a2
10 5
11 3
12 4
13 3
14 [
15 11
16 18
7 )
18 2
19 3
29 1
21 %)
22 %]
23 18
24 6
25 19
26 19
217 %)
28 i
29 7]
30 29

FIGe 5420

T

+0395
-0000
«1541
+0368
« 0000
.0820
«0701
. 1685
0000
«1365
<1740
«1737
e 1527
-0008
«1362
<1569
<0000
.0000
« 0574
+ 2695
<0000
-2000
<1604
.« 1540
+0395
+1335
<0000
«2335
-0000

«1328

1517
<0000
«B083
«2578
-3008
»1093
«B465
«39%4
0y:15151%
-2903
«0026
«P449
90302
- 2000
«@B896
« 3006
«0P0a
+ 9000
» 48217
1.3808
«2000
-0800
D242
«3652
«R179
« D460
063
«}185
«9000

@41

LIB.

«3152
+ 0000
- 3000
«@a27
- 0000
«B432
«@1917
«1698
- D003
«2000
« 0094
«@198
«0109
»DOBD
«3131
Q0172
« 0003
» 0000
+0324
0y 15151%)
*+ 0009
<2900
«B075
« Q@002
«0015>
« 0220
« 0009
Q707
« 0900

«200>

CON.

1

B116

<3000

«Q@35

«B1a4

+ @000

«01B1

«B275

0050

+ @200

«D499

Bt21

«2102

«@137

- 0000

«3499

0352

<0000

0320

<1462

«2346

30028

- 0000

3263

« 1284

1647

«0193

« 2009

«A0002

Dy %1%1%1%]

@119

(c) AVERAGE VALUES FOR PROVILE MEASURES
FOR CLINICIAN 3.

-+0230

«00009

~«0158

«200817

-3900

«@258

-eB114

+1296

«2000

-.Q127

@042

-=0144

«0463

- 2000

-«P622

«0160

- 0009

« Q0200

1528

)

« 2308

«3000

«0000

-B215

« 3208

s1564

«®555

« 000

@549

2000

~+e0946



CLINICIAN 4

TEST NO. T

10
11
12
13
14
15
16
17
18
19
20
21
22
23

24

26
27
28
29

39

FIG. 5,20,

v 2 T & O

- 80 @

17

20
17
14

12

2@

20234
0000
- 0033
9000
3000
~1410
« 1044
«B000
<3300
- 30080
«2893
+@831
«1337
- 0000
~AB08
«P976
« 3000
<0000
2300
-0000
«B534
-00080
«@843
+0824
+@139
@709
- 3008
-« 2000
«9000

«2431

« 1942
+0000
«0000
-0008
«0000
<1718
«0599
. 0000
+0000
-A000
.0722
<3003
<0834
+2000
« 1879
<1811
.0000
-0000
+0000
+0000
«0079
<2200
<0102
+3547
+3543
+2834
.0000
+0000
- 00080

D442

LiIB.

+ 20006
- 2000
0000
2200
<0000
+B639
*A411
« 0000
- 3000
- 00020
«B3161
« 9845
- 0000
0000
D247
«2105
2000
-2000
<2200
- 2000
« 0000
0000
«B126
<2211
+0019
«2835
+ 0000
2000
+ 30080

3000

=+@573
+ Q000
0009
* 0009
0000
~.9118
=~ «9229
~ 0000
« 3300

0000

-+0250

-+B684
-+82300
<0000
- <0248
-+88B56
2000
«000D
-0000
- Q320
-.0072
- 0009
~«9304
-+ 1068
~ela24
-.0083
«20020
0000
D000

-.1276

(a) AVERAGE VALUELS FOR PROFILE MEASURES
FOR CLINICIAN 4.

--0103
- 0000
-0200
-0090
0000

«0291

« 0289
<0009
- 0009
0000
«0263
«@0829
0224

«0809

«R291
«00210
- 0000
- 0000
90009
-~ 0009
<8510
0000
+@123

- 1820

«B8619
«0411
.0028
.2000
- 0000

=e1117



CLINICIAN 5

TEST NO. T

10
1
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29

30

12

18

20

20

16

«0082
+10834
2000
+2000
«0423
«@7157
+0440
«1376
<0020
+ 2000
00800
;0000
+0000
<0200
<3752
« 1842
«@599
0020
D426
«0000
«3000
«9132
3828
« 9000
«9243
«P282
- 3000
«2513
0000

«D981

«2185
« 0200
<0000
<3000
«2015
« 0098
«8869
«2519
<0000
«00920
«2000
- 0000
+ 2000
«2000
«@592
«3631
«B3517
<9300
«2969
« 0000
1y141215)
«B406
- 0060
«B000
« 04208
«020123
« 0000
«0818
- 03000

+ 0420

LIB.

«B246
« 00020
- 0000
- 0080
«0039
0000
«@}] 46
0694
« 2009
- D000
- 3000
« 3209
« 0300
- 03009
«B@558
« 3000
«1116
« 3000
«B456
« 00080
<0009
«0091
00326
« D000
« 0052
0000
«Q000
«Q20209
-0000

«0000

CON.

~e@244
=«1146
«0020
«0000
-+0388
-0621
-eB117
-+0010
- 0000
<0000
« D000
« 0000
«0000
« 0000

~+0408

«2713

3000

- 3030

- 00627

«3000

«2000

~+0252

-e@324

<0000

«0700

=+0a91

- 9000

-+1653

-0000

~-+2008

PIG. Be20. (o) AVERAGH VALULS FOR PROFILI MEASURES
FOR CLINICIAN 5,

«92243
« 1047
- 0000
- 0000
+ 0258
0580
«0725
«1328
+ 0000
-~ 0300
« 0000
+« 0000
0000
-0000
«@279
«3322
0711
«00020
«QB893
0000
«3000
9188
<0310
« 00002
2117
«P306
«2000
22736
<2000

«@455



CLINICIAN 6

TEST NO T

1 6 +?3313
2 2 <0009
3 5 e 1454
4 1 499
5 1 « 29617
6 10 «1835

7 B «1133
8 a - 000
9 1 + 1629
19 3 «12173
11 2 . 1322
12 1 +1689
13 2 P00
14 2 - 0009
15 19 «1185
16 18 -1030
17 ) 20D
18 7} -2009
19 2 - 0000
23 5 «P78BY
21 i +B361
22 10 +@339
23 20 <1344
24 18 1208
25 20 «B375
26 2 .1141
27 3 3000
28 ) <0800
29 ) L1 L)
39 20 .1332

TIG. 5620,

(£) AVERAGE VALUES FOR PROFILE MEASURES
FOR CLINIGIAN 6,

«1318
DB
« Q408
«®533
<0033
«B450
~DB61
«030330
<0010
« 30258
<0009
« 9085
0020
- 2009
D444
«B057
0yuls1olY)
« 2009
- 000
«@372
« 3039
«0225
«B144
« 1025
@519
« 0036
«12317
51o114]
« Y20

«9385

LIB.

« 2090
- 3090
+ 0009
« 3028
« Q000
<0081
1y%1%151%]
-DOBY
« 0030
« 2000
- 0009
- 0200
« 0000
-P000
« 3039
« 2036
- NDOD
+ 0000
- D000
9003
0000
D016
+0031
« 3054
+02M
+ Q334
191917
T 1%
-« 0003

Q169

CON

-+0838

«P000

+0345

~e1612

«AN21

-eR402

«¥B541

- QD0

-0108
~eB217
~+0140
-«0353

- 2060

0000
-+0425
-.03088
- 00092
« 2000

~N009

«B586

-+@30%

-+3388

--0361

- «0Bl14

<1299
-.Q072
-+ 1568
- 0000
«A030

-eD661

D

1812
« 0060

«B196

2261

1

«Q4an1

« 3983

« 1601

+ 0000

- 0008

0110
<0067
.01736
.0000
.0200

«3521

ePBO2

<0000

«0000

«0200

«VE20

B371

<0621

«B026

<2005

<2688

@249

¥

21596

«0000

- 2000

~sQ04all



RANY ORDER FOR PROFILE MEANS AND CLINICAL KXPERTENCE

Obsessionslism  Ixperience Test Average 'U' Avexage 'U!
(16 r.7.) G T, Selection Inference Iib. Cons. per test  before diagnosis
1 5 5 3 3 6 5 3 1
6 4 2 1 4 1 3 1 6
5 2 6 6 5 2 6 6 2
4 6 i 2 2 4. 4 4 3
2 1 4 4 6 5 1 2 4
3 3 3 5 1 3 2 5 >

FiG. 5,21, RELATIOHSHIP OF RAWKED VALUES FOR PROFILE, PERSONALITY
AND EXPERTENCE MTASURES,




experience a number of possible sssociabtions emermge (Fige5.21).
Thus, clinical experience appears Lo be related to test
selection, while couservativism is coxrelated with
neurotic obsessionalism (5.8.6). These findings will be
discussed in detail later (5.9.65 5.9.7).

The inclusion of the 'diagrosils' measure in the profile
wos primarily simed atb detecfing'mnasually effective use
of data, Thus if o cliniclan uses data to move to the
correct disgnosis much faster than the computer, then this
may indicate the use of something like ‘'pattern recognition'.

By combining the liberalism and the diégncsis measures
it may be possible to differentiate 'guessing! from such
patbtern recognition. This type of analysis will De
disucssed in more detall later under the heading of
'pattern recognition! (5.9.9)°

Another feature which was investigated was the
relationship between the test selection and conservativism/
Liveralism measures and the frequency with which tests
were selected.

Then test selection values are considered there is a
clear tendency to select effectively (i.e. "' is low)
those tests which are chosen frequently. Conversely, tests
which are geldom selected tend to have a high 'T' value

(Fig. 5.22)o
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Discomfort

Pain in goitre
Hoarseness

Dyaphagia

Choking or tightness
Cough or stridor
Recent increase in size
Duration

Age

Fixation to tissues
Cervical lymph glands
Pyramidal lobe
Nodular or diffuse
Estimated size of gland
Consistency

Clinical status

Tracheal deviation
Laryngeal palsy

Precipitine test

Serum globulins
Gamma globuling

ESR

CF Test

Thymol turbidity

Zinc sulphate turbidity

KC10 4 discharge
B 131

24 hour Thyroidal 131
PB 127.1

48 hour PB 131
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Tn the case of the conservativism/liberalism measure
no clear conclusions can be drawn.

The overall patltern of test selection discrepancies
is shown for all 20 cases in ig. 5.23. In general,
history items are poorest, with clinicians 4 and 5 making
best use of the history. In the laboratory tests the
sexum tests emwe not selected effectively, especially by
clinician 3Je

A similar snalysis of the conservativiem/liberslism
measure (Fig. 5.24) shows a general tendency to under-
value the physicel exemination data with cliniciens 1 and
¢ being the least liberal overall. The consistency of
the thyroid gland (25) appears to be the most undervalued
test of all., This is because it is the most useful test
of all but, although elinicians value it highly, they still

fail to appreciate how useful it is In this group of

5.8,6 Personality factors

In the course of the etudy the influence of personalm
ity faclors was considered ag o possible explanation of
the wide individual variations in diagnostic strategies.

Tt/



It was decided to use two well-established questiomnaives =

the Eysenck personality invenbory (Bysenck and Sysenclk,
1965), and the 16 pevsonality factor questiomnaire
(Catell, 1963), to give an overall assessment of personal.-
ity factors. Decause of the large amount of information
provided by the 'l6 personality factor! test, it was decided
to concentrate on obsessionalism which, intuitively,
seemed the most promising starting point. |

When obsessionalism gppeared to be of some significance
a further questiommaire specifically concerned with obsgssw«
ionalism was used. This questiomnaive (Ingram, 1970)
isolates two second ovder factors fi = 'orderliness', and
fg -~ lindecisiveness', and is based on a populabion of 300
normals. ALl questionnalres were scoved independently by
an experienced clinical psychologist. ©Scores for extro-
version were dexived from The Lysenck p@réonality'immenﬁory
but with the 16 pewsonality factor' test the clinicians

were merely ranked for their degree of obsessionalism.

This ranking was, in faet, identical to the overall ranking
for obsessionalism dexived from the ohsessionalism gquestions
naire before the scores for the two second order factors

were calculated. The resulbs of the obsessionalism

ranking/
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OVERALL
OBSESSIONALIGYM EXTRAVERSION OBSESSTIONALIGM

(16 P.7.) (B.P.1) (Ingram)
1 3 1
6 2 6
5 ' 4 5
4 5 4
2 6 2
3 1 3

FIG. 5.25,  RANKING OF VALUMS TN PERSONALITY TlSTS.



POTAL

OBSESSTONAT,TSM BXTRAVERSION VACCURACY'  TESTS
(16 P.:ﬁ*.) (#.P.1)
1 3 1 1
6 2 6 6
5 4 5 3
4 5 4 5
7 6 2 4
3 1 3 2

FIG. 5.26. RELATTONGHIP BWTWEEN PERSONALITY FACTORS,
ACCURACY AND NUMBER OF TESTS. '
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Hi 'orderliness' 9 6 i 3 14 12
1‘*‘2 Vindecisiveness'3 5 4 3 10 T

FIG. 5427, SHCOND ORDER FACYTORS FOR OBSESSIONALISH,
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renking from the '16 personality factor' test and the
extroversion ranking from the lysenck personality inventoxy
are shown in Fig. 5.25. This shows that these two

rankings ave the exact converse of one another, which is
noxmal e

Vhen the total number of tests used, the diagnostic
accuracy and obsessionalism are reviewed some association
is apparent (Fig. 5.26). No obvious relationship was
found with test selectlion, inference or conservativism/
liberalism . values.

The values for the two second order fachbors fox
obsesgsionalism are shown in Fige 5.27. There was no cleax
relatbionship with any of the profile measures by
ingpection bul thevre was o correlation coefficient of
.81 between conservabivien and fg - lindecisiveness'
which was almost migunificant at the .05 level. Fsctor f2
also correlated negatively with 'average uncertainty before
diagnosis' (5.8.3) bubt its correlation did not reach
significance (Mg, 5.28). 'There were no obvious
correlations between any of the profile measuves snd
£, =~ 'orderliness’.

1

H.8.7 Clinical experience

In/




THYROID GENERAL AVIERAGE

, i . S EeT
EXPERTHNCH CLINICAL UNCERTAINTY e )
(YEARS)  EXPERIENCE  PER magr  ooenClON
(YEARS)

5 5 5 (,0074) 5(.0669)

2 4 4(.0117)  4(.0787)

6 2 2(.0LLT7) 2(.0930)

1 6 6(s0L56) 6(.0972)

4 1 1(.0156)  1(.0997)

3 3 3(.0L78)  3(.1127)

Tige 5.29.  LRELATTONSHIP OF MBAN PROFILE MEASURES
AND CLINTCAL EXPERIENCE,
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In any realistic abtenpt to assess diapnostic perfor-
mance some account wust bhe taken of the level of clinical
experience of the clinicians. Mn this study clinicel
experience {defined as the mmber of years of daily conbact
with practical clinical medicine) was estimated independently
by a colleague familiar with all the clinicisns. The
clinicians weve ranked for both general clinical experience
and specialist thyroid experience. This assesement did
not correspond to age or to years since graduation, since
individual cliniciang had spent vavying lengths of time in
research and other non-clinical activities.

The ranking for general and thyrold experience is shown
in Fige 5.29, with the ranking for average test selection
neasure per test and for ‘average uncertainty per test!
(5.843)e The ranking for the latter two measures is identical
to that for general clinical experience. No obvious
relationship with thyroid experience was found.

These resulbts nmay suggest that test selection is a
hagic diagnostic skill which improves with general rathexr
than specialist experience. The latber associalbion hetween
average uncextainty per test and general experience suggests
that more mature clinicians move more deliberately bowards

a diagnosis, spending less time in the centre of the tziangle.



Case 17 Case 17 one Week Later

.5 - ¢5 -
Consultant 3

TIGe 5430, BRAVPLE OF CASE PROFILE WITH HIGH DIAGNOSIS
VALUE (> o15) WITH HIGH LIBERALISH (> .10).



H5e848 1Chanmel capacity! for information

During the analysis of the clinilcians' performance
the observation was made that many cages were diagnosed
after abont 7 tests (even in cases where the computer used
move then 7).

The mmber of tests taken by each cliniclan in each
of the 20 cages is shown in Fig. 5.14; these results ave
summaricsed in Fige. 5.15. The individual peaks shown in
this figure may be related to the.capacity of individual
clinicians for gccumulating information before making a
final diagnostic decigion.

The gathering of clinical date from a patient by a
clinician can be viewed as an exchenge of information
across a communication 'channel'. It may well be that the
peaks shown in Fig. 5.15 represent the 'channel capacity!
of individusl cliniciang for information hendling.

It is thevefore of interest bto note that Millexr (19%6)
published a famous paper entitled "The magical nunber
seven, plus or wminug two: some limits on our capacity for
processing information™. INe showed, as an experimental
p8ychologist, from & survey of his own and obther research
in this area that the span of absolute judgement is

Limited/

101



limited to a channel capacity of aboubl seven plus or minus
two - whether the problem is to identify auditory tones,
levels of loudness ox taste intensities. Similerly, he
noted that the span of immediate memory for many different
kinds of test patbtterns was aboul seven items in length.

It may well be that the number of discrete items of clinical
information (test Gatcameﬂ) that a clinician can process

is limited in a similar waye.

5849 '"Pattern recognibion'

An important elemeat of the diagnostic process is the
phenomenon of patbbtern recognition. This is usually thought
of as a predominantly visual process. The same term is,
.however, often applied to the mapid recognition of a
diagnosis uslng relatively little Infommation. This latter
type may depend on the intuitive wecognition of some
complex interdependence between test oubtcomes allowing the
clinician to make very rapid and efficient use of clinical
informatlion.

This phenomenon may have occurred during o test case
in this study and one possible method of detecting it
would be Lo uge the 'lLiberalism' measure. If the value fox
this measuwre is high it meang thal the clinician is over=
estimating the value of a test oubcome. In some instances

this/
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number of episodes of liberalism

A B
1 3 3
2 2( (1 A: L>1& D315
clinicians 3 1 0
4 5 0
5 1 3 B: L>1& Dg-0
6 2 0 i

IGeBe3le  TPISODES OF LIBERALISM.



thig may be due to erxror or Lo guessing, but in others it
may represgent to the type of patbern recognition just
described. The compuber model operates on an assumpiion
of independence belween tests and may miss the pattern of
interdependence which the cliniclan uses inbtuitively.

By combining the liberalism measure with the headway
measure 1t may be possible to separate guessing from
vattern recognition. Thus, if the high liberalism value
ig always in the direction of the correct diagunosis
(i.e., with a high ‘'diagnosis' value) then pattern recog-
nibion may be occurring. If the 'diagnosis' value is
negative then the information from the test ontcome has
been misestimated in the direction of a wrong diagnosis.

In an attempt to separate these two types of high
Liberaliem values, the 20 cases were analysed fow
instences of high liberalism (».10). These were divided
into those with a high diagnosis value (Fig. 5.30) (>.15)
and those with a negative diasmosis velue (K.0)., The
results shown in Fig. 5.3L show that only clinicien 3
congigbently showed the pattern recognition type of
liberalism value; cliniciens 1 and 5 were as often wrong

as right.

103
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5.8,10 Tinancial costs of tesghs

In the design of the study, attempts were made bo
minimipe the effects of financial avd other cosls.
Clindcians were constantly reminded that all tests were
equally available and without finencial cost,

However, as an adjunct to the main study, the
clinicians were asked bto estimate the financial cost
(to the nearest shilling) of the laboratory tests used
in the study. The vesults of these estlmates are shown
in Fige Be«32. A calculation of the actual financial
cosbs is included, based on a detailed survey (by the
Department of Opexabtional Research at Strathclyde
University, Glasgow) of the individual laboratories
involved.

The wide discrepancies in cliniciasns' estinmates of
cogts confirm how little insight the clinicians have
into the financisl cogts of the invesbtigations which they
are using evexry week in their roubine practice.

5.9 Discussion

596l  Introduction

The aim of this study is to develop technigues for
the measurement of individual differences in the dlagnostic

strategies/




clinician
1 2 3 4 5 6 s

Precipitin test 120 10 5 12 5 30 v 3.0
Serum globulin 40 15 4 4 20 10 E 2.0
G-globulin 40 25 4 5 20 50 '12.0
E.S.R. 20 8 1 1 5 5 1 2.0
ZnS0,, turbidity 40 20 4 2 20 50 E 5.0
pBr127 300 25 7 20 20 50 : 5.0
BE.1'3! 40 20 40 5 40 10 | 8.2
KCLO, discharge 240 - 60 20 20 70 E 20.0
24 1131 yptake 200 10 50 5 40 30 3 1.0
48 pp1’ 3! 140 13 50 5 20 30 . 7.0
T, Resin sponge 200 17 16 15 20 10 E 11.0
'I‘4 Suppression test 600 30 70 40 100 90 '15.0
Thyroid scan 400 30 80 5 100 50 E -
TRL. Agglut. 120 15 5 12 20 70 |
Thyr. Microsomal i 10.0
Antibody 120 20 5 10 40 90
TSH Stimulation test 600 200 70 ‘300 300 90 143.0

FIGS32, CLINICIAN'S BSTIMATE OF COSTS WITH ACTUAL COSTS
FROM SURVEY,
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strategles of clinicisns. The study dlso represents a
contribution to the long-term process of 'mapping-out' the
interface in clinical decision~making between clinician and
compuber.

Clinicians are studied in detail while tackling rather
formalised decision problems in order to identify, (i)
those decisiong which are most effectively made by
computers, (ii) those in which clinicians excel and,

finally, (iii) those decisions where the combination of

clinician and computer offer the best approach to a
solution.

Before the widespread availability of computexs, the
ohjective assessment of personality by clinical pgychologists
was an important focus for the debate about the relative
merits of clinical and statistical perconallity assessment.
The most important early statement of the problem was in
the book 'Clinical versus Stabtistical Prediction' published
in 1954 by Professor Paul li, iMeehl. TIn this book, which
was concerned primarily with prediction techniques in
clinical psychology, the problem was posed as a choice
between methods of decision-making which are bhased on {he
clinician's rational and inforxmed reflection on the

available/




available information, and those methods which axe dependent
on a statisticlian or a computer PLOZTaN .

YMeehl 's book brousht btogebther and presented objecte
ively arguments which had been developed inbermittently in
psychological circles foxr some years, He was, 1if anything,
inclined to favour the clinician. Hany studies in clinical
paychology have followed this theme in recent years without
a clear resolution of the problem. ‘he advent of computers
has tended to focus more albtbtention on the problem. Huch
of thig wrecenl research has beeun critically veviewed by
Sines (1970).

Yany of the omiginel studies by Meehl (194G, 1960)
were baged on comparisons between statistical methods and
the clinical Judgement of clinical psychologists in scoxing
a well established objective personality test - the
iinnesota multi~phasic personality inventory (M.i.P.I.).

Kleimmntz (1963) hag continued such comparative
studies on the MPL but has more recently (Kleinumuntsz,
1968) studied the diagnostic behaviour of a group of
clinical neurclogists. In these latter studies he decided
to concentrate on neurology because of the highly
structured nature of the clinical data available. The

oxperimental /
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experimental design was basged on the well-known parlour
game "Twenty Questions™. The examiner chooses a discase
which the clinician has to identify by asling guestiouns
to which theve arve Yes/No type amswers.

In ‘essence, the clinician chooses a route to a
diagnosis along a logical decision tree (2.2). These
decigion trees are then analysed in detall. Kleinmuntz
(1968) found that diegnostic accuracy was greater and
questions were fewer among the more experienced clinicilans.
Such clinicians are less distractible (by anomalous
results) and more consistent than their comparatively
inexperienced colleagues. A very similar study was
conducted by Wortman (1965) on a small group of three
experienced neuvrologists. This study also produced
logical decision trees and the conclusions were almost
identical to those of Kleinmuntz (1968). Doth of these
authors found that the more expervienced clinicians selected
the more infomative tests. This finding corresponds to
the asgociation between test selection and general
clinical experience described above (5.8.7). However, in
these studies the informativeness of tests was aot
colculated formally (as in the preseut Btudy) but was
reached empirically by agreement with other experienced

neurologists.
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A similar approach to the analysis of dlagnostic
pexrformance is that of Rimoldl and his co~workers in the
Psychometric Leborvatory of Loyola University (Rimoldi, 1961).
This group developed a 'test of diagnostic skills!' with the
aim of studying how a medical student proceeds o a
diagnogic.

The test uses a set of cards, each with an item of
information printed on one side, which were grouped unden
such headings as ‘'intevview and history] ‘'physical exam-~
ination'! and ‘'lgboratory procedures's The gtudent asks
for an individual card, veads the data on the back of each,
then asks for ancobher caxd and proceeds in this sequential
fashion until he is satisfied with the diagnosis.

Te analysis of test performance is based on such
features as sccuracy of diagnosis, number of caxds requested,
sequence of cards and the 'value'! of cards chosen. This
last score is based on a comparison with experienced
cliniciansg.,

The most important finding with this technique (which
is mainly used for beaching purposes) is that the overall
level of performance rises with clinical expevience.

Apart/



Apart from these two groups of studies there has been
no systemagtic attempt to shudy the diagnostic behaviour of
clinicians in any detail.

In the study described in ‘this chapter the techniques
used have much more in common with the woxk of Phillips
and Idwards (1966) on statistical studies of humen
decigion-making, These authoxs 6ompared hunan decisione
meking behaviour with a statistical model (using Payes'
theorem). They have concentrated on testing individuals
as probability estimators in experimental geme playing
ailtuations where small monetary rewards ave paid for
corvect decigions. Im all of their studies they have
shown that human beings are conservative probability
estimators(ldwards, 1968),

The present study using only three diseases has +the

advantage of retaluing the simplicity of these artificial
experiments while being accepted as reasonably realistic
by the clinicisns taking parte

This study differs from the above studies in several
Ways
le It 1s based on a sequential probabilistic model.

24/
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It concentrates on the informaltlion processing aspect
of the diagnostic process

It uges formal measurements of the informativeness of
tests and of test selection.

It measures liberalism as well as congervativism in
probability estimations.

It attemplts to characlerise diagnostic strategies in
a formal way by such measures as 'average uncertainty
per test' and ‘average uncertainty before diagnosis'.
It includes some atbempt to demonstrate the influence
of personality factors on diagnostic performance.

It attenpts to detect and measure one type of patlexrn
recognition in dndividual clinicians by means of the
liberalism and headway measures.

The results of the study will be discussed under the

appropriate headings. An important general reservation

about the interprebation of the wesults in the discussion

which followes is that the sample of six clinicians is small

and so no firm conclusions can be dvavm. The study iteelf

is seen as an exploratory one,.concexned with the develop=-

ment of teclkmiques and concepts which will be used in

larger studies in the near future.

5.962/
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5.9.2 'Diasnogtic accuxracy!

The exact sigmificance of the range of dlagnomtic
accuracy shown in Fig. 5.12 is difficult to assess. The
range is narrvow but seems Lo bear some relationship to
overall obsessionalism. However, when viewed in relation
to the mmber of tests used, il seeus likely that
clinician 1 and 6 in particular persist in collecting
data until they axre absolutely certain of a diagnosis.

By contrast, clinician 2 is perhaps more impulsive in
hazarding a diagnosis with many fewer tests. Cliniclan 3
who had most misdiagnoses was the least experienced.
Clearly, a compromise mist be reached bhetween over-
investigation and inaccuracy. This will be especially
important if either the tests are expensive or unpleasant
or if the patient's condition is serious.

5.9.3 Number of tests used

The influence of obsessionalism on the number of
tests used has already been noted, while clinical
experience seems to have no obvious influence. The
importance of bhalancing the number of tests used against
diagnostic accuracy has also been emphasised, but if
personality factors are more important than experlience
then the pousibility of reducing the mumber of tesls used

by/



by clinicians is not strong. Tor example, clinicilan 1 takes
almost double (213) the number of tests as clinician 2 (120).
It moy well be that & computer~based selection of bests is
the only way of circumventing the influence of obsessionale
ism and reducing the numnber of tests needed to make an
accurate dilagnosis,

In the gnalysis of 'veproducibility' ox 'consistency'
the influence of clinical experience ig not clear (Fig.5.16).
Clinician 5 is much the most consistent as well as being
the most experienced, but he is probably in any case the
most effective clinician in the gwoup when all measures of
pexrformance are teken into account.

5¢9e4« Individual routes to a dissmosis

The main difficulty about this aspect of the study lies
in comparing such complex measures of diesgnomtic behaviour
with one another. However, some comparisons are easier
than others end there can be litltle doubt that clinician 5
differs markedly from clinician 2 in casesg 11A and 113,
Clinician 5 ig clearly much more certain of the diagnosis,
yvet both are vexry expevienced clinically and do not diffex
greatly in their obsessionalism.

The measure of 'average wncertainty per test'! shows

that/
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that olinician 2 comsistently spends more time in The
centre of the triangle than clinician H., This measure

hag been shown to bear some xelationship to general
clinical experience (Fig. 5.29) and it may be that the
'deliberateness' with which a clinician moves to a
diagnosia (which is reflected in this measuve) is governed
by some underlying strategic disgnostic skill which
improves with experience.

The 'average uncertainty before dlagnosis' is a
meastre of how near e clinician moves to a diagnosis
before actually choosing it. It is negatively correlated
with f2 - indecigiveness, and suggests that the more
obsessionally indecisive clinicians move vexry close to a
disgnosis before feeling cerbain enough to choose it.

These formal emplrical measures can only go a little
vay to characterising the individualiby of xoutes taken by
clinicians, A great deal of infoxmation about individual
strategies remains wmmeasured. It is possible, howevern,
by inspection to note individual diagnostic slyles. Thus,
cliniclan 6 tends to accumlate iunformation at certain
stages in his route before moving off towards a coxhner
(Mig. 549). Clinician 2 appears in case 13 (Pig. 5.19) to
be vexry indecisive but this is in large paxt due lo the

atypical/
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atypical features of this case. TYet clinician 6, normally
indecisive, deals with this same case very much more
effectively than clinician 2.

In future studies such cases, where data is atypical
or incomplete, will bhe used to 'stress' the diagnostic
abilities of cliniciens and to highlight individual
differences in diagnogtic styles.

5.9.5 'Profile analysig!

By contrast with the data on individual roubes, the
'profile! data is much easier to analyse. M important
use of this type of data is the overall view it gives of
the use of history, physical examination and other data.
It helps to highlight particular tests which individuals
or groups undexvalue or select ineffectively and this

feature is used extensively in the teaching system described

o

in the next chapter.

Test selection shows an association with general
clinical experience but not specialist thyroid experience
(Fige 5.29). This sugeests that the ability to select
investigations effectively is a skill basic to years of
clinical experience. The lack of association with thyroid

experience may mean that thisg skill can be transferrved to

other groups of diseases more easily in experienced clinicilans.




Tf this gkill can be leaxnt (as the associatbion with
clinical experience suggests) then it may be possible to
teach uwndergraduates or postgraduates to select tests more

effectively (for example, by the compuber sysbtem described

in the next chapbexr).

By contrast, it may not be so easy bto teach clinicians

to be less counservative since this is not related to
c¢linical experience but to f2 indecigiveness, which may
be difficult to modify. In support of the axgument that
these skills may not be amenable fo teaching is the fact
that clinician 3, who is by far the most consistently
Liberal (Fige 5.30, ®ige 5.3L), is the least experienced
of the groupe.

The use of the liberalism measuve in detecting
pattern recognition is discussed labew,

5.9.6 Fepgonaliby factors

The influence of the pexsonality facltors examined in
this sbudy has already been discussed in relalbion to
dlagnostic accuracy, number of tests, individual routes
and the diagnostic profile. Since these factors seem to
influence the intellectual, informstion processing aspects
of the diagnostic process it seems likely that specific

personality/
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personality characteristics may bring with them specific
cognitive styles which come into play in any form of
decision-making including diagnosis. Toxr example,
obsegsionalism may influence individuals tolerance for
the uncertainty involved in diagnosis. The move obsessional
clinlcian can be seen to ltake many more tesls, to agsess
them moxe congervatively but bhe more pevsistent in

being absolutely certain about a diagnosis. Some
clinicians may act impulsively to reduce the level of
uﬁcertaintyy while others clearly react bto uncertainty by
collecting more information but end up belng more
uncerbtain at the end than they were at the begimming.

It is surprising thatb fl 'orderliness' is not shown
to have an influence but this may be due to the size of the
sample and the fact that most cases in the study were
uncomplicated. It is likely that this factor would he
of greatex importance in complex cases wheve the omderly
assessment of a large of complex set of tests would be an
advantage.

However, the major problem associated with the
influence of pexsonality foctors is thet they axve unlikely
to e amenable to change even in the medical student.
Vhile this obsexrvation would have to be verified in latexr

experinents/
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experiments it seecms likely that the main value of
demonstrating any association belween personality and
diagnostic styles would be in self-selection of medical
specialities. Thus, obsessionalism if merked may he &
considerable advantage (especially if there iz a preponds
erance of fl torderliness') in wesearch, but a positive
disadvantage in some areas of clinical medicine where
rapid flexible decision-making is in great demand.

It is possible thal by providing insight into the
influence of such factors that individuvals, early in their
careers, may select aveas of medicine appropriate to
their siyles of decision-malking. Failing this, they may
gain enough insight into the effect of their type of
personality to avoid cexrtain undesirable trails, e.g.

impulsive diagnosig to which they are pavticularly prone.

5:9.7 Clinical experience
The poseible influence of general clinical expexrience
of test selection and on the 'deliberateness! of an
individual woute to a diagnosis (as measured by the
average uncertainty per test) have alveady been discussed.
One of the most impoxtant sspects of future studies
will be to pursue in move detail the influence of experience

and/
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and to devise methods, such as computer-gssisted instruction,
foxr promoting the more rapid acquisition of diaghostic
skills., Cleardy if the exact welationship of particular
Lypes of clinical experience to disgnostic skills can be
studied, the influence on undergraduate and postgraduate
teaching will be considerable.

It is hoped that specific skills, such as lLest
selection, can be isolated and studied. It seems likely
that what is kvown as 'diagnostic acumen' in fact consigts
of a group of skills, differing from clinician to clinician
in their state of development. Much of what is normally
referred to as ‘obgerver error"must in fact be due to
such indivi&ual differences in cliniecal skills.

It is likély that it will be in the more complex
cases with atypical features that the experienced
clinician will excel. It will be important in fulure
studies to try to confirm the findings of Kleinmuntz (1968)
that experienced clinicians arve less likely to be less
easily distracted from a diagnosis by anomalous informalion
appearing during the asgessment of a case.

54948 'Channel capacity!

The finding of peaks in the nunber of tests used by

clinicians/
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cliniciaus and the possible relationship to 'chammel
capacity ' has heen suggested earliex (5.8.8.).

If these peaks do represent the capacity of clinicians
for optimal processing of data then clearly this is
important in day to day decigion-making. It would
therefore be counter-productive if these findings arve
confirmed to present a cliniclan with 12 to 20 bio=
chenigtry findings from an aubo-analyser at one ‘time.

The original idea of the 'magical nuubex 7' and of
channel capacity (Miller, 1956) has been criticised as
being too passive an idea of information handling by the
brain, It is now thought that the process of detecting
and processing information is & much moxe dynamic and.
active one. This does not, however, invalidate the
suggestion that individuals have a capacity for optimal
processing of information and that this is frequently
exceeded.,

It may well be that the number of teslts used in a
case lg influenced by the short-term memoxy capacity of
the cliniclan who must retain all the data for the final
diagnosis. It would be interesting in future studies to
compare the short-term memory capacity of, for example,

clinicians/



cliniciang 1 and 6 with the others in the group to see if

their larger total number of tests is related to a better

capaclity to retain information.

5949 'Pablern recosunition'

The sgsociation between "liberaliem' and ‘diagnosis!

deseribed in 5.8,9. and its possible relationship to

‘patbern recognition' and 'suessing' ig, of course, purely

speculative. However, the fact that successful liberslism

ig so predominent in one clinician (Wo. 3) who is also
the least experienced, suggests that it may be worth
pursuing in later studiess If it does represent a moxe
effficient method of infovmetion handling, it may well
be inate rather than acquired by experience.

The particular pattern of tests which precede thege
1iberal surges' appeaxrs to be common to all such
instances but in fact is typicalvof almost all the 20
cages completed by clinician 3. IHowever, future studies
would involve the ‘'spotting' of possible 'pattern
recognition! among clinicians. By this type of analysis
they could then be studied in much more detaill,

59410 inancial costs

The wide discrepancies between clinlcians estimates

of/
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of coste and the actual values has been showa in Fig. 5.32;
It is clear that they have little idea of costs and hence
it ig likely that they play relatively little paxrt at
present in the selection of tests by the clinicians in
this study.

5¢9¢Llle 'On-line profile analysig!

During the analysis of the study it was decided to
develop a series of programmes Lo provide the profile
analysis almost ingtantaneously at a compuber terminal,
The techniques and examples of the oulput are described in
detail in the next chaptex.

It is intended that these techniques will be used not
only for teaching but algo to provide a 'test-bed' for the
detailed, flexible, analysis of decision-making by
individual clinicians (such as thome suspected of using
pattern recognition), It will also be used to investigate
gituations where only the combination of the particular
sglkkills of the clinician and the powexr of the computer can

provide solutions to diagnostic problems.
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CHAPTER 6 ¢ THRE AUALYSTS AND TEACHING

OF DIAGNOSTIC BRILLS
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(3) Teaching sequence

6.4 Discussione
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6.0 Summozry

The technigue of 'profile analysis' which was developed
to analyse the diagnostic pexformence of the six clinicians
in the study of decision makers has been adapbted to analyse
and teach some of the gkillg involved in the diagnostic
PYOCEesS.

The computer program used in this technique has an
accuracy comparable to an experienced clinician. By
providing the profile analysis at a computer texrminal
after each decision is made it is hoped that the student
can be taught to perform as well as the computer.

A gtondsrd teletype was found to Le too cumbewrsone,
too slow and too noisy as a lerminal for using the bechnique.
An interactive visuwal display with a light pen was found
to simplif& communication between student and compuber.

It allowed xapid entyry and display of data. Complex
relationships between the elements of the profile were
displayed without any mumbers by means of histograms.

A system with four recurvent 'frames! of data display
with their associated responses from the student has been
developed and is now avallable for trial with students.

The place of such a system in conventional medical

education/




educations in educational tecbnology and among the available
systems of compuber—-assisted dlagnosis is briefly
discugsed,

6l Introduction

In the last chapler a technique for the analysis of
the diagunostic performence of clinicisns was presented.

The main component of this analysis war the diagnostic
profile whose theorebical basis has already been described
in detail (5.6).

The profile is based on discrepancies between the
clinicien's performmance and that of the computer program.

If the student (undergraduate or postgraduste) could be
taught to weduce these discrepancies to nil, then the
gtudent 's accuracy of diagnosis would be the same ag that

of ‘the computer. Bince the sccuracy of the computer program
is 93 per cent (4.4) which is comparable (in this set of
diseames) to an experienced endocrinologist, then there
exists a basis for a teaching systen.

The teaching system can function at a computer terminal
by providing the profile analysis as soon as the student
has chosen his test and has aldered his estimate of the
probabilities. If he is then allowed to reconsider both

his/
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his test selection and hisg probability estimate in the light
of this analysis he ig then in o position to learn.
6.2 The gbudy

The date (likelihoods, prior probabilities and. test
cases) used in this study were identical to those described
in Chapter 5. The 'profile analysis! program was the
bagis for the programg developed in this study.

The study consisted of two parts. In the first, the
‘profile analysis' program was modified 1o allow the prior
probabilities, choise of test and‘probabiliﬁy estinates
to be entexred al a teletype by the student while the test
oubcome and profile analysis resulis were printed out ab
the same teletype by the computer., In the second study,
the same 'on-line' version of the profile analysis program
was used but an interactive visual display was used in
place of the teletype (Fig. 6el).

Both applications used the 'on~line' time sharing
system (Cotan 3) zun on the I.C.L. XDF9 computer in the
Computing Sexrvice Department of Glasgow Universily. The
calculations involved in producing the disgnostic profile
are large and were perforvmed on the main EDI9 computer.
The teletype is used as the lnput/output device in the

first/
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Date ?

Clinician Number ?,

Prior Probabilities ?

The initial uncertainty is 0, 0047

which test would you select first? (30; age)

The outcome of this test is ' ( > 60yearsof 'age)

What are the new probabilities now ?

Your diagnostic profile is now

*  Test WU T I - L D
30 (age) .2072  ,1056  .0222 .1165 -, 0752

Do you wish to continue (i.e. instead of trying another test in place of age) ? (Yes)

Next Test ? (23, duration of goitre)

The test outcome is | ( <« 1 year)

What are the new probabilities now ?

*  Test U T I L . D

30 (age) .2072 © ,1056  .0222  .1165 -, 0752
23 (duration .1713 .0570  .0006  .0040 -, 0027
of :
goitre)
Continue ?

*  These figures would be displayed visually as Histograms '
when an interactive visual display terminal is used. '

PIG. 6,2, TELEIMYPE PRINT OUT,



firet application,; being replaced in the second application
by a PDP8/338 display system (Fig. 6.1).

In both studies the same tesgt cases used in the studies
described in Chapter 4 are stored on the magnetic disc file
of the KDI9 computer system. They are graded into degrees
of difficulty by the obJective technique used in Chapler
5 (5.2).

6.3 Techuigues

£e3.1 The teletype system

The student sits at the teletype and Ldentifies
himself by typing in his name and the date of the teaching
session. Ile is asked to estimate the prior probabilities.
The computer replies (fig. 6.2) by typing out the value
for the initial uncertalnty and asks which test he would
select. -

The student types in the test numbexr agnd the computer
'Tooks up' the appropriate test oubcome on the case being
assessed (on its disc file) and types out this informotion.
The student is then asked to enter the new probabilities
in the light of the information provided by the test oulbcome.

When the student enters the probabilities the computer
uses the profile analysis program to calculate the
diagnostic profile which ig then printed out at the terminal

within a few secondse.
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The student reviews the profile and is asked if he
wants to continue for another cycles to reconsider hig
choice of test oxr probabilities, or to stop and make a
diagnosis.

The teaching session can continue in this mammer Gill
all available teste are used, or can sbop at the end of
any intexmediate cycle. After a diagnosis is made the
student is asgked if he wants to try another case or to
end the teaching sesgion.

then this system was assessed experimentally it was
found that the interchange of information by teletype
between the student and computer was slow and rather noisy.
The user has bo familiavige himself with the teletype
keyboard and the codes needed to operate it. The acquisite
ion of these techniques tended to obscuve the main purpose
of the gystem, namely to teach certain aspects of the
diagnostic process.

The main problem from the point of view of teaching
is that the profile anslysis is presented asg o gexries of
4=-digit numbers. This makes the scamming and assimilation
of the profile information by the student rather difficult,

Pecaunse of these drawbacks it was decided that the
interface hetween the student and the compuler was much

too cumbersome, nolsy and slow.
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In an attenpt to provide an alternative interface
which was unobtrusive, simple to operate and fast, the
teletype was replaced by an interactive visual display.

6.3.2 The POP8/338 interactive visual display with a

Light pen

The PDP8/338 display is attached to the KDIY computer
(Fig. 5.1) and informabtion is entered into the computer by
pointing to one of a mmber of pre-selected areas on the
face of the display tube. This 1s done with an electronic
"Light pen' which is comnected to the display by a cable,.
(Fig. 6.3).

The digplay tube has embedded heneath its suvface a
grid of wires end with them it can locate the area on the
face of the tube at which the light pen is pointed. This
is possible because the Llight pen 'fires' a stvean of
electrons to complete a civeult ot the point on the grid
at which it is pointed. The computer program includes a
record of the information displayed over each area of the
tube at auny given moment (such as a list of tests, FigeGeH)e
In this way, information can be entered into the computer
by pointing at it with the light pen.

The light pen allows the FDP8/338 display to be used
as an input terminal, while output information is displayed

on/
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on the face of the tube, either as lines (or shapes) or
as alphanumeric data., Probabilities can be entexed by
dividing a line (drawn on the face of the tube) into
proportions with the lisht pen (Fig. 6.4) while the
profile analysig can be displayed as & set of histograms
(Fige 647).

In this way the interactive visual display can
provide rapid, silent interaction between student and
computer, The student is then able to concentralte on the
learning process without bheing distraclbed by complex numbers
or by the technology involved in this type of teaching.

6e3.3 The teachine sequence

Vhen using the interactive visual display the student
goes through a teaching cycle which consists of four
tframes! of information displayed on the face of the tube.
A, A line divided into twenty units is displayed. The

student indicates his estimate of the piriox probabilities
by dividing this line into three portions with the
Light pen (Figs Ged).
Bs The second frame gives the list of available tests
(Pige €6.5), The student chooses his btest by pointing
at the test number with the light pen. In later .
cycles fthe list displayed has removed from it those

testes already selected,



FIG. 6.4. LIMi; FOR INDICATIUG PROBABILITIES,
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C.

In the third {frame the test oubcome is printed out
along with a graph to remind the clinician of his
choice of probabilitles up to the previoug cycle.
After noting the test outcome and reviewing the
graph (fig. 6.6) he divides up. the calibrated strip
in thig frame to indicate his revised probabilities.
Within a few seconds the 'profile analysis! is
displayed in the fourth frame as a set of histoprams
(Mig. 647)s e is then asked if he wishes to sop,
to continue to the next choilce of test or to
reconsider his move. ITf he chooses to contbirue, he
then moves into the next cycle and the list of
available tests (minus the one just chosen) is shown.
If he wisghes to ‘backitrack' then the list appears
again with his last test reinstated. e can then

choose 1i he wisghes a new test, or he may confine

himself Lo reconsidexing his estimate of the probabile

ities in his owxiginal choice of test.

He contimues in this cyclic fashion till he is

patisflied that he has veached a diagnosis. Vhen he does

80, he indicates that he wishes to ptop after the 'profile!

frame 1s shown.

mumber or to stop. I he chooses a new caese the priow

probabilities arve agsumed to be as hefore, and he starts

again/

He will then be asked to choose & new case
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FIG. 6.6. GRAPH OF PROBABILITIES WITH TEST OUTCCME,



PIG. 6.7. PROFILE ANALYSIS.



again by choosing his "best' test.

If he wishes to stop, the computer as well as vecording
his performance on the disc, prints out on an adjoining
teletype a list of his choice of tests followed by the
actual measurement of hig discrepancies to four places of
decimals (Mig. 6.2). It also indicates his "backbracking'.
This nmumericsl wecoxd can be used for scoring as well asg
more detailed studies of diasgnostic behaviour, including
the diagnostic strategies of different cliniciansg.

6.4 Discussion

The two studies presented lun this chapter deal with
systems which have not been assessed by students. Discussion
migt thevefore be confined to the place which such techniques
might play in computer-aseisted instruction and in medical
education in general.

The field of computer~sssisted diagnosis hasg been under
develoymeﬁt since 1958, In 1961 about five major systoems
exigted in the United Statesg, rising to about 100 at present
(Pressmen, 1970).

Host of the present day projects involve such subjects
as engineering, mathemstics and personnel itraining of many
types. In medicine only a few systens exist, and none ave
in routine use. One of the begt known exaupleg is that of

Swetz/
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Swetz and Teurzeig (1965) which uses an IEM 1500 compubewn
and an alphanumeric terminal snd light peng the system at

the University of Illinois is based on a CDC 1604 computer
(Pressman, 1970). In the United Kingdom the only established
sygtem ig that in the “Compuler-basged Learning Project' at
the University of lLeeds (de Dombal et al, 1969, 1971).

This latter gystem concentrates heavily on surgical gastro-
enterology and used a 'Modular One' computer.

In all of thege systems the basic philosophy ig thatb
of a 'Hocratic' learning system based on questions and
answers. The student ig asked questions, gives his answen
and, if wrong, is provided with varying awounts of information
to remedy his deficlencies in knowledge. Such systems are
the logical developments from progremmed learning sysbems
such ag the tape/slide methods of teaching (Marxden et al,
1969 ).

The system described in this study is based on
information theoxry, decision theory and conditional pro-
bability theory. It concentrates on the infornation
processing aspects of the diagnostioc process and seemg lo
be unigue in both these respects.

It is likely that the 'profile analysis' system would
be seen as a third component in an experimental automated
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approach to medical teaching. The first stage would use
the well-established technique of tape-~slide presentations
(Farden et al, 1969) to present factual and conceptual
information to the student. The second stage might use a
'Socratic! type of system to test out the student's grasp
of the information provided by4the tape/slide systen. It
wonld allow some limlted analysis of the wesponses of
individual students and provide factual and other assist-
ance to the student in difficulties. This type of flexib-
ility is impoasible with the tape/slide approach.

The last stage is provided by the profile analysis
technique developed in +this chepter. This approach is
even more flexible than the 'Socratic' systems. It tests
the student's ability to assess clinical information with
cazes of varying degrees of difficulty. It emphasises the
imnportance of selecting the best investigotion and of
placing the right emphasis on the value of the test
outcomes. Lt can be also used to illustrate the relative
mexits of the history, physical examination and of laboratory
tests.

The 'profile! amalysis bechunigque could, of course, be
used alone to complement conventional teaching methods.
Indeed it is likely to find a place in complementing rather

than/
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than replacing traditional approaches such as the lecture
or clinical demonstration. It may well be of most value
in teaching groups of students ovr in illustrating a
lecture,

The system described here ig an experimental one,

Tt ie possible that only part of the profile (e.g. test
seclection and conservativism/liberalism index) may be
necessary for undergraduate teaching and that much cheaper
displaye can be used eventually once techuiquesg aund
concepts arxe simplified.

In the earliest version of this system the teletlype
was found to be slow and cumbersome and the delay made the
printing of the histograms quite impractical. The intere
active display simplifies both the input and output modes,
The Light pen allows the student to indicate choices simply
by pointing and involves no activity at the beletype. e
can sit in frout of the screen throughout fthe tenching
session. The use of the ‘calibrated gtrip! for estimation
of probsbilities is vexy simple.

The output, in the form of graphs and histograms,
allows the rapld visual asgimilation of highly complex
information. Above all, complicated inter-relationships
between the measure of performance (i.e. histograms) can

be/



be demonstrated, which would be vexry difficult if they
were displayed nuvmerically.

The speed of interaction allows for a smooth
integration of the student's response to information
and the computer's analysis of his response. The 'backe
tracking! facility provides great flexibility in the
learning potential of any one test case. To provide such
flexibility in a stege I (tape/slide) or II ('Socratic!')
system would be very complex indeed.

The 'profile' gystem hag, of coumse, many 'game-playing'
Teatures and should provide a challenging situation forx the
student. 'The development of a scoring system which will
encourage the student is being considered. The technique
already allows for mauny diffevent 'roules' to a fiunal
diagnosisg, which would still give acceptable total scores
on all the discrepmicy measures which are recorded.

The concenbration on the informaling processing
aspects of the diagnostic process is deliberate, since
other aspects of the diagnostic process, such asg the
critical importance of the doctor-patient relationship of
obgerver ervor and of formal history-taking, are bhest taught

in the waxrds or outpatient clinics.
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1.0 Pamaxy

A non~linear discriminant function techuique which,
in contrast to the Bayesian model of the previous chapter,
uses absolute numbers and takes some account of inter-
dependence between tests is used to attempt to predict
within three months the three year oubcome of treatment
with anti-thyroid drugs.

The general problem of treatment of thyrotoxicosis is
briefly reviewed before the data, experimental design end
computing technique are dealt with in some detail.

Two studies of the behaviour of patients treated with
anti~thyroid dxugs are described. The fivst detailed study
of fifty patients yielded data about the time-~dependent
behaviour of both cured and relapsed patients. This
information was used to design a second study of eighty
patients, which showed thaot while the non-linear technique
did not separate the two groups at control or three months
separation, the combined values allowed 90 pex cent
separation with all the cuve cases being identified.

The possibility of several sub=groups within the
disease entity of thyrotoxicosis was also discussed in
some details.

Tl Introduction

n/
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In the previous three studies (Chapters 4-6) a
sequential conditional probability model has bheen used
where aun assumpblon of independence between tests is made
and test outcomes are divided into 2 or 3 classes (Tig. 4.1).
The problems associated with the independence assumption
have already been discussed (2.1.6). The division of test
outcomes, e.g. age, into classes clearly does not make full
use of the information provided by a test.

The model used in this chapter uses continuous data
and takes some account of interdependence between bests.

Te2 'he treatment of thyvroboxicosis

Although thyrolid function tests have been of greatb
value in the disgnosis of thyroid disease, their use in
mansgement is very limited. They are useful in confirming
the clinical diagmosis bul when it comes to deciding which
of the available treaitments (i.e. anti-thyroid drugs,
surgery or radio-iodine therapy) is best they ave of almost
no value (Alexander et al, 1970).

Bach treatment has o major disadvanbtage thus radio-
iodine has a high incidence of late hypothyroidism, while
with surgery vrelapse and hypothyroldism are a considerable
probleima

YNo/



No attempt will be made to weview or present the
relative merits of these thwree treatments. The decision
problem 1s here narrowed down to that of predicting those
patients who ave most likely to have a remission with anti-
thyroid drugs.

In the treatment of bthyrotoxicosis with anti-thyroid
drugs the main difficulty is that about 50 pex ceunlt of
the patients welapse alter complebing a normal course of
treatment. Since both radlo=-iodine therapy and suvgery
are destructive in type, it would be wvexry valuable clinically
to be able to predict during the early months of twreatment
with drugs which patients would xelapse and which would
remain euthyroid. If this were possible, suvgery or radio-
lodine could then be reserved for those who were
unsuitable foxr drug therapy.

Te3 The studies

The patients in this study were part of a large group
of thyrotoxic patients treated with anti=thyroid drngs for
an average of oné year and followed up for at least two
more more yeare by Doctors W.D. Alexander gnd D.G. Mclarty
in the Gardiner Institute, University of Glasgow.

The patients were disgnosed as thyrotoxic on the basis

of/
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of a thyrotoxicosis index score of %+.9 (Crooks et al,
1959) and a serum pE-2l of >7+5 mG/100mL,

The patients were clagsified into two groups according
to their response to a regime of neomercazole (30-40 mg
daily, reduced to maintenance doses of 15H=20 mg when
euthyroid) and triiodothyronine (80 uG daily). 4 'cured'
group was defined as those patients who remained euthyroid
(on the clinical and biochemical criteria used above) for
two years after cesmation of anti-thyroid treatment. A
'relapsed' group consisted of those who relapsed and
became thyrotoxic (by the same criteria) at any time within
two years after cessation of drug therapy.

The studies were divided into two parts:

1, Frst studyv. 4 group of cases wasg chosen on which

complete data were available at control (before treatment)
and at one, three, six and twelve months after the
beginning of treatment (Fig. T.1).

This group congisted of 50 cames, 21 clagsified as 'cured!
and 29 as 'relapsed'.

The aims of this study were to observe the welationship
of the two clusterg over time and to attempt to use
measuremnents of this relationship to discriminating
between the two groups, i.e. in predicting outcome of

treatment with anti-thyroid drugs.



TIME SCALE for PREDICTION

‘CURE
neomercazole + T3

L I | —

C 3 6 12 24months 36
'Y A A A
'RELAPSE

FIGe Tels INTERVALS USED 1IN BTUDY,



141

2e Second study. A second larger group was studied aflex

the first study was completed. It appeared likely from
the results of the fivst study that best discrimination
would be possible by combining the data from control
and three months.

This group consisted of 80 cases, 40 'cured! and 40
'relapsedt. Thege cases were studied separately at
control and ab three months. This wag then followed by
combining control and three month data.

Ted Data used in the studies

After much experimentation with smaller groups of tests,
a total of eleven tests was uged at control time and twelve
tests used for all other intervals.

The ligt of tests used 1s shown in Tg. T.2. The age
was recorded in years, duration of symptoms in months and
goltre size was estimated by palpatioﬁa other hests include
2 and 20 minute thyroid upihake of radioiodine 1321 and PBI,

3

plasma inorganic lodide and ahsolute lodine uptake, 1™ regin
uptake and free thyroxine index (Alexander et al, 1967, 1.968).

Teb5 Method of analyvsis

The analysis used in this study is based on the

techinique of non-linear discriminant function, first used

by/
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by Ferris et al (1970) and described in detail Dby
OMnircheartaigh (1970) in his Ph.D. thesis in Glasgow
University. The programs used in the 'analysis are those
contained in the above thesis and modified by the writex,
The technique is described in detail in Chapter 2.3
and consiste, in essence, of representing the two groups
of cases asg ., two clusters in multi-~dimensional space.
Illipsoids are fitted to each of these clusters and are

then examined for thelr degree of separation. The degree

of separation in this study is calculated by the likelihood

catio (2.3).
A test program is constructed from the means of the
data from each group, the inverses of the co-variance

matrices, the maximun values of the guadvatic forms, the

devermingnls of the two clusters and the prior probabililties

for each of the two groups. ALl of this data is gvailable

from the analysis program except the prior probabilities,

which are assumed to he equal, i.e. 0.5, 0.5,

The test program prepared by the writer will be available

at a teletype in both Royal and Western Infirmaries using

the XKDFY Cotan 3 on~line system. This will allow the test

progran to be used, if necessary, on patients attending

either Thyroid Clinic.
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T.6 Regults of first study

The 50 cases in thig part of the study were analysed
uging the non-linear discriminant funcltion program already
desgcribed, The dala used in this snalysis were the outcomes
of the tegts shown in Fig. T.2. This analysis produced the
five sets of likelihood watios shown in Fig. Te3.

¥hen these values wewe plotted as scatter disgraus
at each of the five intervals chosen for the study (Fig. T.4)
a variable degree of overlap between the two clusters was
shown at every interval., This indicates that complete
separation of the two clusters is not possible.

In assessing the information provided by the scatterx
diagrams, the relalive stability of the clusters is woxth
noting. ‘'thus, the 'cure' group remains welatively stable
except at one month, when the cases are much more scaltered.
By twelve monthe the cure group is quite distinet. This
may well corrvespond to the fact that by this time it is
usually fairly obvious which casges vespond well to drugs
and which will not.

By contrast the 'velapse'! zroup axe very much moxe
widely scattered at all intexvals.

Hoyve detalled information can be gained by focussing

attention/
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Control One
month

1.173 + 4 1.956 + 7
2.897+ 2 1.461 + 21
7.978 6.342 + 4
6.347+ 1 1.137+ 1
8.813 4+ 3 1.558 + 2
3.125 3.441 - 1
2.901 + 2 9.585
Infinity 8.710 + 11
2.608 +1 1.798 + 1
7.205 -1 9.383
3.787+ 1  2.084 + 10
6.783 2,636+ 3
8.411 1,338+ 1
7.298+ 1 1.035+ 1
2,122 + 1 1.110 + 13
1.546 + 4 8.448+ 6
7.018 9.543
1.175 + 4 2,009 + 17
6.029 + 1 1.511 + 2
2.409 + 5 2.170 + 8
1.702 7.237+ 10

"CURE"

Three
months
7.382+5
2,367+ 1
2.197 +
7.329+1
1.741 + 2
4.371 + 2
1.114 + 1
8.544 + 6
5.148 - 1
5
1
4
1
3
1

—

1.053 +
1.831 +
4.713 +
4,622 +
1.364 +
6.676 +
2.549
2,064+ 1
2.372 + 1
1.606 + 3
Infinity
6.911 + 1

Six
months
2.294 + 8
1.458
2.570 + 1
1.077 + 2
1.027
1.282 + 2
1.845 -1
3,642
2.67 -1
1.33 +1
1.406 + 9
2.542
3.131 + 3
2.906 + 1
1.506
2.999 +
1.630 +
6.409 +
3.311 -
Infinity
1.994 - 1

LS LI

—

One
year

6.042 + 29

3.375 +
4.581 +
4.384 +
1.784 +
5.667 +
8.629 +
4.358 +
8.773 +
1.150 +
6.598 +
1.956 +
Infinity
. 456 +
.441 +
211 +
.029 +
. 474 +
97T +
.241 +
211 +

N 0N 0N W e e

(a) LIST OF VALUES WOR LIKELIHOOD RATIOS
IN FIRST SUUDY -~ 'CURE' GROUP,
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Control
6.350
1.542 - 2
1.655 - 2
2.820- 5
4.064 - 6
3.195 - 15
8.858 - 22
4.683 - 6
9.659 - 20
6.669 - 1
5.991 - 2

- 1.850 ~ 1
2.436 - 7T
1,006 - 18
5.368 - 9
1.287- 5
4.603 - 6

Zero

1.918 - 6
3.805- 3
1.965

4.988 - 4
8.795 - 11
3.066 ~ 2
3.878 - 12
6.322 - 14
1.125 - 4
2.611 - 20
4.431 - 23

"RELAPSED"

One
month
3.800
1.508
9.739
2.067+ 1
4.181 - 5
4.341
3.328-13
7.134 - 5§
2,177
9. 450
4.477- 1
1.2713- 5
9.802 - 6
Zerxo
Zero
Zero
1.792 - 8
4.297- 4
1.237- 1
1,082 - 12
5.430 - 1
Zero
7.210 - 4
1.321
9.603 - 6
2.9178 - 13
2.191 - 8
2.733 - 2
2.860 - 20

Three
months
1.196 - 4
1.024 - 5
1.029 - 4
9.171 - 1
Zero
2.497- 3
3.208- 9

2.224

8.428 - 22
3.169 - 22
1.107 - 10
1.839 - 24
3.497 - 29
9.605 - 1

Zero
4.353 - 4
6.342 - 6
2.818 - 4
3,244 - 17
3.913 - 22
1.803 - 1
1.429+ 1
4.905 - 11
2,330+ 1
5.046 - 19
1,445 - 21
Zero

1.046 - 9
1,114 - 2

Six
months
1.556 - 7
8.641 - 3
2,229~ 3
1.375- 5
9.480 - 9
4,181 - 2
6.373 - 14
4.846 - 4
Zero
Zero
1.175 - 6
1.160 - 12
6.681 - 11
6.704 - 3
4.115 ~ 12
1.330- 6
4,162 - 23
1.059 -~ 23
Zero
Zero
6.153 - 1
4.428 - 1}
5.528 - 2
2.161 - 3
7.482 - 17
3.726 - 27
Zero
Zero
2.141 - 9

One
year
5.804 - 24
6.786 - 1
1.791+ 5
1.741 + 1
1.571 - 2
1.115+ 4
1.967 - 9
zero
5.894 - 15
3.486 - 6
3.830- 5
3.378 - 11
2.597 - 7
Zero
5.877 - 2
1.577+ 1
Zero
Zero
9.457 - 4
Zero
3,010+ 2
7.343 - 23
1.563 + 2
2,35 -17
5.664 - 5§
Zero
Zero
4.055 - 3
5,228 - 22

(b) LIST OF VALUES FOR LIKELINOOD RATIOS

IN PIRST STUDY - 'RELAPSE' GROUP.
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atltention on the degree of overlap belween the two clusters.
The porcentage of cases in each overlap zone and the number
of actual misclagsifications are shown in Fig. T.5. The
extent of the ovexrlap is greatest at 12, 1 ond 3 months
respectively, while the total misclassifications are highest
at 1 and 12 months. However, if major importance is
attached to identifying all the cures then this 1s best at
12 months, even though 5 cases of 'relapse'! would he
misdisgnoged as cured.

Clinically it is cleaxrly much more important to identify
possible cures than possible relapses, It is obviously
desirable that as many fubure cures be allowed to éontinue
with a treatment which will 'cure! them even at the expense
of some 'relapse’ patients being treated unnecegsarily.
Thue, the 'cost' Lo the velapses is outwelghed by the
"venefit! o the cures. In situations where the treatment
is not as safe as with anti-thyroid drugs the problem of
balancing such costs in breatment decision-making ig much
more complexa

An dmportant fundamental feature of the analysis was
whether the degree of separvation of the two groups was
stable over time., If individuel cases within a cluster
remain stable in their degree of separaltion over time, this

might/
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FIRST STUDY: 21 Cures, 25 Relapses

CONTROL 1 3 6 12 MONTHS
% in overlap 1.8% 32% 304 log  38%
MISCLASSIFICATIONS
Cures 1 1 3 0 0
Relapsed 2 8 1 4 6
TOTAL 3 9 4 4 6
6% 8% 8% 8%  12%

SECOND STUDY: 40 Curer, 40 Relapses

CONTROL 3 CON'TROL 4+ THREE MONTHS
% in Overlap 66% 62 5% 22.5%

HMISCLASSIFICATIONS

Cures 8 28 8

Relapses 12 3 ]

TOTAL 20 31 9
25% 38. 7% 11.25%

TIGe Te5,  MISCLASSIFICATIONS AWD OVERLAP IN FIRST
STUDY,



might sugzest that the separation (i.e. the clusters them-
selves) corresponded to underlying characteristics which
the cases had in common, rather than being simply a
mathematical artefact. In other worxds, it would suggest
that for example the relapse group xvepresented a single
hiological entity rather than a collection of different
groups whose mein characteristic in common was their
failure to respond to the treatment. ¥For this vreason the
time dimension was added to the clusters by plotting the
change in individual likelihood ratios over time.

The same scattex diagrem as in Fig, T4 i now shown

in Mlgs. 7.6 and 7.7 with the adéition of the time vector

which provides us with a dynamic picture of the relationship

of the btwo clusters over time.

Lo the case of the 'cure! clustewr, the cluster remaing

relatively stable in its relationship to the relapse

cluster over time. The exception is al one month, where

an almost symetrical change in likelihood ratios is appaxvent,

compared with the countrol and three month values, This may

well xepresent the 'perturbation' in the patient's thyroid
system, brought about by the anti-thyroid drugs. The
effect is not sustained at 3 months, perhaps beceuse the
patients are ‘acclimatised' to the dvug vegime.

The/
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6 months
CHANGE I LIKELIFACOD RATIOS OVER



The welative gtability of the cure cluster is even more

gtriking when it is compaxed to the greal veriability shown
in Mg, 7.7 for the relapsed cluster. The exact ewbent of
this variability can be seen by scrutinising the actual
values of the likelihood xatio for any individual case,
which axe shown in Fig. Te3.

Vhen the bwo dynamic analyses asxre compared it can be
seen that almost all (15/21) the cure cases wemain within
the 0~ ~10 likelihood matio renge over the 5 intervals,
while in the relapse cluster the corrvesponding ranse of QO =
«10 containg only 4 out of 29 cases. In addition, only
5/29 of the relapse group had a likelihood ratio which
changed > 10 over the 5 intervals compared with 16/21 in the
cured group. These empirical measures of cluster stability
conform with the visual impression.

An iuteresting feature of the relapse cluster is
revealed when the 5 cases (2, 3, 4, 21, 23) whose likeliw
hood ratios awve in the 0 to -10 range, are reviewed. TFouw
of these 5 cases (2, 3, 4, 21) were those whose likelihood
ratio remained in the 0 to ~10 range throughout the yeax,
while fouxr (3, 4, 21, 23) were misclassified as cures at
12 months,

1f/
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DETERMINANTS

1 3
B 2l cases
A 21
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If we follow this group even moxre closely and plot out
their dynamic graph separately (Fig. 7.8) it can be seen
that these five cases resemble the cuxe group much more
closely than the relapse group. It may well be that these
cases vepresent a group of thyrotoxics whose regponge to
anti=thyroid drugs was dose~related and that with a hisher
individual dosage regime of neomercaszole, they may have
been cured. In othexr words, they might have heen included
in the cuxe cluster instead of 'hovering' arvound it before
eventually velapsing. The implications of this inbter-
pretation of these 5 cases will be discussed later.

During the calculations of the likelihood ratios the
non~linear discriminent function program also computves the
determinant of each cluster. This measure can be described
as the equivalent, in a multi-dimensional model, of the
variance in a two dimensional model. DLike the variance,
it can be used ag one measure of the 'spread' of a cluster.

The determinants of each cluster were plotted for the
5 intervals (Fig. 7.9). Since the number of cases in a
clugter could affect its comparative 'mspread', only 21 cagses
from each cluster were used. This analysis shows that even
with the few overlying cases shown in the cure cluster

(FigeT.7)/
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(7.7), this cluster is always more compact than the relapse,
especially at one year. This corresponds o the spread of
the likelihood ratios shown in Fig. T.3 and may have some
parallel clinically.

Thus, if a cluster is congistently move compact, it
mist suggest that the cases resemble one another more
closely than in a 'looser' cluster and so are easier to
identify as belonging bto the gwroup. If the testes used in
mathematically identifying the cluster ave closely enough
related to the more clinical data then cases belonging to
a "tight' cluster should be easgler to identify with that
cluster than those in a 'loosef' cluster., Clinically in
this instance at one year (when this cure cluster is
densenst and most distinct) it ig usvelly eagy to identify
those who will welapse and those who will be cured.

TeT Results of second study

TeTel Tutroduetion

In this study it was decided to concentrate on the
control and three month velues in an atlempt to achieve
better separation and to prediol oulcome with new cases.
The decislon to use data from two intervals and to choose
the control and three month values was based on +the

following conglderations:

1./
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1. Three months was considered to be the opltimal time to
take a decision about continuing with tresaiment., This is
mainly hecause a choice between drugs and surgery is not
affected by a three months course of drugs since this is
comnonly used before surgery to bring the thyrotoxic
manifestations uwnder contyol,
2e¢ It would not he too difficuit to persuade clinicians
and patlents to regard a three months trial of drugs as a
therapeutic trial prior to a final decision being made
about treatment.
3. The most stwiking differvence between the two groups is
thelr 'stability'! over time. Since at one month both are
instable, the combined control and three months values offer
the possibillty of emphapising the stability of the cures
and the relative instability of the relapses.
4o The wide variation in individual wvalue of tests even
within groups suggested that a larger sample of each group
would be desivable. This was aimned st taking as much account
of this bioclogical variability as posgible.
1.7.2 Regults

In the study 80 cases were used, i.e. 40 cures and 40
relapses. The analysis was confined to control and three
months values separately and in combingtion.

The/



The scatter diagrams of the wesults arve shown in Fg.7.10

and show considerable overlap (Fig. T.l0a,b) at the first
two dntervals bul much better separation when they are
combined (Fig. 7.1l0c). It must be noted that the degree

of overlap is much greater with this larger sauple,

1.8 Discugsion

Te8s1 TIntroduction

The difficulties associated with the choilce of treatment
in thyrotoxicosis have been briefly detailed earlier (7.2)
and were reviewed in detail by Hershman et al (1966). The
particular problem of predicting the long~term ocutcome of
thyrotoxicosis when treated with anti-thyroid druzs has been

discussed by many authors (Solomon et al, 19533 Hershman

‘et al, 1966; Cassidy, 1970; Alexander et al, 1970).

The approach adopted in designing this study has been
to uge the problem of prediction of outcome with treabtment
by anti~thyrold dmgs as a first approach to the larger
decigion problem of allocating ecach of the three possible
treabments as gecurately as possible.

The data on which the study is based is derived fxom

an/

150



— 420
‘*euTHYROID'

T

~+10

lequally
likely !

v

increasing
odds of

'RELAPSE'

- —10 |

(2] [ osee +20
L
........................................ —mnaees - +10
L]
* .
.
L] *e
L] [
- . [ ]
L d L]
L vy L] L
. _w_mmm__w Add (L. ] 0
o908 [Ty YTV Yy Lo Addpasa 000000 as
L Ada 8 aasas Abdas
FYvVYVs [ aaaaan [ TTTTTTTTTTTTRTTETETOT asa
FYVYS PV .
& 'y .
A Ads
a a aaa
Ly -
a aa
.................................. 'y - _10
AL Aa
Y ry Y
-
a
Y aa
AA
a
A a | AsAMAALAA _20
B c D

FIGe [410. B. SCATTER DIAGRAM FOR SECOND STUDY - CONTROL
C. SCATTER DIAGRAM FPOR SHCCND STUDY ~ THRER MONTIIS
D. SCATTER DIAGRAM TFOR SLECOND STUDY -~ COMBINID

WITH LING LOVERED YOR BETTER SEPARATION
OF 'CURES',



151

an unselected group of thyrotoxic patients (with the rave
exception of patients whose physical health made treatment
a matter of urgency), all of whom were treated with the
anti-thyrolid dwug regime already detailed (7.3).

This approach to selection would not be sghared by all
endocrinologists. Many might veserve drug therapy for,
for example, patients who were less than 45 years of age
and with a goitre of £60 G,

The main advantage of non~selection is that it makes
the study of the nabtursl history of the disease much easier
1f selection bilas of this type is eliminated from the
sample.

T«8.2 Choice of decision system

In all studies of computer-~assisted diagnosis the

choice of a suitable decision system is of vital impoirtance
to ite succesg and its acceptance by practising cliniciang,
Most studies of computer-assisted diagnosis have had little
impact on routine practice., MAn important reason for this

ig that the decision system studied is chosen because data
is available., Other important factors awve the failure to
take adequate account of psychological factors or of dual
pathology, while many of the problems are of little practical
value. Thus, many studies in the area of thyroid disease

have/
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have lgnored dual pathology and psychological illness and
have concentrated on the calculation of the clinically
trivial decision as Lo whether the patient is euthyroid,
hyperthyroid or hypothyroid., This is & decision which can
be made with a high degree of accuracy on inspection alone
ory at the most, after a rouline clinical assessment of the
patient. Ience, to provide a novel and intellectually
complex method of meking such a simple clinical decision
has been viewed by many clinicians as an intevesting but
'inralevanﬁ arithumetic exercise.

In the choice of decision problem it is therefore
important to albltempt bo provide answers where traditional
forms of decision-malking are acknowledged as»unsatisfactory.
In other words, the aim should bhe to fulfil a clinical
need. In doing so, it should be possible bo use the same
technigues to look at more fundamental problems about the
nature of the diseases involved. The two approaches are
indeed complementary.

The aim of this study is to provide the clinician with
a method of selecting cages for anti-thyroid treatment as
early as possible in the treatment of the disease. The
treatment of all patients with thyvotoxicosls for a minimum

of/




of three months with anti-thyroid drugs can then he vegarded
as a "therapeutic trial prior to a final decision about
therapys

The data used in the study consists of a detailed
hattery of clinical and laboratory investigations of
thyroid function which could be carried oubt at a centre
specialising in thyroid diseases. It would be an impoitant
step in the assessment of this model to calculate the
financial cost of this battery of teste if used roubinely,
This figure could then be bhalanced against the expense of
treating those cases who would eventually relapse. The
crucially impoxrtant problem of assessing and balancing
financial and non-financial costs and benefits has already
been discussed in detail earlier (4.6).

The use of an on~line computer berminal makes Lhe
calculation of the decision by the test program in any
individual case quite simple. A& secretary can be trained
in an afternoon Lo operate such a terminal. This would
allow many clinics to use the decigion model wmerely by
telephoning data to such a secretary and heing given the
results within a minute over the 'phone.

T+8.3 Definitions

The last important consideration in the design of any

decision/



decislon model is the precise definition of the outcome
categories luto which the patients are to be allocated.
In this study two categories were sclected, i.c. 'cured'
and relapsed. The exact definition of both terms has
already been given (7.3).

In the choice of such categories the needs of the
practising clinician rmust be borne in mind. Complex ovei-
exact definitions should be avoided. DIy fixing the
period of follow-up to three years in this sbudy, we have
ensured that the vast majority (¥80 per cent) of relapses
will have already occurred. The prediciion, if successful,
would give a useful guide to the ildentificaltion of most
relapsed.

The tests had been performed at regular Intervals
over the three year follow-up periocd. The five intervals
chosen were dictated in part by the need to have complete
data and in paxt to yield enough information to study the
biological behgviour of the two grcups of cases at regulaxr
intervals.,

Thus, by chooging a decision problem where conventional
techniques of decision-making arve unsatisfactory, by
defining the oulcome classes in a precise yet clinically

meaningful/
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neaningful way and by providing a simple method of using
the technique (such ag by using a trained secretary), we
can grealbly increase the chances of this computer-assisted
decision system being widely usged.

TeBed Analysis of results

In the analysis of resulls a number of important
features emerge. There is a considerable overlap of vary-
ing degree at all iuntervals, but especially at one, three
and twelve months (Fige 7.5). This overlap is even more
pronounced in the control and three month analysis of the
gecond study, where numbers are larger. However, the
overlap is grealtly reduced by combining the control and
three months date (Fig. 7.10). The actual percentage of
misclasgification is much smaller than that in the overlap
and. this feature also holds true in the second study.

The explanation of the much improved separabion
achieved by combining the control and three months data may
lie, as has been suggested earlier, in the fact that the
values of the likelihood ratios of the cure group remain
relatively stable between these two intervals comnpared with
the relapsed (Fig. T.3). Another possible explanation is
that the improvement is due to the increased amount of data
being used in the combined analysis. TFurther experiments

will/
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will be necesssxry to decide which explanation is the most
plausible,

Clearly, in selecting an optimal intexrval for
discriminating between the two groups, both the degree of
overlap and the nunber of misclassifications mst bhe taken
into account. If the overlep is not too great (as with
the combined data) then it is possible to ralse or lower
(Fig. T.10) the dividing line bebween the groups by a
minor program modification. This would prevent any cures
being missed; while allowing some relapses to be mistaken
for cures,.

The most striking festure of the scatber diagram (Fig.T.4)
is thet the 'cure' group (with one or two exceptions)
remaing stable over the five intervals. By contrast, the
'relapsed.' group ig much moxe scaltterved. This visual
impression ig confirmed by the determinants, & formal
measure of the 'spread' of the clusters (Fig. 7.9).

Hbﬁever, this contrast between the groups becomes very
much more pronounced when individual cases are followed from
interval to interval. Again the curved group stey very
close togethexr, but the ‘'velapse' group behave in a much
less coherent fashion. 'There is no single clear patiern
in the relapse group. The immediate impression ig that

this/
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this group is not homogeneous and that perhaps two or more
patterns of time dependent behaviour ave involved. It
may well be that these patterns represent sub-populations
or syndromes within the relapsed group.

for example, the cases which appear at the exbreme of
the distribution (lLog likelihood ratio of % ~20 in Fly. 7.6
and Tig. 7.7) at one interval are often much neaver the
overlap at smobther. A& few cases (17, 18, 20, 26, 27) wove
to the extreme at six months and stay there. These may
represent o separale subgroup. Iature studies will attempt
to relate this group to a more severe form of the disease.

Another possible subgroup within the welapse group has
already been suggested earlier (7.6.1: Fig. 7.8) which
might be explained by a dose-related response to anti~thyroid
drugs. Thus, if failure to vespond to druge was due in some
cases to the fact that the normal dosage (7.3) was not high
enough, then the percentage of cures could be increased if
these cgses could be identified and a moxre appropriate
dosage regime is given. OSince the distinguishing charactexr=
istic of the cure group was the relative constancy of +the
likelihood watio ovexr time, it might be possible to identify
the 'potential cures' wilthin the relapsed group by this

feature/




feature. Iarlier we have identified five cases whose like=-
Lihood ratio pattexrn resembled that of the cured group
much more closely than that of the wzelapsed group. 4t is
therefore of some interest that 4 out of 5 of these caszes
were misdiagnosed as cures at 12 months.

It must be made clear thal such ohservations can, at
this stage, be only speculative. DIut they demousirate the
value of this type of analysis of cluster behaviour in
suggesting possible explanations of exratic and poorly
understood responses to drug therapy.

It may well be that a munber of syndromes exist within
the disease known as thyroltoxicosis. The difficulty in
predicting the behaviour of the disease and in understanding
the verdability in the measures of thyroid functionr may be
because successive samples of patients may vary in theix
relative percentage of such syndromes.

Auong the possible syndromes ares:

(a) Drug-responsive cases with conventional drug regime
(b) Drug-responsive cases with other dosage regimes who are
at present among the relapses
(e) Relapse patients with severe disease
(8) Other welapse pabients.
The fact that the 'espread' of the xvelapse group, as

measured/



measured by the determinants, is greater than the cuve group
may suggest that the latter contains one subgroup while the
former contains more then one.

An important gquestion in all these studies is whether
the results of the analysis, and in particular the time=
dependent; behaviour, ls a mathematical artefact or does in
fact represent some features of the underlying biological
behaviour of the disease. Once again, the evidence which
we can use to support the lallber hypothesis can only be
circumstantial at this shage.

It would seem unlikely that the stability seen in the
'cure' cluster could he accounted for entirely by chance.
In particular the almost symmetrical change in the likeliw
hood xatios of the cure group at control, one and three
months (Plg. 7.6) would be difficult to atiribute to chance.
It may well be due to the 'perturbation' introduced into
the biological system by the metabolic 'insult' of the
anti-~thyroid drugs and the subsequent ‘accomodation' of
the system to the drugs.

At 12 months the 'cure' group is clearly separated and
compact. FPresumably, if a cluster is very compact this
implies that cases in it resemble one another very closely.

The /
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The closer the wesemblance, the easier it must be to
recognise that any one case belongs to the group. AL 12
months it is usually possible to identify those cases who
will dd well and those who will relapse.

T8.5 Becond study

The diffexence in time~dependent behaviour of the two
clusters hag been discussed in delail. The reasons for
gelecting control and three nmonths asg the besgt combination
to use were given earlier (7.3).

The results shown in Tig. T.l0 bear out this prediction.
The separation is much improved, as is the degree of overlap.
It is a simple matbter to lower the dividing line to ensure
that all curves arve clearxly distinguished at the expense of
8 misclassifications among the relapses., This gives a total

misclassification of 8 out of 80 (90 per cent success).
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The variety of climical applications of the technique
of computer-gssisted decision making used in this study is
striking, While the problem avea chosen is that of thyroid
digsease, the techniques are of wide xelevance in other
disease systems.
Among the major factors which have prevented their
widespread use ares
L. The lack of knowledge on the part of clinicians,
conmbined with understandable suspicion of the over-
simplified claime of enthusiasts of computer medicine.

2. 'The choice of decision problems in the past which are
of little practiocal interest to the clinician.

Similarly, to choose as a decision problem (for

caleulation by computer) whether a patient is euthyroid,
hypothyroid or hyperthyroid, is to employ complex
techniques to solve a problem which an expexienced
clinician can achieve by inspection or by routine
examination.

3¢ Computing facilities, such as on~line terminals, ave
not widely available and seldom in areas in hospital
where the decisions are being made.

Ag far as fubture studies arve concermed, the main emphasis
should be on problems such asg that of thyrotoxicosis

treatment/
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treatment studied here, where conventional decision-making
ig inadequate.

Using the on«line sequential probabilistic model, the
wiriter plans to investigate the place of a computer-based
screening clinic for thyrolid disease in a hospital Ouwl-
patient Department. The patient would have a hisbory
taken at computer terminal, followed by a limited physical
examination by cavefully trained para-medical personnel.
Both these items could be augmented iIf the computber
calculabtes that more information from history and physical
examination is needed. Several laboratory investigations
are then chosen by the computer on the results of the
higtory and examination. When these investigations are
cémplete the patient returns to a second level clinic.

By this time the diagnosis will be clear-cut for roubine
cages., The difficult cases can be reviewed in detail by
the clinician with much more time to spare. Patieots with
psychological problems (over 40 per cent of cases seen in
the Thyroid Clinic at the Royal Infimmexry, Glasgow) would
be dealt with by a psychiatrist and a social worker who
may be in attendance abt this second level clinic.

The study of decision-mekers will be continued with
larger samples to confirm or refute the tentative conclusions

of/

162



of the studies in this thesis. The influence of personality

factors, clinical experience, 'patltern recognition' and
'channel capacity' would have to be studied in detail.
The on=line anmalysis and teaching system developed in
Chapter 6 would have to be tested on students, It is
plenned to apply the same bechniques to the teaching by
computer . .of the differential diagnosis between Cushing's
syndrome and obesity.
Finally, the analysis of cases of thyrotoxicosls would
be continued, The two primary Llines of development would
bes
(a) To develop a model which took account of the time-
dependent changes in the tests wged in the two studies.
This might make use of the differential equation
approach to problems of rate changes in biological
systems.

(b) To analyse further the relapse cases by the technigue
of numerical taxonomy to see if any clusters emerge

within this group.

Needless to say (as with all investigations of clinical

decisgion-making) techniques, models and concepts developed
to solve problems in one disease system are of wide applic-

ation to the whole of clinical and theoretical medicine.
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APPENDTIX A s COMPUTER PROGRAMS AND TFLOW DIAGRAUS

A2

Ao

Off=line version of the sequentisl probabilistic

program weitten by the author in Algol 60,

Typical output from offw-line program.

Identical off-line program written in Fortren IV,

On-line version of sequentigl probabilistic

progrem written by the avthor in Algol 60,



BEST TEST Re SULT HASHIMOTO § SIMPLE GOITRE C

. (27) CeFo TEST + Del296 08479
? (1) PRECIPITIN TEST =VE 0eD394 0,9383
; (17) 8E 131 1 NO DATA 0,0394 0a%383
‘ (28) THYMQL TURBIDITY 0e02a40 Dy00B8B 0aB660
g {25) CONSISTENCY HARD 0,0094 0,7294
i (1%) RECENY INCREASE IN SIZE NO 040102 0,970}
% (19) EoSeRoe 21=40 0s1243 0s6853
% (21) PoBo 127 | 3elwBal 0,0833 0,6284
3 (4) TRACHEAL DEVIATION YES 0s0557 De2832
% (7) CERVICAL LYMPH NODES PALPABLE 0,0034 0,0366
= (30) sk 60+ 0,0016 0,0056
% (26) CLINICAL STATUS EUTHs 06,0010 0,0057
§ (6) FIXATION TO TISSUES YES 0»0000 040010
(5) LARYNGEAL PALSY YES 040000 0,0000
(10) HOARSENESS YES 00000 0.0000
(12) CHOKING OR TIGHTNESS YES De0D0OOD 0,0000
{16y NODULAR OR DIFFUSE NODUL AR 0,0000 00,0000
(%) PAIN IN GOI1TRE YES 0,0000 0,0000
(13) COUGH OR §TRIDOR YES 0,0000 040000
(20) 24=HOUR UPTAKE NO DATA 0,0000 040000
(23) DURATION (YEARS) OaOmlol 00000 0,0000
(24) ESTIMATED SI1ZE OF Gl AND 0el00 0,0000 0,0000
(2) SERUM GLOBYLINS Os0mle2 80,0000 0,0000
(11) DYSPHAGIA YES 0e00D0O D 0000
(22) PsBe 131 1 AT 48 HOURS 0p2imlal 0,0000 0,0000
(18) GAMMAGLOBULIN NO DATA ‘ 0+0000 0,0000
(8) PYRAMIDAL LOBE ABSENT 000000 0,0000
(29) ZINC SULPHATE TURBIPITY ml2 040000 00,0000
(3) DISCOMFORT YES 0e0000 04,0000

(14) KCLO/4 DISCHARGE NO DATA 0,0000 0.,0000




"BREARN L .

LKZPL 4RRAV» II]IgKIL 530 ) fPlo=- m‘ YM
(1:3,1;30),P03T,%X,LIK(1:3,1:3,1130)

"Rc Ai,' FRFD:

t "1iiTRGER' !,j,P,%2,C,G,K,a, 9E5P, COUNT]
M i.TEGER" ARKAY ' TEST (] :30 :;
7 'PROCEDURE" SORT (INFJK, U'VALUE'INFJK; 'REAL' '"ARRAY' INF JK:
"B(Gr &
9 "ARRAY' QRDER(1:4/.1:30>; " 'DOOLEATII'ST; '"REAL'A :
10 "FOP'i =1'STEP'1'0iiTIL'30'DO"
i 'EEGI'J’
]]2 ORDER (1, I)=INFJK( I);
ORDER(2,1I)=1I
]131 '"END';

MOT poNE; sT='TRUE';
'"FOR'1=1"'STEP'1'UMTI1'29'DO"
'"IF' ORDER(1'n '"GT'ORDER (1/I+1) 'THEN'

(&] '"BcG IN'A=0RDcR(1»I)i
ORDER(1/ !)=0®DER(1'I+15:
X) ORDER; ), I+1)5=a;
- A:ORDER (2, I);
22 OPDER;2,! )=09DER (2» I+n ;
23 ORDER (2/I+n =A;
24 ST='PALSE'
25 "END':
28 '"IF"NOT'ST 'THEN"GOTO' NOT DONE:
27 '"FOR'1=1"STEP'1'UMTIL'30'00"
25 '"SEGIm' RITE( 10,G,0RDER(2, I)):
29 B 3PACE (10»5);
30 wRITE;10,F,ORDER;1,1)):
31 ' . nEwLiwn; 10,1)
37 ' IN’
33 .
34 oPEN;20 ):0PEN ;1G): F=rLAYOUT;';'ND.DDPDSSSS'>');G6=LAYOUT;';"'NDDD-
33 CO0UijT=67:
36 IDU.NP ;2, POST ;I,1,1)'POST ;3/3< 30 ; EDUMP; 2, INF
37 ig; 1) INFJ

(U,>.DUNP ,x 3, 3,30
D; & (?%130) ednp2 lik;1,1#

3G
39 9
40 1),LI%;3,3,30) ); EDUNP 2,RO0W5UN (
41 1,1),POWSUi';0,30)):EDU"'p;2,TEST(1),TEST(30)):
42 "FOR' 1=1'STEP' 1'U.NTIU'3'DO'
43 '"FOR'J:1'STEF'1'UNTIL'3'DO'
44 “'FOR'4=1'STEP'1'UiTIL'30'DO"
45, L1K(I,J,K)=READ;.200 ;
46 M:PFA% (20): 'FOR'KsI'STEP' 1'IJNT IL' 30' DO'
47 "BEG INI' TEST (K) =READC20); PPIORI 1,K)=-566:
48 PRIOR;,2,K) =.316:
49 PR 10P ;3, ;')=+116; *EiiD':
2=30.0=30:
'"GOTO'L1;
L'l: K=READ;20);
53 WRitTET;10,"; "™ ;' 150"'")'TtHIS" IS'*'"NOW'
5 *'CASE'*'"NUNIEP' «*»*n»*'"' )'):
LRITE 10,(3 K);
'FOR'W 1 STEP' 1'UNTIL'30'DO" BEGIN'TEST (K)=READ;20 >:
Eg]ai'},K):.Bwi. PPIOR;2,K)=,316: PRIOR;3,K)=«ll6:
cowIr.cowNT-1:
6 JRITET ;10," '15C" ) '"PEET
{1 WROMAUILITIES'* 'AT "#*" ) ;
62 ' .M TE(10,r,r :I0. :1,1))I ;
63 A ITFH: ]n, ' (" (,5C' >'T T.S'e'IS'
64 »"RuN "* '"NUNZER'"***x"' " )"'):
65 IFITE; 10.G,67-COUNT) i
06 'GOTO"' Li:
67 L 2:'"FOP 'Xz1'STEP'l'u.TIL'Z'F'O"'
63 ! 'LEQLL" ”
69 IIJFJK ;F )=0:
70 PPIIR; 1'K)=P. ST;i,RE.<;P,-);PRiOft (2,K)=P0ST;2,RESP,C):
71 PRI RrR;3,8k>=p? .5T7;3,RE<SP,CI;
72 'EN&'
73 vyP/TCr ;10, ';"™ ;'C.348" I';'6S'f'SIMPLE' (
'oS'" :'CANCER' ;'c' )".)") :
75 URETET ; 10, ";'';'2¢c' )' THE'«'NE|k'«'PRIOR '«'PROBABILITIES'
76 «"ARE'»"'"'" )' ):
77 'FOR '1=1,2,3 'DO,
78 'r "BEGIN 'V/RITE( )0,F/POST( I,RESf 'C))J
79 "END';
80 L1:FpED=99:B=B-1:'FOR'<:1'STFP'1'UNi IL'Zz'DO’'
31 '"IF'TEMST (K)'ME' 0' AND' TEsT ; )'NE'9'TF EN'
82 "EEG11 '
63 'BEGI"'" FOR' I=1,2,3 ,00'
84 '"FOR'Jj=I1,2,3 'DO'
65 X;I,3,K)=PRIOR;I,K)*LIK{ I, J'K);
86 '"FOR'J:1'2,3 'DO'
67 Rowsuf' ;J'K)=x;1'J,K)+X (2, J'K)*x;3'7J, K):
68 '"FOR' 1=1v2,3100"
69 'FOP'vJ=1%2,3'DO"
90 POST (I, .J,K)=x;1,J,K)/Rowsuu;j'K):
91 'FOP'J=1'2,3 '00"'
92 'BEGIN '
93 Y;J, ~)=PnST;1,J"'K)*LA ;post; i,J 'K))«, 43 43 +
94 POSI ;2'J'K)«L&;p0sT 12'J K) )*, 4343 +
95 £10ST;3,J'K)«Lf. ;P0sT;3,0 K))+0.4343:
96 IMF;J, s)=yfJ,K)*ROVSUM;J'K)
97 , "END':
98 INFJK ;K )=-:tnf; 1,K) +INF( 2'K )+ INF ;

99 L3 :'IF'FRED'GT' IMrJK;K)'THEI'
@r-Tn. T r ¥rfu



cMaW
END

DATA

°
9
>

*VE
YES

NO
*VE

0e0«3 .0-3»1-5.0 5.0+ 0-e0—0.2 0.2 1*1

101-

PRECIPITIN TEST
SERUM GLOBULINS
DISCOMFORT
TRACHEAL DEVIATION
LARYNGEAL PALSY
FIXATION TO TISSUES
CERVICAL LYMPH NODES
PYRAMIDAL LOBE
PAIN IN GOITRE
HOARSENESS
DYSPHAGIA
CHOKING OR TIGHTNESS
COuGH OR STRIDOR
KCLO/4 DISCHARGE
RECENT INCREASE 1IN slgE
NODULAR OR DIFFUSE
BE 131 I
GAMMAGLOBULIN
E*XS*Re
24-HQUR UPTAKE
P,B, 127 1
P,B, 131 I AT 48 HOURS
DURATION (YEARS)
ESTIMATED SIZE OF GLAND
CONS ISTENCY
CLINICAL STATUS
CfF* TEST
THYMOL TURBIDITY

ZINC sulphate turbidity

-VE 0'o0"2*z
No YES
ABSENT PRESENT
YES NO

NO YES
0.0¥0.9 0.9%* .

200 200* FIRM HARD
0*0-2*0 2* 1-5*05*0+

2.12%

NO
YES

0*20

SOFT
5-12

»

NO YES
No YES IMPALR,
YES NO YES
NO YES
NODULAR DIFFUSE 0-79
21*40 40 * 0.30 31*60
.01.0%* 0O*O0#1*0 1x1~10 -010,0* _
HYPO, EUTH, HYPER* ++
''13-25 25%* 0-30 3160

,7255,3404,9434,7500,9900.9600,981 [,8491 ,981 1.8654.8269.7500,960ex 6667,3
A,5577.6923,35J4.4583,0909.6316.2300,3478.6226,9057,3200.8372,2553.2222,0
-.#2745,6596,0566.2500,0100,0200,0189,1509.0189,1346,1731,2500,0392, 3333,61
m,4423,3077.6486.3750,7273,3421.3731,5870,3019 .0566,6226,0698,2766 .6296,-7,
",0001,0001 ,0001 .0001.0001 ,0001,0001 .0001,000 1.0001.00011,000i.000i.00Q1,0

,0001,0001.0001,1667,1816*0263.0961.0652,0755.0377,0566.0930.468 1. 1402 ,2

,0010.8148.6666,8889,9900,9020,9600,9608.9340,9167,9375.8125.9556.9334,81

,4706.2000,9474.9998,0833,0270.8095.1667.8824.5800,0100,0100,8000. 7222,2

.9990, 1852.3334. 1111,0100,0980.0400.0392.0652,0833,0625. 1875,0444.0600, 2

,5294.8000,0526 .0001,7500,4595, 1895.5208,0392.0400,0250,0513,1189,257e,96

,0001,0001.0001.0001,0001.0001.0001,0001.0001,0001,0001,0001,0001; 000 1.0

,0001.0001,0001,0001,1667*5135,0010,3125.0784,3800,1650.9387,0001,0200,0

,1053,6296,4545,2083,7647.3958,5510.9783,681 a,5833,7649,4565,7234,9000,01
-.,7872.9000,8667 .5625,3125,0769,6000.4423,7083,0460,0223.0200,9577, 7059,0

,8947 ,3704 ,5455.7917,2353.6042,4490,0217,3 182,4167,2391,5435.2766,1o00, 1
,2120,1000,1333,1563,6250,692 3,3 500,4231,2500,5300,9677,100 1,0323 ,284 1,3

,0001.000 1,000 1,000},0001 ,0001 ,0001 ,0001 ,0001 ,0001 .000 1,0001 ,000 1,0.0,01,0(¢

,0001,0001,0001,2812,0625,2308,0500,1346.0417,0100,0100,8219,0100,0100,5

TIME

17,30*00



PROCRM ENIRY AT (HAIN 01 17.37.40 02/02/7j

#lOOuNi TrQ/ PRINT

*STORAGF//14000

*FORTRAN

«CHAINI
DIMENSION NAM(4,30),IR(3«30),ICAS(30),P(30,3,3),PI(3),

C CENT(30)«P2(3,3),P3(3,30),SP2(3f3),X(3)"ND(30),NT(30)

1 4A8.48

c LIKE IHOOD)S

3 15F5.4« 5x

4 FPRNA 2Xf3011 ﬁc@E

5 FORMAT( 1HI, 8X:9 N). , I3.8X9HDEST TEST.ISX#

GSIHPESULT HSHIMDIO S SMPLE GOIRE  CANGER

6 FORMAT! 1HO0.25X/5A8/3(5X/F9.4> )

C READ 20(']?)((NAM(IfJ) 1=1'4)N=1¥30)

C RESLSLIS ’

c REI%)'&({)/Z )<( IK I/J)M*I*S)#J s 1»30)
READ!20/3) ”'P'I#d/K) I=1.30)»Jsi.3)#Ksl.3)
]I) 110 NC=1,67

C CASE DATA
READ'20/4)' 'CAS'I) 131.30)

25 1=1/1
IR ICAS'I>-2315/20 2

5 ICAS! I>=IOS! D+

20 I%)AS“')I =9
IF!ng]S >-3>30/35;35

0 JCASDIICASIH

4313 IC@ 11=9
m 45 1=1/30

45 i)

"{rz‘} e
P1!3)s0.01

11) 9% 1\({1/30
11) 80 1=1/30
IF'ND! 1>>50,50/80

50 1)=0
11) 65 Jsl,3
SUKO

) D5 K=13
)E(?K)SPI!K’>* ',J,R)
55 _SUM-S[MX!K)F
ID 60 K=/3
P2! K J>54 TK/SUM
gg Y—Y*PZ'K/J>*ALO(§}10'P2'K/J) >
E?vrll\{l{?r 1>)80,80,70
0 SREEREN() — ;
m 75 K=1/3
o7 JF1.3
75 g%!J/KFPZ!J/K) '
80 CONTINUE
ND! )
NI
IF 1 S'N) 9)65,92,92
85  JACAS!
00901=1,3

90 1v1)=spzv 1,J)

324 P3! %4N0>1PI'I)

95  CONIINLE
PRINI 5/NC
po_ 110 _N=1,30
JENIINS
K=ICAS!J?|

If! ICAS!J>-9)100,105,105
100 IRE=IR'K/
© 10 11
%(1}3 %?irﬂ%)/PmNAMI J), 13i,4), IRE,(P3( I,N),IBL3)
hd b b 19 9 9 9 b
CALL EXIT
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8a

113
131
135
135
1 5D

161

193
194

,POST, X,LL.<I: 1:1, 1:3, 1:337,i;4VIDI: 1:1 ], LIW
REAL EKEJjOLOEiM r; A
1i'OrEGER  1jvIrNI> h /.0 o bjrk RIESSSL,.4T
INTEGER 91
INTEGER AN .S:
RJOLEAN FIN,DONE;

FIN:=FALSEJ

FO' K:==1 3TER 1 {iINIIL 33 (U

fiEGI.N
RRIURI 1,KI :=R.RIORL3,K J :=R,RiuRL3,i<]
S TE.SriKJ :=6J ENU;
FOR /i: =1.STEP 1 '"INTIL 5 DO
FOR L:=1SIEP 1 UNIIL Il DO
RE.ADATA(NEv!,DAVID[L,MI )I
DAIA NEL:=9,3,9,13,11,13,13 33,
6.6.7.5.16.35.36.3.0.1,
4.4.34.5.19.0.3.0.0.4,
6, 1,3, 1,3,07,33,39,0,0, 4,
5,31, 17,14,30,33,4,0,0, 11
OLDENT:=1000000.0 ;
FOi I:=1STEP 1{JNTIu 3 uO
FOR J:=1 STEP 1 INTIL 3 DO
FOR K:=1 STEP 1 UNTIL 34 DO

3:5 READATACLII<E,LIt<[ I, J,K1 )I

310

330
9 40
350
351
360
370
371
350
3R1
390
300
310
330
330
340
350
360
361
370
371
350
3 9-0
391
400
4i0
430
431
430
443
450
451
460
4 61
470

U3

35

DATA LIKE:=

.7355, .34 34, 9434, .75, .99, .98, .98 11 .8491, .9811, .8454, .8361,-75,
.960%, .6667, .3463,.5577, .6933,.3514, .4583, .19 . 16, -33, ,.34 -
L6336,

.9357, .330%, .8373, .3553,.33p3, .037."

3745, 6596, . 1566,.35,.01,. <13, . 1189, . 1519, . 11-09, .13 46, «1/31, .

D,
03393, 3333, .6533,.4433, .3'1//, .6486 .3750,.7373, .3431 .3731,. V7
L3019,
L0566, .6396, .069%,.3766, -6396, . /360J

.0001,.0001, .0001,.0001,.0001,.0001 . 1.1.01,. 1001 . 10 '1 . "'"'-I,. ul,
L0031,
.00.01,.0001, .10.01,.0001, .0001,.4041 .1667, « 1 1. .0343,. 196!, . "453.
L0755,

03377, .0566, .0930,.4681, - 1483, .997 1,
%148, . 6666, .8889, .99, .9 13, .96, .9 608, .9348, .9167, .3373, .pl31,

9556, .9334, .8,.4706,.3, .9474,.3398 .0%33, - 037m, . 8.095, .166/, .8 834,

*5%,.0 1,.31, .%%,. 7333,.399,

999, 1853,.3334, .1111,. )1,.09%, . 14 .0393, . mw6S0J_ 333 _ 16P0, .1 75,

.3444, 0666, -3,. 5394,.8, .0536,.0001 .75,.4595,. 895, . 308,. :393,
4,.035,.0513,.11%9,.357%,.63 7,

.0331, .0001, .0001,.0001, .0001,-0001 .O0POI1, .DIM, .950)1, . 11-1,. m 'I

,.0001 ,

0001, .0001,.0001,.0001, .0001,.0:001 .0001, .1667, .513 -, . .. =135,

L0784,

3% ,.165,.9337,.0001,.03,.059,

L1353, .6396, .4545, .34%3, .7647,.395" .551,. 9783, 6818, ®W837,. //'9,
L4565, .7334,

.9,.8936,.7873,.9 ,.8667, .5635,.3 135 .0769, .6,.4433,./ :3,.'4 . m3T,
3,.9577,.7359,. 1.850,

8947, .3704, .5455,.7917, .3353,.6043 .4490, .-031 7, .31-83, . 4167, .33/1,
5435,

3766, .1,.10 64,.3 138,.1, .1333,.1563 .635,. 693.3, 35,.4331, 31,
3,.967/,.1081,. )333,.3%4i,,383-0.

L0001, 0301, .0001,. D0 1,.')'11,.0001 .=T11,. 1001 . 111, .- 1,. 1, I'l
0031,

L0001, .01001,.0001,.09 11, .0L101, .0001,.3%1?, 0635, .33»< . 1> 1346,

0417,

01, .01, .8719, .01, .01, .533

I, :=909g;
P; '1STEP I UNTIL 5 DO
leEuI:DONE::FALEE;9::DAVIDL1,LI+15
-EIF,” 1 -IM'IL V DO BEGIN

I)LILul;
TL:<I=/3 AND Tp .STL.,<I=/9 TI'EN
EU 1

j13)
F1 1 STEP 1 uNTIL 3 DO
RE 1 ATE.P ! UNTIU 3 DO
L1, .0, 4 "RIO LI, <J+LI:<I1,.1,1<J5
FO.. J:=1 STEP 1 UNTIL 3 DO ROLS-Ji4L-J, KI;=X11,J,RI
+X13,.7,X1+,413,"1,R]I

P, SIE,: , INTIL 3 DO
r.J S 1Er' 1 iJi'iriL 3 DOPOSiLI,.J, KI:=/
LI,J,XI/RO SUPiL,J, KjI
FO- J:=1 .STPP 1 Until 3 00
PEGIN ILJ,UI :=PO?Tt I,.1, <]*LN(POSTC 1, J,KI 1*0. 4343 +

PO.S TL3, U, Al +Li'K ;"0.STC 3, J, <])+-. 4343 +
POINTC 3, U, XJ*L,.9(P0O.STL3, .J, K 1)¢0.43435
INPC,J,K]:=TCJ, XI* J.' ICO, '<I;
END;
I DFJ-IL ;<J:=- CLMFL 1, XI+INFC 3, i<] + INFC 3, i<l );
P:' TiVTC INF,.)K[!<] ) :
LAFEL3: IF FFEi)> INFO <CX1 THEN
- Sf.'l FRED: =1,vFJl<r,<i;

E-Mi; IF NO T DONE THEN GOTO IL;
IF AHSCP-'-IEO-OLDEND<'3.00 IHEIM GO TO LL
ELSE OLDEMT: -F.-iED;
D:-19. "
11 T<" lIFi:ri".s", C, 5
P-A'IAr-I (TELETYPE, "E.SPI
IP .-ESP=9 THEN begin TESTICJ:=9;C0 TO LAPELI;END;
1 m:STer;j
FDP -1:=] s TFT) 1 1iVTIL 30 DO
WEGIN P.MOi-U ,,<] ;=POS Til, P7ES3, CJ ; PRIO+ [3,.x J:=POST [3, RESP, CI ;
PT'10 fiL3, XI :=POST [ .3, ,:FSp, Cl ;
END:
IVI("THE NFi.,. PRIOR PROPABILITIES ARE");
"Hi', i (.'O.STI' 1, E"+,CJ, .>0.<rC3, .ESP,Cl, -'OSTI 3, RESP, CD ;
1A) )( TELPTY.-7E, ANS);
4'J'.-=. A T'lEiv GUT) LL ELSE
Ivil) LA'-PLI ;
LL :

mjr >

||
yii m
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Troditional or static model of the
dlpgnostic procoss.

Seguential decision nodel of the
disgnootic process showing o olmilar
recurrent cycle fox hif.stomr/p}:yasiml
exsmination/lshoratory tenta.

Exonple of likelihoods in nonwtozle
goltre showlng, for exauple, 1little
differcace in values for pyranidal
lobe mmong the three dincases.

Sunnary of the sequemial technique,

xample of the calcoulation of an
entropy value.

Separation is not possible in dtwo
dimensions but is pespible in {hreo.

Sepavation iz not possible linearly
but vay be possible in nonelinesy
moded (Llower Ligure).

Showe the use of thae non«linenr luster
anelysis techunloue. Hnown groups X
and ¥ ave defined by the corvenponding
clustorse An unkrown group of five
cages aore then lecated mathemshieally
in relation to these two clusters and
the ratio of their distoncoe fron cach
known olugber iz used to osleulate the
likelihood ratioc. ‘iz likelihood
retio is quoted on the sealo on the
lower pert of the dlggrem. Phe position
on the acnlo repregents the odde of

Yhe wknown eases falling into oither
clugtor X or ¥
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Table of teats uwsed in sludy.
Tolotype terminal used in piudy.

Diggnosip by the poquentiol probabalistic
methody  typical oneline printeont Lrom
the tolotype torminnle 1

The offcat of prioe probabilities on
the diapgnostic acocurscy.

Humber of tests uged in tost cosog.

Graphical ropresentation of the diasnosis
by & cequontial probabalintie nethods

a graph for case which fook less thon
poven toaty,

Exemple of effect of contradictory
informstions

Pypieal graph of toat coso.

Bxample of o case in which no certain
diagmosis was reachad.

A colour triengle whore the colour
Intengily vepresenits probeblility; a
typileal path of o olinician to dlagnosis,

he single reourrent oyele which wnders
Iicn $he whole of the dipgnostls procosde
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Jxpordnental design of tho atudy.

The canes wore presented to the elinicien
abt two sessions (by means of stratified
random samples) so that the degree of
difficulty of the coses was sinilay to
that in the test series uwsed in the
provious chapters The degree of
Aiffieulty wao messured by the nunber
of Yesto thet the model. (described in
the previous chapter) heeded to reach a
dinguosise The sequence of the tosts
in oach gsession were randomised so an to
give no obvious poatbern of difficuity or
of diagnooise

Recording sheot uoed by the clmmiana,

Bauilatorad bedongle showing consorvative
and liboral use of informations From
the gptarting point 'at the computer moved
e Yy Tho consorvative clinicion
wend do et and the liberal elinicion
moved o Yo¥. - _ :

Frobability velues for caoh diagnosis
vopresents by colour intonsdty in the
taianglos

A bxdanguler bowl dn which the Qapth

below the apices wvoeprosonts the vncertointy
value associated with sny position in

the trianglo.

Hodel of tyiangulax howl with typical
path of & clinleion,

Trdongle with contours of wncertainty.



Figure 5.9

1t

3]

]

Hi

2e10

Geld

H5ad2

Dall

Seld

i PN 3

v

Eronple of dismmostic patho of threo
elinicinus in the name onse (nuzher 9)
The computer path is blacky celinieian
5 ds reds olindclen % in blues
clinician 6 i proon.

Dacleion eyole and points of disorepanoy.

Bxauple of cyele by eyele profile fop

cane oxanple phown in £isuve 5.9  YOY
ropresents dogree of uncerteinty hefora

the heginudug of cach oyole, W

ropronants the inlorpation loat by teant
peleotione '3 represents inference
dinerapencys  'HY vepresents the liberalism/
conneryniisn mensure; the Dediagnosls
pegaure o ondtted dn this figuro.

bingnostic accuracy in study showing
3t roladlonchip o ohocenionalinm,.

Blognopbio acouragy with wrong diagnoses
in boxes pnd coxvect disgnopoes in block

- olvelons second column gives (o) nunber

of tonko 1€ oorrests (b)) final probability
A8 Leos than «99 and () wrong ddasnosio
of caveinone In casos 24 and 20 by eompuber.

Humber of tests 4 (2l easen) and B
(without thoue in boxes)e

Totel nuober of tento as histogrons
chowing a peak at 7 for all casosy  thie
moy bo welated to the “channel ecapacity®
of the Individusl olinieisn's processing
of informatlon.
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Gonasisteonoy in the nmber of honts

wned in those ¢nses whiah wers repcated
in the study, Consistenay in measured
by the disorepauncy betvesn tho nurber
of teatn ugsed on the ssae capo on the
two goonnions,

Path of olinieian 1 (shove) ond 2
{below) in the same cose 88 Ligure 5¢9

Path of clinielen 4 to the sane ense
on Fimwe 59

Yoluos for uncorieinby moasures.

Path of elintoian 1 (ohove) end 2
(helow) in cape of Heshinmolo's disense,

Path of clinicdon $ (above) and 6
(velow) in case of Hoohimoto's disesve,

Svorage veluen for profile neasures
for elindeion 1,

Mrovage valuen for profile meosurves
for elinician 2.

Average valuw for profile neasures
for olinicion 3.

Avaraze valugs Lor profile measures
For olinician 4.

Avarege valuss for profile meapures
for cliniaian b

Avernge values Lfor profile meassurss
for olinioion 6.
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Relotlonshlp of veluon of profile,
peroonalily ond experdence neamote
ALY valuen are replked in deoreasing
ordor Dvon abiove Goun

The relotionchip of moasures of diseropanoy
o the frequeney with whioch tusts were
solested by the olindglang “Top Tuob

were those testy mont frequontly uwsed

by the oliniclan while the “Botien

Tuo viowe thone whieh wore lensnt
freguently uoed by olinioion in the

ghudy.

Ovorall pabiern of test nelection
indlonting the svervege loss of iafommabion
in the siudy due 40 dnappropriate seleotion
of Lol st oy poiat in the diagnoside

“The higher fthe histogras the lasg

offootively web the test selectoda

Ovoredl pattorn fop conservatisn/
Liverallion showing thad most olinicians
e eonvervatives

Ronkdng of valuos for personality tootse
The elindeians ave ranked in decreaming
grder of oboessivacliss and inoressing
order of oxwtroversions

Rolationshin botweon porsenniity fectors,
soowrasy and number of testns Cliniclann
axe venked dn (1) devreasing ovder of
obsesnionalion and dncreasing ovder of
extwovorsion (2) dooveasing ovder of
gaowrany and dooranoing opdor in the
vuthay of Soths usede
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Figure 5.27 Second oxder facltors for obacsolonalism.

" 520 IHeen values for profile measures and
nersonality measuren.

1 5229  Relatdonship of mean profile neasures
and clinical experience, Ulinjoinns
are rankoed in decressing order of
¢linical aud of thyroid experience.

dingnosis value (more then .15) with
high liberalion (more thon «10).

9 5430  Ixanple of cage §rafile with high

" 5431 lUpisodes of liberalisme

" 5632  (iniolans' ostimate of costs compared
to actunl coots from ouxveys.  Costs
which cliniciens were ssked to estinnte
and thone whioh wore made in the purvey
were margined cosis excluding eaplinl
cagt of eguipsent and depreciction.

Figure Gel  Intercotive visunl dieplay (PDro/5%8)
~ with teletypoe

" 6a2 Sequential profile enalysiss telotype
- printeoubs

" Ou3 Dleploy vith lightw-pens

i (1e4 Idne for indicating probabllities.

" Habh Idot of tests with ldghbepen

N 646 Groaph of probebililies and tent ouboomes.

" Oal Profile analynis.
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Pipure Tel Study of prediction of cure of
thyrvotoxioopis - tine soale,

u Te2  Tests used in study.

" Tedan  ldet of velnes for 1ikeiihmad ratios
, for gstudy in “eure" group.

® 7,3 ldot of values of likelihood ratios
on firet study in “relapse’ group.

" Ted geatter diagram of likelihood ratios
in firat otudy with cloged circles
indicating oures and open triangles
indieating relepses.

# Te8  Clessifications end overdsp in both
astudien,

w i "ﬁyﬁamiﬂ“,grayh of change in likelihood
rablos over tine - “&mxﬁﬁ";

" 7¢7 Dynomie" graph of ohange in likelihood
, rotios over Glne - "ralapse©,

n Tell  Pive "stable" cngen in rolepse groups
Stuble cases are superimposed in groy.

L 7.8  Doterminents of cluskters - & neasure
of denpity of clustors. .

" 7«10  YBY geatter dispram for second study
at conbrols  YCF contter dlagram
for second otudy at three months,
D1 gonttor diggram for second study
hoth dntorvals conbineds with line
lowered for bebtter sepavation of “aures",

Cures sre in olosed cireles and relappes
it olosed Lriangles,
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