MIT/LCS/TR-271

A COMPUTER SYSTEM
FOR

DECISION ANALYSIS IN HODGKINS DISEASE

Cynthia J. Rutherford
Byron Davies
Arnold I. Barnett

Jane F. Desforges



Tius blank page was inserted to preserve pagination.



A Computer System for Decision Analysis in Hodgkins Disease
' Final Report

Cynthia J, Rutherford
Byron Davies
Amold L. Barnett
Jane F. Desforges

Tufis-New England Medical Center Hospital, Boston

and Massachusetts Institute of Technology, Cambridge, Massachusetls

This research was ‘supported in part by the Health Resources
Administration, U.S. Public Health Service under grant number MB 0017
from the Bureau of Health Manpower, by U.S. Public Health Service Grant
number CA 19122 from the National Cancer Institute, by National
Institutes of Health Grant No. 1 P41 RR 01096-03 from the Division of
Research Resources.

Massachusetts Institute of Technology
Laboratory for Computer Science
Cambridge, Massachusetts 02139



This empty page was substituted for a
blank page in the original document.



. Hodgkins Disease - Modern Approaches o Staging and Treatmeat ... 5
2. Deriving Probabilities of Stage 10
2.1 The Database ... , 10
2.2 The Use of Bayes Rule To Revise Probabﬁms of Stage in Hodgkms Disease .. .15
2.3 Defining the Age Groups - 20
3. Decision Analysis 21
3.1 Constructing the Decision Tree 21
3.2 Evaluating the Likelihood of the Outcomes 26
3.3 Assigning Utilities 29
3.4 Evaluating Decision Branches i
4. Conditional Independence Assumptions K1}
4.1 The Independence Hypothesis 38
4.2 Tests of Independence 38
5. Testing the Bayesian Model for Predicting Pathological Stage 41
5.1 The 1977 Test 4
5.2 The 1980 Test 45
6. Example of a Typical Patient Session 48
7. Analysis: Immediate I.apai'otomy in Young Asymptomatic Patients 58
8. Analysis: Laparotomy in Symptomatic Patients 63
9. Problems in Applying Decision Analysis to Hodgkins Disease 75
10. The Computer Implementation n
10.1 Introduction 7
10.2 Maclisp as an Implementation Language 78
10.3 Data Structures 78
10.4 Pationt IDESCIIPLON .......vu.ereeievencnsseesssarssnsasensmensasassssassessessansnsssarsessessas sonsasssesssses anaseres 80
10.5 Probability Calculations 81
DW 1981 . -1- Hcdgkins Decision Analysis




10.6 Decision Trees and Diagnostic Plans

11. Acknowledgments

Appendix TL.. A General Statistical Test For Evatusting Probubilities

§§§gssas

Appendix TH. Information on Lymphangiogram Used in the Hodgkins Progtas
References . et e . m

December 1981 -2- Hodgkins Decision Analysis




0. Introduction

This report draws together the diverse strands involved ?n d_ey‘glop’iggv a»un,i?que compute;-based system to
stage and manage Hodgkins-Disease (HD). 'I‘hosg of us who wo;k_e& on tbe final version of this‘ project
included two hematologists, a computer scienﬁst, and a statistician. We have all ,contributed to this report,
and our respective sections reflect not only our own special interest in and approach to the problem, but also
the type of readers with whom we hope to communicate. We léxpéct that 'man’§ will not read this report "in
toto”, but that others working on similar problems may find particular sections helpful and interesting. In
addition, because the program is not being maintained;v we have ihclﬁdeﬁ much data to insure that

information from our extensive patient database is not lost.

The report begins with a general discussion of the principles of management of HD, covered in sufficient
detail to explain the problem to those not familiar with this field. “This section is aimed towards the
non-physician or the physician who is not involved with HD managemeiit: it explains the rationale for a

structured approach to the problem.

Section 2 describes the patient database, and how this is used to pm‘diét the likelihood of the various stages of
HD. A general discussion of Bayes Rule then leads to a description of the ﬁdrticular way this rule is applied

to revise the probabilities of pathologic stage prior to management decisions,

Section 3 deals with the technique of decision anal)';sis. No prévious knowledge of decision analysis is
assumed, and detailed descriptions of all the steps invotved are given, with the examples based on the HD

system. The latter part of this section requires an understanding of Bayes Rule as described in section 2.

Sections 4 and 5 are concerned with the statistical validity of the program. After describing the assumptions
made in developing the program, this scction deals with the way both these assumptions and the general

validity of the program were tested. Details of the methods uscd are supplied, and wider application of the
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method is discussed.

Section 6 is included to show exactly how the Bayesian and decision analysis techniques are applied. It gives a
detailed description of a typical patient session, including all the special features which can be used to tailor

the decision plans to a particular patient and the experience of a particular hospital.

In contrast, sections 7 and 8 describe more general épplications of our system. We use the program to
approach some important management dilemmas in HD and we draw conclusions pertinent to large number
of patients. Although these sections contain information mainly of interest to the practising hematologist, the

discussion of decision-making thresholds has a more general application.

Rigorous application of Bayes Rule and decision analysis to the inexact science of clinical management is
bound to result in some interesting problems. These are addressed in section 9, in which we discuss the

limitations we found in this approach.

Section 10 is written as a guide to computer programmers interested in the implementation of such a program.
The program is described in sufficient detail to enable a similar program to.be set up. Certain original and

sophisticated techniques developed for this program are described.

Finally, there are four appendices. The first is a comprehehsive list of prior probabilities for the basic clinical
findings, the conditional probabilties which are used to modify these pnfo{ probabmnes, and posterior
probabilities for e;rery combination of clinical findings, allv, of which are denvedfrom our 1200 patient
database. We feel that these will be very valuable to the physician managing HD. The second appendix gives
the general format of the statistical test used to evaluate probabilities of stage as described in section 5. The
short Appendix 3 documents the information used in the program to derive the conditional probabilities of
stage from the lymphangiogram, and shows how these probabilities are derived from the data. Finallf

Appendix 4 gives an annotated trace of the decision tree analysis program in operation.
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1. Hodgkins Disease - Modern Approaches to Staging and Treatment

Although Hodgkins Disease (HD) is a-‘malignant disease of the lymphoid system, a malignant lymphoma, its
| biologic course is different from the other lymphomas, and from neoplasms in general. In the majority of
patients the disease arises in a single lymph node area, typidafly ¢eﬁkai, and spreads by lymphatic channéls to
_ involve contiguous lymph node areas in an ofderly way. Localspread of dxsease to structures contiguous to
affected lymph nodes is noted, pamcularly with involvement of medlasnnal and hilar lymph nodes;

occaswnally the disease may begin in a localized extranodal site. Splemc mvolvcment usually occurs as the
disease progresses, and is thought to result from hematogenous spread, since the spleen has no afferent
lymphatics. Hematogenou; spread to other extranodal structures such as bone marrow, liver or lung does not

usually occur until late in the disease.

The extent of the disease determines the type of treatment which is indicated. To achieve uniformity in
describing this extent the Ann Arbor stagmg system was adopted in 1970, and is now well-established
(Carbone et al, 1971) (Table 1.1). This stage of the disease, together with the pmence (B) or absence (A) of
the specific symptoms is the most important guide to prognosis, with the outlook becoming less favorable

with advancing stage, and if symptoms are present.

There is now good evidence that proper treatment of HD in certain presentations results in long term
remissions and probably cure. For localized disease radiotherapy may be (::ura,tive in a high proportion of
patients if all the tumor is encompassed with a tumoricidal dose of radiation - usually in the vicinity of
3500-4000 rad; for disease which has spread beyond the lymbh nodes and "'s'pléen, 'coxﬁbiﬁation chemotherapy'
has given a high proportion of ‘pitients such prolonged remissions that they may.be considered cured. For
other stages, where neither radiotherapy nor chemotherapy when ‘given alone has proven extremely

successful, combinations of these two modalities are being tried to effect a cure.

The diagnosis of HD often marks the beginning of a scries of increasingly invasive diagnostic tests to

December 1981 -5- Hodgkins Decision Analysis



determine this stage in order to select treatment. This intensive staging may include an intravenous
pyelogram, percutancous bone marrow and liver biopsies, a gallium scan, a lymphangiogram, and
computerized tomography; since all these tests have an appreciable‘fa!se negative rate, and, with the
exception of the biopsies, all have a false positive rate, (Table 1.2) the series often culminates in an exploratory
laparotomy, with extensive lymph node sampling and splenectomy. If the extent of disease i established by
Iaparotomy, or by histological confirmation of disease in extranodal structures by a biopsy, the patient is said
to be "pathologically-staged". Staging without exploratory laparotomy, where biopsies of extranodal sites are

negative for disease, is termed "clinical stamns"

Our basic purpose in applying the techniques of decision analysis to HD has been to tailor staging
investigations to the individual patient, and thus to use the minimum number of investigations to select
treatment. This has involved studying a large series of pauents morderto drawgeneral conclusmns about the
management of HD which could then be accessible to a wide audience of physicians, with or without access to

computer facilities for individual patient study.
For any patient the value in performing an investigation is related to three fictors:

1. the likelihood that the patient has the abnormality for which (s)he is being tested.
2. the sensitivity or true-positive rate of the test.

3. the specificity or true-negative rate of the test.

~ All oo often in HD the whole battery of available tests are used without analyzing their value in a particular

paﬁennmdwimmnoms‘deﬁngmattheymaypmvideoyal@pmmhm Thereate'a,numberof.

compelling reasons for performing the minimum number of tests required:
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Table 1.1. The Ann Arbor Staging System for Hodgkin’s Disease

CHARACTERISTICS

STAGE

Stage 1 Involvement of asingle lymph node region, orof a
single extralymphatic organ or site (designated by E).

Stage Il Involvement limited to one side of the diaphragm either
of two or more lymph riode regivns, or localized invotventent
of an extralymphanc (E) slte and one or more lymph node regxonsv

Stage 111 Involvement of lymph node regions on both sndts of the
diaphragm, which may include Jecalired invelvenient of an
extralymphatic organ or spleen.

Stage v Diffuse or disseminated involvement of one or more |
extralymphatic organ, or any liver involvement, with or
vmhout assocmd lymph nodeinvolvement. :

Each case is further classified as:

A if asymptomatic

B if any of the following are present:

- uncxplained weight loss of more than 10%
of body weight in the preceding 6 months.
- unexplained fever; with wmmam 38C.
- night swuts.
modified from Carbone et al 1971.

Table 1.2. False Positive and False Negatlve Rata of Tests

FP(%) FN(%) REF

Gallium scan (abd.nodes) 5 49 McCaffrey(1976)
Lymphangiogram ‘ 13 16 Appendix1II
Liver scan (abnormal uptake pattern) 23 33 Mildnen(1973)
: : s ... Lipton(1972)
Spleen scan (i) filling defe'cts' . 0 81  Silverman(1972)
L . Mildner(1973)
(i) size >15cm : 7 .60
Computerized tomography (abd. nodes) . Y R & I }Lec(1977), Best(1977)
. ' o Alcomn(1977)
Breiman(1978)
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1. with the exception of the gallium scan and computed tomography, all the tests have a mortality
risk. This may be extremely remote in mm'aam.mm.wmmvm
mortality risk fmm@m,amwmmmw,@mwrﬁabk:&ﬁm
staging laparotomy. mmmmmWhm5Mwmmm
staging laparotomy i summarized in Table 1.3, and shows a mortality rate of 0.5% overall for the

laparotomy and its immediate post-operative peciod.

2. all tests, again with the above exceptions, have a definite sisk of morbid complications; here too
the highest incidence of serious complications is seenaﬁu mWy where 6.1% of
patients experienced ma;or complications as serious as puknonuyﬂbdm,sulphreanm
’ . Th:sdataxsalso

intestinal obstruction etc., and a further 15% had less severe cog

summarized in Table 1.3, _

3. All tests are expensive. A full work-up which uses all the sests could. cost in the vicinity of

$10,000. Individual costs for the different procedures are given in Table 33.

Information on the specificity and sensitivity of the tests used to stage HD is readily available in the medical
literature. Information on the likelihood ofposmveﬁm for the vmm mdifferenteoadim
however, is not. |

In the folowing secion we descrie how we derived ®his information from data obtained from
laparotomy-staged paticnts. ‘Wea_lsodescﬁbe how, from the same data, we usc Bayes' Rule to predict the
Mm@ofm.mmhapmummmmsmmm.
| mhmmudmmwummﬁmofmhwﬁ o
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Table 1.3. Mortality and Morbidity from Staging Laparotomy for Hodgkins Disease

Reference

Aisenberg et al (1974)
Andrassy et al (1977)
Beretta et al (1976)
Brogadir et al (1978)
Bruntsch et al (1977)

" Cannon et al (1975)
Coleman et al (1976)
Ferguson et al (1973)
Gamble et al (1975)
Garcia et al (1971)
Gazet (1973)
Hermreck et al (1975)
Jelliffe et al (1970)
Lowenbraun et al (1970)
Marston (1972)
Mecker et al (1972)
Mitchell et al (1972)
Paglia et al (1973)
Piro et al (1973)
Poulsen et al (1977)
Prosnitz et al (1972)
Roberts et al (1976)
Rozman et al (1973)
Smith et al (1972)
Sutcliffe et al (1976)

-Urlaub et al (1979)
Zarembok et al (1972)

Total

Dc.-gcmber 1981

No. of
Patients

100
76
110
90
215
400
1|
3
139
20
65
50

OCPCOOHOOONOMMNNOOOFOMIMMKMOODOOO

No. of
Deaths

11 (0.5%)

No. of

Major ;
Complications
2(2%)

1(1%)

1(1%)

16 (18%)

- 28(10%)

15(3.7%)
703%)
1(1%)
5(4%)
0(0%)
4(6%)

13 (26%)
1(5%)
0(0%)
4(1%)
4(13%)
3(%)

6 (12%)

6(5%)

5(5%)
4 (10%)
3(4%)
2(4%)
2(3%)
19 (1%)
5 (4%)

0(0%)

157 (6.7%)
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2. Deriving Probabilities of Stage
2.1 The Datshase

A great deal of information about the patierns of spread of Hodgkins disease (HD) has been amassed in the
decade since exploratory laparotomy has been regularly used to stage the disease; from this information has
oomeourknowledgeofﬂuepmdicxablepauemoi'spréidofﬂﬁwngmnomally@aﬁcdism‘buﬁon
‘I‘hedifferenthistblogicaiwbtypeshavcbeenfoundmhavcd-iaﬁgimpauetmofspmd,wiﬂxmed@eeof
dissemination increasing from lymphocyte predominant (LP) to nodular sclerosis (NS) to mixed cellularity
(MC) to Iymphocyte depleted (LD). We know also that the preseince of symptoms is related to the spread of
disease, with symptomatic (B) patients having more advanced disease than asymptomatic (A). Other factors
known 0 affect the extent of the disease are the sex and the age of the paticnt. The younger age §roup.
corresponding to the first incidence peak in the characteristc biffodal age:iacidence curve of H), shows an
' ahnostequalmalefemalemno apmmmmofmmmmmmahhherfmmmof
med:asunalmvolvementandammebemgnchmcalowm. Incmast, the older group, cbrrcspond‘mgtomc
mdpakofmesgem&memmmah@amm&mmdanumbuofhwﬂekted
clinical features including 3 greater proportion of the MC hisiglogical type, a much higher incidence of
hﬁwhphmmaﬁcmvdmapmﬁmmdammw&nbdm(cmmggm
The pattern of involved supradiaphragmatic lymph nodes i related to the frequency of associated
infradiaphragmatic disease; left cervical node involvement is associated with a higher incidence of disease
below the diaphragm whereas with mediastinal involvement a Jower incideace is scea.

'Webvemm&mwmmmmmmmpmmmmmmmpmm
fikeSiood of the various stages of Hodgkins discase acconding 10 the basic clinical data known sbout the

patieat.




All information about the following findings which are available for a given patient have been collected and

stored:
Histologic subtype
Presence (B) or absence (A) of symptoms
Sex
Age
Specific supradiaphragmatic lymph node groups involved
Alkaline phosphatase levels
Clinical splenomegaly
Absolute. and percentage lymphocyte couht
Liver/spleen scan
Percutaneous bono marrow biopsy
Percutaneous liver biopsy
~Gallium scan
Computer-assisted tomography (CAT scan)
Lymphangiogram ‘
?eritoneoscopy

Laparotomy
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A typical string of patient data may be seen below:

((SOURCE TUFTS) (ID XX) (AGE 20) (SEX FEMALE) (HISTOLOGY NS) (A-OR-B A)
(LOCATION-PRESENTING-NODES (LEFT-NECK nxsur-lscx))
(MEDIASTINUM NEGATIVE) (LIVER-SCAM.MEGATIVE)
(SPLEEN-SCAN NEGATIVE) (SPLEMOMEGALY NORMAL)
{ALK-PHOS (BODANSKY 3.0)) (GAL POSITIVE-ABD-NODES) (LAG POSITIVE)
(BMBX NEGATIVE) (LBX UNKNOWN)
(LAP ((LAP-SPLEEN NEGATIVE)
{LAP-MARROW NEGATIVE)
(LAP-LIVER MEGATIVE)
(LAP-NODES POSITIVE))))

Patient data from the following institutions was obtained:

Tufts-New England Medical’ Center 91 paticats -

Joint Center for Radiation Therapy 8 pm B
Massachusetts General Hospital 113 patieats
Stanford Division of Radiation Therapy 504 patients

Harvard School of Public Health 0 SiBpelieatsi -

The remainder came from individual patient data in the medical literature by Bearman ct al (1978), Hanks et
al (1971), Jelliffe et al (1970), Lowenbeaun <t al (1970), Mitchell et al (1972), Prosnitz et al€1972),: Zarembok

et al (1972).

mmtwnhmeummmmmﬁadi@hrmmpmmofﬂodgkmdmwxpooﬂympwnwd
mthemmaldambase. Furthermore, in this type of patient certain test results have a different meaning in
terms of staging, e.g. such findings as involved abdominal lymph nodes or involved spleen define the patient
2 baving stage 1l discase only. For these two reasons, we have excluded the patients with an

‘ mmmmmmmmmwmwwmmwofm.

Initially the proportion of paticnts in each pathological stage was calculated from the raw data. Stages 1and II

were analyzed together, as therapeutic decisions for these stages are almost always identical. Each finding was
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then assessed to see whether it was helpful in predicting the pathological stage. Certain findings - alkaline

phosphatase and clinical assessment of splenomegaly - were ngtkfound to be helpful in ’this respect, so they

were not used in the final version of the program.

For those findings which were found to be helpful in distingui&xing among the differeht stages, the number of

_ patients in each pathological stage was ascertained and was expressed as a proportion of 1.0 e.g. for the

finding Histological Subtype:

Histological Pathological

subtype stage

LD 1+11
111
v

LP ' I+11
111
1v

MC I+11
111
v

NS B 5 ¢
111
v

No of
patients

.GGN

461
236
44

Proportion
of patients

0.32
0.41
0.27

0.76

- 0.22

0.03

0.42
0.44
0.14

0.62
0.32

© 0.06

One can use this data to calculate the probability of being in a particular pathological stage, given the

histological subtype, e.g. the probability that a patient demonstrating the NS subtype will be in stage Il is

0.32, or simply stated P(IIINS) = 0.32

Similarly the conditional probabilitics of STAGE given SYMPTOMS can be obtained from the database:

December 1981
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Pathological Mo of - Probability

stage patieats
A I+11 . 485 .86
111 228 9.3
4 ) 3 9.04
B 1+]11 151 .41
111 167 .82
v 83 9.17

From this one may derive the probability of STAGE given SYMPTOMS eg P(IVIA) = 0.04. Data can be

similarly expressed for all the findings eatered.

If the findings were all independent ofonem,wﬂaenonecmdd fmme probability ofhus{‘nca
combination of findings in stige (1-+11), stage 111, or stage TV for any patieat simply by multiplying together
the conditional probabilities of each finding given the stage. For example, for ‘an asymptomatic (A) male

patient who has the MC histological subtype:

P(A NALE NC|IIT) would be P(AITIT) X p(MALE|III) x%iimun)

Gmmdmfmhmuw&ammmﬂdywbemm Chi-squared
tesung(seeampterll)didconﬁunﬂns,M&penmm&ownmmﬁepmtsmmepmme
by the program.  This dependence precluded the simple type of cakulation shown above. Instead, prior
| ' adent findings - the patient's
mdwpmwmabmofsmpmmdmewm making sixteen different
combinations of prior findings. quypm&ys’rxﬂewmmmuﬁmmodifyﬂmpmpmbabihw '

probabilities of stage were calculated from the data for the triad of interde;

.by the conditional probabilities of FINDINGISTAGE for the subsequent findings used in the program -- the
patient’s age, involvement/non-involvement of cervical and mdlasawiymph nodes, and the results of the

various tests, including tiver-spleen scan, bonc marrow and liver biopsics, gaflium scan, and lymphangiogram.




2.2 The Use of Bayes Rule To Revise Probabilities of Stage in Hodgkins Disease

Bayes Theorem is a mathematical method for modifying probabilities when new information is available. We
have used this method to revise the probabilities of stage, as we take into account the basic clinical

information known about the patient and the results of testing. See section 2.2.2.

2.2.1 General Application of Bayes Rule

Consider a test with two possible outcomes (T+ or T-) which is used to modify the probability of a patient
being in a disease state, D. lf D) is the probabil_f;ty of the dxsease state prior to the test, the revised
probability P(D{T +) i.e. the probability of D given a positive outcome and of P(DIT ) ie. the probablhty of

‘*: PR

D given a negative outcome, can be expressed as follows:

P(D|T+) = P(D) P(T+|D

P(D|T-) =

Where P(T+|D) = Probabﬂity of a positive test given the disease
" P(~D) = probability of no disease |

P(T+|~D) = probability of a positive test, given no disease, i.e.
the false positive rate.

P(T-]~D) = probability of & negative test given no disease
P(T-|D) = probability of a negative test given disease, i.e the
false negative rate.

Knowing the prior probability of a disease state, P(D), and the false positive and false negative rates of a test

used to detect it, one can use Bayes’ rule to revisc P(D) according to the outcome of the test. -
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222 de&ihwmm

In our program we have used Bayes Rule 1o revise the probabilities of each of the stages of HD, taking into .
account both basic clinical information known sbout a patient aad the results of any tests. Prior probabilities
for each stage are those derived directly from the database for the three basic findings which have been found
mmmmmmmw,ammmam«m Prior
probabilities for each of the sixtoen possible combinations of the findings are givea in Appendix L

To demonstrate how we apply Bayes Rule we will mmemvdmmuwmmmm
Chapter 6. This patient is a male with B symptoms - w@nm and the nodular sclerosis histologi
subtype. The prior probabilities of stage for this patient are:

Stages I+II 0.34
Stage III 8.58
Stage 1V g.18

Wewshwmwmmpmb@mwmkmmmmsﬁuwmu-”m Fonhu
mmdmmwnmmmmﬁmdmasucsmmmmmmm

B ,.4 ]

dmbse.mdwhsehhavebeenﬂwwntobemdwendmtdmm Theaeoonﬁtmalpmbabﬂmel

are:
Younger than 12 years I+l 0.43 III 9.@5.4_. 1V 8.08
12 to 39 years I+11 8.84 IIT @ IV 0.45

Older than 30 years - I+IL B, 14 JII .22 IV 0.47

Toupmmcpmrpmbab:&yofm(l+mﬁxm

P(I+I1}AGE12-29) =
p(I+1T).p(AGE12-38] (I+11)

e e a0 i e 0 D S > D s > Y . i o s D D D T e 2 4o e

P(I+11).p(AGE12-39] (I+11) + p(I11).p(AGE12-39[(I11) + p(IV).p(AGE12-39{(IV)

The term  p(1+11).p(agek(1+ 11)) corresponds to the “truc. positive” if one considers age in the sense of a




"test", with being in the 12-39 age group a "positive™ result and the other age groups a "negative” result. This -
makes the other terms in the eqation - p(IIT).p(AGE12-39H1) and p(IV).p(AGE12-38{IVY- the equivalent of

false negative results. Substituting the probability results in the equation:

p(I+I1)|AGE12-39 = . 0.34 X 0.84

-—_--_-__-—-‘;(‘—-—-—a—----a-—-—‘;-—c ———————————

(034xos4)+(05xo74)+((01sx045)

= 0.3926

Similar calculations are carried out to revise the prior probabilitieé of stage 111 and stage IV according to the

conditional probabilities of agelstage.

These posterior probabilities now become the new "prior” probabilities which can then be revised by the next

Jpiece of information available, such as the specific sites of supra-diaphragma

tic lymph node involvement,
Bayes Rule is applied to the tests used in staging HD according to the general formula given in section 22.1.

For example, suppose we have calculated that the probability of abdominal node involvement in a patient
with supradiaphragmatic HD is 0.30. A gallium scan is found to be positive for abdominal nodes, and we

wish to know how this positive result has modified our mmal probability.
P(+NODES) = 0.30 therefore p(-NODES) = 0.70.

From the literature we find that when the gallium scan is used to detect involved abdominal nodes in HD:

fl

False positive rate = p(+test|-NODES) = 0. 16 :

False negative rate = p(- test|+NODES) = 0. 50

where the symbols + and - are used for positive and negative, i.e.
+NODES are lymph nodes involved with HD.

From thesc we deduce:
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True positive rate = p{rtest|+NOBES) = G.66

True negative rata = p{-test|-NODES) = 6.90

mmmmmmmemmm
w{%&) ﬂﬂmt“&)

p(+NODES|+test) = -~o---orememmnaee e D
9(+l0ﬂ£5)mn{*tastl+I§°§$2 +,a£—;aa£sx.p(+tast; MODES)

(.3 X .5) + (.7 X .18}
= 0.68 or 8%

‘The use of Bayes Rule here has revised the probability of abdominal node- inwdlvernent upwards; from 0.30 to

0.68 in the ight of the positive resuit for gallium scam.

Inourapﬁkaﬁnn'ofmnmemwmémwm;&ﬁmvieusctht”tzstsm modify
: mﬁnmamaabmnamgeof&emmmmespe&&Mdmmademomdmm
example above. Ifmemmdememamgkmmdmm
P(+GAL| ITI).p(III)

 PCIII[+6AL) = =====m=mmeeomcmamooes i e e e
| P(+GAL| T+I1).p(I+I1) + p(+GAL}III). p(nl) + p(+GAL|IV).p(1IV)

 However, the literature does not contain data in the form of conditional probabilities of test results i certain
stages of the discase. This calculation, thevefore must be carriedvut in two stages:
P(+GALJIIT) = p(+GAL|+NOBES) p(+HOBES}IIT}
POSTTIVE

TRUE
+

p{m;-msx p(-msmn
FALSE POSITIVE

The terms for p(+GALJI+IT (or TV)) are expressed in the same way. The probability of positive and
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negative nodes in stage Il is obtained from the database, i.e.

In stage IIIA:

p(+ABDOMINAL-NODE - INVOLVEMENT)
p(~ABDOMINAL-NODE-INVOLVEMENT)

Hn
[~ ]
w
(-]

These lead to the conditional probabilities:

0.6 X 0.82 + 0.10 X' 0.38
TRUE POSITIVES FALSE POSITIVES

p(+GAL|I1I)

0.31 + 0.038

0.35

That is the probability of finding a positive Gallium scan in a stage ITIA patient is 0.35.

Similar calculations are performed for all stage/symptom combinations for this test and all the other tests
used, so that conditional probabilities of the test given stage and symptoms are available for the Bayesian

calculations. For the gallium scan these are:

NEGATIVE GALLIUM SCAN

I+II A 0.90 B 0.90
III A 0.65 B 0.66
1v A 0.61 B 0.54

POSITIVE GALLIUM SCAN

I+II A 0.10 B 0.10
IIT A 0.35 B 0.44
v A 0.39 B 0.46
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2.3 Defining the Age Grougs

Comparing the incidence of Hodgkins discase with the age at presentation shows a bimodal age/incidence
The two age groups defined by this curve show important differences, with the age at presentation showing
correlation with the extent of the disease. The younger group shows an. approximately equal male: female
ratio, apredommanceofthenodular xkromsmS)hmmmpma;dnmbwammm
mednasunalmvo}vemetnquzemmnm in contrast, dxeoléerm Mah@mmle female ratio, and a
number of inter-related clinical features including agmwpmpomon of the MC histological type, a much

tnghu'mctdenceofmﬁadnaphmumvolvanemapmmonmdamm agrmvechmcdcoum.

Weme,mmfom,uwdagmmevmmmmmemofm in Hodgkin's disease
patients. Conditional probabilities of AGE given STAGE ‘are used in applying Bayes nile to calculate
posterior probabilities of STAGE given AGE. Use 'of&és formiula fequiires the assumption that age s |
independent of the findings used to calculate the prior probabilitics. THis assumpt
arbiuafily-selectedagegrwps-o-ﬁym1&%%3I4Smmwm§gfsm-‘mkmﬁn

-was checked for the

the program by means of Chi square analysis, aad found tenable (Eisen 1977).

Subsequent analysis of the larger database showed that there were essentially mreeasegroups ‘d'stinguished
bydxsm’buuonofstage Otollyears,12t039years,and40yearsandovet Hnmogcneity wasobmved

within each group, w:&somcnnmrmmudﬂuchnﬁon.anddsﬂnctd&ffermm dbservedbetweea

graups(asdewmincdbyChisquamwsﬁm).
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3. Decision Analysis

Decision Analysis is a technique for evalmnng comglex decisions by breakmg them down into thelr simplest

component parts, quantitatively evaluat.mg these, then reasaemblmg them in a' loglcal mature
Decision analysis involves four sequential steps:

a) constructing the decision tree which displays, ity Ehronologlcal order, all the optipns for a
particular decision, and every possible outcome of eath option, whether determined by chance, or
by further decxslon'makmg.

b) evaluating the likelihood of those eutconm in the decision tree which are determined by chance.
¢) scoring each possible option, mrdmg to a system of utilities.

d) evaluating all deeision branches anid selecting those with the highest utility.

- 3.1 Constructing the Decision Tree

The decision tree is displayed on a branching framework, and includes all the options among which one must
choose, with all possible outcomes of each option displayed. | Subsequent outcomes include both those

determined by chance, and those which.involve hterdemons.

At each branch point in the tree where a decision must be:mité, a‘shwifl ‘saare is used to denote a decision
node. At any poifit in the tree where the outcome of & decision is defermined by chance, a smafl circle denotes

a chance node.

Below is shown the simplest type of decision tree used i this work; the basic TEST versus TREAT decision,
in which a physician has to decide whether to perform a test to define the patient’s diseaseé more accurately or
whether to treat (Rx) the patient without further ado. By_c;gnvention. ﬂlﬁ‘!g‘:ﬁﬁ% tree is‘drawn with the early

decisions on the left, the later outcomes on the right.

December 1981 . -2- Hodgkins Decision Am_lysis



At decision node a, the decision is between treatment (Rx) or performing TEST-1. At chance node b, the
patient may die (+) from the test - this risk being the obscrved test mortality rate - of may survive the test. At
chance node ¢, having survived tbetzst. the patient may have either a positive or 2 negative result for the test.
At each decision node d, one must now, in the light of information. gained from thetest, make another TEST.

versusTREATdecision._ for some other test.

The actual decision tree involved in the selection of test procedures and treatments in Hodgkins discase is

_veryeanplex,bewne:

(i) there are a number of different tests among which one must choose - munelybonemam)w
biopsy (BMBX), percutaneous liver biopsy (LBX), peritoneoscopy with guidcd liver biopsy (PTX),

gallium scanning for abdominal node involvement (GALL), lymphangiogram (I.LAG), and staging
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laparotomy (LAP) - and one may choose any number of these.

(ii) The order in which the tests are performed may be important. A test seduenice stops with'a
positive bone marrow or liver biopsy Which constitute definite evidence of disseminated (stage IV)
disease, or with the stagmg LAP whxch is consxliéred for practical purposes as "perfect.:
information”, i.e. it is asslgned nexther a false posmve nor a false negative rate and its results are |
always final. Following a negative bone marrow or Iiver bwpsy or after gallium scan or.

lymphangiogram further tests must be cons:dered.

Below we show part of the decision tree relating to the selection of tests, to demonstrate the recussive wayin .
which any tests not yet performed are considered. This decision tree displays only one of the brancl'm which
occur at each decision node, following the initial decision to select bone marrow biopsy. Where ﬁ.lrther
decision "branching” follows, the test name is followed by dots, eg "GALL. . ." . A similar brapching

structure exists for each of the other initial tests, except for laparotomy, where resultsaré final.

LAP LAP
LBX |

R
T

MBX
L - leAlL
+
GALL
‘_—.‘ LAG— -
LAG

The actual tree evaluated is even more complex since at cvery decision node, the decision involves not only
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further TESTING, but must also inclode an evahuation of the TREATMENT option. The actual framework

d&mkﬁumv

R NP

LAG

Jr— y y

Rx

mm&mmmmymmmmofmwmmm
4 al ymph-node areas, known as tota nodal iradistien (TNT), radiotherapy which spares e pelvic lymph
nodes, which is known as extended mantle irradiation (m),m the combination chemothesapy regime

The TREATMENT branches for asymptomatic (A) and symplomatic (B) discase are shows below. For A
dmdmmﬁueemmmm&ommmfmkpﬁemdytwmwbamdmm The

tree may easily be modified, however, to include other treatments.
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EM

patiAent E]——_

patient

It is also possible to compare singlée modality therapy, with regimens which include both irradiation and
combination chemotherapy (combined modality therapy). If this option is selected, however, for. proper
comparison with the single modaflty therapy, allowance must be made for “salvage” the;apy (usually with
MOPP) should relapse occur. Below we show the treatment branch when combined modality therapy is

included in the treatment being evaluated for patients with symptomatic (B) disease.
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3.2 Evaluating the Likelihood of the Owtcomes

In this program we start with those probabilities of the pathologic stage desived from the repeated use of
Bayes Rule, according 10 the basic findings known about the patient.  For example, for 2 20 year old
_mmuummmm'mmsamwmwummammwg
shown in Table 3.1 before decision anslysis i used to decide further masagemcat:

Forthispaﬁent,ﬂxcscprobabiliti&sofstigedeﬁvedﬁund)ébasiccﬁnwMngsnowbewmeﬂxe"pﬁor

- probabilities” for the decision analysis. As each test is evaluated, these probabilitics are modified by:
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Table 3.1. Results of Bayes Rule, Incorporating Basic Clinical Findings

Finding Stage I+II Stage III  Stage IV
MMCB 0.20 0.44 0.36
Age >11<40 years 0.26 - 0.60 - 0. 24
L cervical nodes -ve 0.30 0.46 0.24
R cervical nodes +ve 0.27 0.42 0.31
Mediastinal nodes +ve 0.30 0.400 - - 0.30
Spleen scan normal 0.43 - 0.34 9.23
Liver scan normal 048 - . 0.37 ¢ 0.16

1. the known mortality rate for the test (see decision node b in the first basic TEST versus TREAT
deciéion tree in section 3.1). -

2. the known false negative and, where applicable, false posmve rates for the tests, applied
Suppose in the example, we are considering the branch of the tree which begins with bone marrow biopsy;
note that this test has. no false positive rate, and from the reported false negative rate, we have derived the

following conditional probabilities:

Probibﬂity_of NEGATIVE bone mrrbw biopsy (-BMBX) with
I+1IB = 1.0, IIIB = 1.0, IVB = 0.56
Probability 'o‘f'POSiTIyE horn‘q marrow biopsy (+§uni) with
I+IIB = 0.0, ITIB = 0.0, IVB = 0.44
The basic probabilities are modified by Bayes rule, usmg these conditional probabilities, e.g.:
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= : . p(IV) p(-BMBX|IV)

. e 0 D D D D D T - G S S " € . . G . S D T B e S s B > e W

P(I+II) p(-BMBX|I+II) + p(II1) p(-BMEX}III) + p(IV) p(-mmus)

= 0.15 X 0.58

0.48 + 0.37 + oou . 0934

Sxmilarcalculauonsarecarmdoutformhnandmgiviugtevuedpamtthewstnsmveof

I+IIB 0. 51 IIIB 0. 40 L IVB 9 99 .
prmuvgmemmmmmwmwm m;evmdpmbabahuwareenmd

mmﬂ:enextmgeofﬂ;emm

—
[LBX _
- i 1
.51:.40:.00

GALL 600.0:1.0

e

LAG

—

iF’




3.3 Assigning Utilities

The utility is the value placed on a particular outcome. Utilities may be expressed on an arbitrary scale, or a

measurable quantity may be used. We have used several different types of utilities to assess our decisions:

i) Disease-Free Survival Five Years After Treatment (5 yr DFS). This figure is used because results of
~ treatment are very frequently reported in the medical literature in this form. In addition, in HD, very few

patients relapse after thié period, and the S yr DFS can be used as an index of cure.

ii) Morbidity Units - in addition to its mortal risk, each diagnostic test and each treatment has an associated
risk of morbidity. This includes both the risk of severe complications, such as pulmonary embolism after '
staging laparotomy, and the duration of pain and incapacity associated with the test or treatment under

normal circumstances.

For each test and treatment we asked a number of physicians, directly involved in the investigation and
treatment of patients with HD, for their estimate of the "pain and discomfort”, and the "duration of
incapacity”, for the "average" patient undergoing a given test or treatment. An arbitrary standard was made
which defined the "pain and discomfbrt" of a bone marrow biopsy or of a single day’s incapacity each
equivalent to 10 units. The litcrature was then searched for data on the complication rates of tests and
treatments. Each complication was assessed according to the same criteria as the basic test; this figure,

‘multiplied by the incidence of the complication is included in the morbidity values shown in Table 3.2.

iii) Dollar Cost of Tests and Treatments. These are shown in Table 3.3.

Each of these types of utilities is evaluated separately. At present, we have not found a satisfactory way to
incorporate these disparate elements in the same scale of values, and no attempt has been made to “trade-off"

onc type of utility with another.
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Table 3.2. Morbidity Units for the Staging Procedures and Treatments

Gallium scan

Bone marrow biopsy

Liver biopsy

Lymphang iography
Peritoneoscopy

Laparotomy

Extended mantle radiotherapy
Total nodal irradiation

MOPP chemotherapy

7 units

10 units
26 units
40 uaits
80 units

8756 units

1000 units
1600 units
3000 units

Table 3.3. Dollar Cost of Tests Used in Staging Hodgkins Disease

Test Professional

Cost

Liver-Splean Scan 213
CT Scan

- with contrast 168

- without contrast 118
Gallium Scan 269
Liver Biopsy 72
Bone Marrow Biopsy 94
Lymphangiogram | , 421
.Laparotomy

Fee
80
100
70
60
155
80
276

Total

273

268
188

319
900
164

696
" 8000-8000%°

* includes 2 days in hospital, type and cross-match, -stc.

*¢ this includes 7-10 days in hespital, fees for surgeoa, physician,

and anesthesiologist, use of operating and recovery

room, laboratory-tests, X-rays, -and ipathelogy fees for operative

specimens.
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3.4 Evaluating Decision Branches

This step is known as "averaging out and folding back™, or in more technical terms "thAe“ process of bac_:kwards
induction in the theory of dynamic programming”. Sxarzmg with the most ;;éﬁpher;’l decision nodes, all
outcomes of a particular "sub-decision” are evaluated, and the option with the hlghcst utility ascertained;

this value is then assigaed to the decision nodg. -For example, in the decision tree shown below, .one would

initially evaluate each of three branches after lymphangiogram.

| Rx_ ¥
—1
— ] LAP

Rx

To evaluate these, one must know the probabilities of pathologic stage at that particular point in the tree,
when the prior probabilities have been' modified. by a negative. BMBX result and by the result of
lymphangiogram. We will use the symptomatic male patient from the example in Section 3.2. We will

evaluate the branch indicated by the arrow: the probabilitics of pathologic stage for this patient at this
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decision node, with negative bone marrow and positive lymphangiogram are:

Stage I+II: 6.22

Stage I11I: 0.64
Stage IV: 0.16

When the patient’s stage is not known for certain, assessinig the utifity of the-option w.pmceed directly with
treatment, involves calculating the average discase-free survival for each keaunent, and choosing the
treatment with the highest value. The utility for a partictilar treatinént is calculated as a weighted average,
using the probabilities of stage and the five year disease free survival values for each stage for that treatment,

e.g. assessing the value of total nodal irradiation for the patient:

Stage Probability of 6-year DFS

that stage for that stage
with TN -
1+118 0.22 times 70X = 16.4%
1118 0.64 times 26% = 16.0%
IvB 0.16 times x = 0.0%
Weighted average = 31.4% DFS

This is then compared with the weighted average obtained from the corresponding values for MOPP

chemotherapy:
Stage Probability of S-year DFS
that stage for that stage
with MOPP
I+118 0.22 times 60% = - 13.2%
1118 0.64 times 50% = 32.0%
1ve 0.16 times  35% = 6.25%
Weighted average = 50.45% DFS

In this example the weighted average for MOPP chemotherapy is greater than that for total nodal irradiation,
- and would thus be preferred to TNI as the treatment option. The same techniques are used to evaluate
combined modality therapy as one of the treatment options; but the calculations are more complicated

because, as already described, onc must altow for salvage of patients who initially reccive single modality
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therapy.

To assess the value of laparotomy, the probability of each stage, is multiplied by the best Treatment for that
stage, e.g. to assess the utility of laparotomy before any other tests have been performed, again a wenghted
average is used as follows:

" Stage  Probability of 5-year DFS

that stage for that stage
with BEST Rx

I+I1IB 0.22 times 70X TNI = 165.4%

IIIB 0.64 times 50% MOPP = 32.0%

v 0.15 times 36% MOPP = b5,28%
Weighted average = 52.66%

To obtain the true utility for laparotomy, onekmust also take intb account its mortality risk - this is usually
assessed as 1%, which includes 0.5% peri-operative mortality risk, and a further 0.5% late mortality risk from

post-splenectomy sepsis. The laparotomy branch of the decision tree actually looks like:

Laparotomy mortality
p =001 . 1- s
LAP I+1B
Survive surgery A e
p =0.99 Y
ivB

The value obtained in the calculations above for the average utility of LAP mﬁst therefore be multiplied by
0.99 to. give the actual value which should be bompaied wnth the best treatment optibn (52.65% X 0.99 =

52.12%). When this modified value is compared with that derived for iminediate trearment prior to any
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testing, it is apparent that the laparotomy option (52.1%) still gives a higher chance on the average for
discase-free-survival than the preferred treatment option MOPP (50.45%), so its value is assigned as the value '

for that decision node.

The other decision nodes which follow lymphangiogram are evaluated similarly, the only difference being the

probabilities of stage which occur with equivocal and negative lymphangiograms.

_ Positive 55 1% DFS (LAP) |

LAG L Equivocal g1 7% DFS (LAP)
A\ e

Negative g3 8% DFS (LAP)

To determine the value of the whole lymphangiogram branch - or the value of any branches after a chance
node - one must first calculate the likelihood of each outcome after the chance nng, and then multiply the
expected utility of each branch by its likelihood. This gives the overall expected utility fof the whole

lymphangiogram branch.

Positive -
0.42 52;1%(LAP) = 21.9.
LAG A Equivocal .
O ey 61.7% (MP) = 111
Negative '
L 63.8%(LAP) = . 255
o0

Expected DFS for lymphangiogram branch = 585%

Calculations for the whole trec ar carried out similarly:
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[s38,MOPP] ~

BMBX :> LAG
[56.9] [58.5]

+
[ T
0.0:0.0:1.0
Rx
[52.6]

When all the calculations are performed, the utility of the BMBX option is 56.9% DFS, which exceeds that of

immediate therapy (52.6% DFS).
The best course of action in this situation is therefore:

To pérform bone _m;trrow biopsy; if positive give MOPP, if negative further testing is
necded. Regardless of the results of lymphangiogram, laparotomy has a higher utility
than the treatment options. This indicates that lymphangiogram is not necessary for

this patient, but that laparotomy is needed to sclect appropriate treatment.

In summary, any decision trec is evaluated in the following way. Starting with the "leaficst” part of the tree,

i.c. that furthest away from the fundamental decision, utilities are calculated in two ways:
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1. at a decision node utilities are calculated for each branch and the highest one is sclected as the
value of the node.

2. at a chance node utilities are calculated for each subsequent branch; the utility of a particular
branch is then multiplied by its probability and all the products obtained are added together to give
a weighted average which is the expected utility for that chance node.

In a decision tree as complicated as that for HD, w&mMmm,m.m decision branches to

evaluate, it is necessary to use a computer for the calculations,
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4, Conditional Independence Assumptions

For each patient with Hodgkins dlseasewe start out wnh ix;qungtigg gpog;__hi§£olqu, symptoms, sex and
age. As further clinical information is considered, and diagnostic. tests are performed mare clues about the
spread of discase are obtained. In the decision analysis program we repeatedly ask the question: given the

information available so far, what are the pmbabilitieé of eacﬁm in ﬂns bat_icnt?

Suppose we have a large number of past gamf whose stages are now. known, and who are identical to the
current patient in all .relevant respects. Probabilities about the new paticnt’s stage could be estimated directly
from the actual distribution of stage among the earher paﬁen{s. Thus, for example if 30% of the former
patients were in stage III 30% isa sensnble estimate fm' the pmbablhty of stage III disease for the panent at

hand.

As more and more findings are added to the database, however ﬂxecohon of past patients highly similar to
the present one becomes smaller Probabxhstx: prcdlcuons obtamed under the method just descnbed would
be subject to such large sampling error as to be almost useless. If our calculatxons of stagmg probabllmes are
to be at all informative, certain independence assumptions must be fan'ly accurate. These assumptions,
crudely speaking, assert that the way a particular finding is used in medifying a patient’s prognosis does not

depend on any other information about the patient. -~

In this section, we discuss our initial assumptions of independence, the tcsts we performed to validate them,
and a modification of the program that arose when one of the independence’ assumptions was ‘found

inconsistent with our data.
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4.1 The Independence Hypothesis

Suppose that, for a given patient, we have a set Y of prior findings and a new finding C. Bayes” Theorem

asserts that the probability the patient is in stage i (i = 1,2,3 or 4) given this info

P(Y|i) X P(C|i and Y) o
P(i|Y and C) =  ==--=emee- ;Z;,u-;‘.;;_----- NI X P (1)
an

where (i) = probability of i, PGY) = conditional probablity of i given Y: -

The mdependence assurnpuon we make is that P(Ch and Y) P(Cb) whlch means that, among those mv
stase1ﬂlemrsnocorrelanonbetweenthosethhﬁndmgCandmosemthﬁndng Underthls

mdependence assumption, Equmon (l)bwemes

P(Y}i) X P(C|1)
P{ Y an@ C) = rreccvmsmwmeresnopee X PEE). 0 0 e _ {1A)
P(¥ and C)

Thevalueusmgequanon(lA)msteadof(l)lsmatnsaﬂowsustousehrgerdameets.lesswbjectmsamplmg

error in the calculanon of needed pmbilmes.

Of course, if the indepeadence assumption is false, calculations based on it cannot be trusted. Thus it was
necessary to perform statistical tests of the null hypothesis Hg that P(Cli and Y) = PXCJi) where C and Y were

varied. The tests we employed were tied to the familiar Chi-squared test.
4.2 Tests of Independence

For all patients with Hodgkins disease we start with information about histology, symptoms, sex and age.
~ Or initial estimates of staging probabilities were based on histology and symptoms alone. Thus, for example,
the data-based estimate of the probability of being in stage Il given mixed cellularity histology and the

presence of symptoms (e.g. night sweats) was 0.30.

December 1981 ' : . -38- Hougkins Decision Anadysis




The data make clear that the very fact of being male makes one more likely to be in a later stage. Probabilities
of stage given sex as well as symptoms and histology were esnmated by the program under (1A), under the
assumption that P(male given i) = .P(male, given i and Y), where Y is any one of the eight possible
combinations of findings about histology and symptoms. The number 8 arises because there are four possible

histologic subtypes and key symptoms are either present (B) or absent (A)

The following example will show how we used the Chl-squared test to examine the null hypothgsis of
independence among the basn: ﬁndings sex, symptoms and the hlstologu:al sgbtype (Eisen, 1977). In our
database, 51% of the patients in stage I are male. 164 of the Pf‘ﬁ‘?‘?‘ﬁ are asymptomanc (A). of whom 132 have
the Nodular sclerosis (NS), 17 have Mixed cellularity (MC)-,V and ’lwsyhav_e the I:y:mphocyt‘c‘ prgdqminant (LP)
histological subtypes. Under the independence hypothesis, the number of males in stage 1 who are also NS
and A would be expected to be 132 X'0.51 = 67. The expected niimber of males wh are A and MC, and A

and LP, would be 9 and 8 respectively. Consider the table below:

Stage I Asymptomatic Patients

Histology Expected number of Males (Ej;) Actual number
Under Independence Hypo’thcsi‘s of Males (Aj)

NS (132 patients) 67 60

MC (17 " ) 9 11

LP (16 " ) 8 A 13

The viability of the null hypothesis depends on whether the observed differences between the expected (Ej)
and the actual (Aj) numbers of males can reasonably be dismissed as chance fluctuations. We calculate the
"discrepancy index” Bj undér the rule Bj iﬁ (Ej - Aj)il E] fbf caéh of the c;atcgories above. We make similar
calculations for those males who did have symptoms, and also for the femalcs in stage ‘I. ‘The sum of the Bj’s
for all categories is compared to some cutoff number Z, with the null hypothesis rejected if’ the sum exceeds Z
and accepted if the sum is at or below Z. Z is dependent on the number of different categorics, and the extent
to which certain categories arc "rcdundant” of others; both these considerations are very familiar to users of

Chi-squared tests,

Decomber 1981 -39- Hodgkins Decision Analysis



It wrns out that, for sex vs. histology and symptoms, the independence assumption was not acceptable under
the statistical test. Thus to include the finding "sex” in the prediction, we had to go back to Equation (1)
rather than use the ﬁmkrf@(la). Wemenpmeded'hmmnwseémmuagecwldbe
treated as independent of sex, symptoms, and histology in‘ the estimation of staging probabilitics. Here, the

independence assumption passed its test easily.

We also investigated whether the errors in various diagnostic tesis could be viéwed as independent events.
(Eg. doesafaiseposniveresuhinaGaH‘ummmmpqﬁbabmtyofasm\ﬂmmha
Ebutoﬁmwehad%oo

lymphanglogram'f) 'medatadidnoteomeluswl’ejeamc'V‘Lémﬁf nce assutpth

few data points to allow any d*eﬁni‘iﬁvé"stateum ents,. 7

In summary, we did not forget that our Bayesian procedure for revising sfaging probabilitics was based on a

strong independence assumption. Some tests of the assump

ion’s validity were in order and were performed.
Except in one case (sex vs. histology and symptoms), the tests indicated that the assumption was close enough
to the truth that using it dldnotmtmdmesenwsmrsm ‘e calculations. In the case just mentioned, where

the indepcadence assumptions failed! , nereeabnawd Aless,&mctmethodoftesnngour

assumptions was the full-scale evaluation of the program as described in Clwwr 5. This evaluation showed
that our predictions of stage, even when many findings were used by applying Bayes’ Rule repeatedly, were

reasonably accurate. This would not have occurred had our assumptions of indepenidence proved false.

We feel that our procedure, including the tests _of indepenmce,\came asclose asposs:b!e to avoiding the twin
evils of biased predictions and predictions with very high vammce either of which would have doomed our

efforts.

1. One might wonder whether, when many tests of independence are performed. chance alonc would Jead one of them to yield a
negative result. In this situation, the rejection was sufficiently emphatic that we did not think this was the case.
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5. Testing the Bayesian Model for Predicting Pathological Stage

In Chapter 4, we showed that the independence assumptions that urrderlie the Bayesian calculations of staging
_ properties were consistent with the data used to calibrate our computer program. But, thereii,s another issue
that must be addressed before the program can be considered for general use. Can a model based largely on
the experiences of pauents from large metropolrtan teachmg hospltals rehably be used in makmg prognoses at

other hospltals?

There are several reasons one might fear this question should be answered in the negative. More than half the
patients in the database came from a well-known radiotherapy referral center, which is perhaps more likely
than other centers fo attract patients with localized disease. This circumstance raises the possibility that
probabilistic predictions based on’dat‘a dominated by these patrentsmrghtbe overly optimistic for patients,
elsewhere. Furthermore, the data base. consists solely of laparotomy-staged. patients. . This could lead to
underestimation of the prevalence of stage IV disease, for some patients in this stage could have had their
extra-nodal involvement confirmed witlir;ut klaparbtomy.; MOreover, the predictions depend on the histologic
subtypes reported for the paﬁente. Pathologists tend to differ somewhat in their assessments of histologic
subtype (Jones et al, 1977); to the extent that paﬂmlogrsts drﬁ‘er from their counterparts elsewhere the

"transferability” of results is dummshed.

Finally, each of the prior and conditional probabilitia used in the program has an uncertainty due to
sampling error, an uncertainty which may be increased by the repeated usc of Bayes Rule In principle, we
could estimate the uncertainty in our final staging probablhues as a functlon of the uncertainties in the
numbers that determine it. However, the calculations would be very difficult in practice, and ultimately of

quite limited value if we could demonstrate that the program makes accurate pr'céiétiens;ef stage.

The considerations suggest the importance of testing the gencral predictive power of the decision _ana]ysis

program. In this section, we describe 2 separate cmpiricai tests, one conducted in 1977 and the other in 1980.
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Both tests, as we will see, suggest that the program’s predictions are accurate to within an irreducible

margin-of-error caused by usual chance fluctuations.
5.1 The 1977 Test

The test population we used consxswd of 156Hodgkms dxsm panents,82 9f whom were treated at Center A
and 74 of whom were treated at the 'I“ufts-New Enﬂand Medical Center Hospxtal We ﬁmught 1t appmpnate
to consider the two groups of patients separately, so ﬂutmmng, but opposite patterns, if they arose,
ined” about histology,

symptomatology, age, sex, presenting lymph nodés, spléen’ and fiver san résults, “4nd Wkalinie phosphatase

would ‘ot cancel one another out. For each'patient, Hiforiiation 'was' obt

Fghi Caie T g lii. ;,I. “ . nmrme .
of the program, we compared these
probabilistic predictions with the patient’s actual stage as determiined by taparotomy.

levels! . These data were fed into our program, which used thém to spé

patient’s stage under the Ann Arbor criteria. To astéss the actiracy

AESGSTT

An obvious question arises: how does one tell if a probabilistic prediction is accurate? Suppose, for example,

stage Il or IV. Even if the patient is found through laparotomy to be in stage I1I, the prediction is not really
wrong, for it had indicated considerable uncertainty about how far the d;seasehad spread.But, while it is
difficult to talk meaningfully about the accuracy of a given patient’s prediction, it is somewhat easier to do so,

Breiiteoed

given a large set of simitar patients.

Suppose, for instance, that there are 50 paticnts for whom the program makes the 60%/40% prediction just

mentioned. If these predictions are all accurate, one would expect that, except for random fluctuations, the

 number of patients who actually cmerge in stages 1 and 1I would be 50 X .6 = 30. Thus, if the number

observed in the two carly stages is significantly greater than 30, this mcans the program was too pessimistic for

1. Not all information was available for cvery patient.
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these patients. If, on the other hand, the number is far below 30, the program was too optimistic.

Our statistical test of the program’s accuracy fog Fhe t‘“ﬂ‘{ group”‘*g.f; pau‘éntsnsbased on (lxg,principles cited
above. In performing the test, we combined stages I+1I because, for clinical purposes, the two stages are
virtually the same: We also combined stages I1I and IV because, given thes s;all test populations, we expected?l
so few stage IV patients that we will be unable to m;xke meaningful smt@éﬁts about the stage IV predictions.
For each patient in the test, we recorded that program’s estimate of "r", the probability the patient is in stage
I‘+lI. The probability that the patient was in stage III or IV is simply [1-r]. We then ordered the patients

according to their r-values, from highest to lowest.

According to the criteria discussed in Appendix II, we broke the patients into groups within which the r
values are close together. Finally, we compared the expected numberl;of stage [+11 patients in each group.

with the actual number as learned from laparotomy:: We present some of ouf results in Tables 5.1-5.4:

Table 5.1. Evaluating the TUFTS patients, using Histology, Symptoms and Sex

Group Number Average No. in Stages I+Ii' W-Statistic

in probability '

Group in group Expacted Actual

1 22 0.71 16.64 = 15 -0.26
2 26 0.67 14.90 17 0.84
3 26 0.3 1.72 8 0.12

74 | 38.17 40

Z=20.79

In the tables the W-statistic for any group is a measure of whether the- discrepancy between expected and
actual outcomes can reasonably be attributed to chance alone. The statistic has'only a 5% chance of exceeding

2 in absolute value if all predictions in the corresponding group are correct. Under the null hypothesis that all
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Table 5.2. Evaluating the Center A patients, using Histology, Symptoms and Sex

Group Number Average No. ia Stages I+II W-Statistic
in probability , B
Group _im group Expeacted Actual
1 16 6.7 11.24 12 - 0.41
2 28 8.6 16.84 19 : 6.84
3 21 0.44 8.20 8 -0.53
4 22 .31 6.73 8 - 0.68
1= 1.64

Table 5.3. Evaluating the TUFTS Patients, using Hiswhgy, Synptom, Sex, Age and Alkaline Phosphatase Levels

Group Number Average No. in Stages:I+EH - - . W-Statistic
in probability '
Group in group Expected Actual
1 23 0.74 16.91 16 -0.81
2 14 8.81 . 8,82 1@ 5,88
3 14 0.6 7.08 8 - 0.26
4 21 6.28 . .81 o B : ~8.41
Z=1.89

Scx,m alt! LeR-Neck Nodes

Table 54. Evalmmmcmer&mml!&om :
Group Number Average  No. in Stages I+IT  W-Statistic

in probability o ‘

" Group in group- Expecfod  Actual
1 17 0.76 12.74 14 0.7
2 156 0.67 10.1 8 -1.16
3 18 0.87 10.28 13 '1.30
4 16 0.47 7.08 8 -0.66
b 22 0.32 7.03 6 -0.48
Z =3.80

predictions in all groups arc correct, the statistic Z obtained by summing the squaxes of the W-values should
follow a Chi-squarcd probability- dmnbuuon. with as many degrwsofﬁ'eedomasmetearegrwps. Thus at
 the usual 5% level, one would reject the null hypothesis only if Z excecds 7.81 when there are three groups,
9.49 when there are 4 and 11.07 when there are 5. Tables 5.1 and 5.2 indicate that the projected distributions

on stage, based on histology, symptoms and scx were accurate at both the New Fngland Medical Center -

December 1981 ' -44 - 1ok kins Decision Analysis




Hospital and Center A. Tables 5.3 and 5.4 suggest that the initjal probabilitics, modified in Bayesian fashion
as additional findings become available, are also aﬁcqm;e.; Revnsed predlctmns for thé subset of patign;s who
also had liver and spleen scans _wgre.as consistent with the data asthosg summanzedm the» tables. These
tables imply that our concern that the pmdic;;oﬁs larggly x;edvéd frorﬁ a radiémgrapy referral center would

not be relevant elsewhere has not been realized.

At this point the reader might be wondering why, if the initiai predictions in Tables 5.1 and 5.2 were accurate,
we bothered to revise them. The reason is that we need predicﬁon§ );ha; are npt_only accurate, but as helpﬁxl
as possible. To a clinician deciding between treatments rit is far more infqnnaﬁve. to know that the probability
of a particular qontiﬁgency is 0.99 {gt_her than 050 Singe mcludmg new fu?dingsvin the predictions tend to
polarize them towards 1 (ceftainty) and zero (impossibility)v,, t.herev:sed predjcﬁons are generally soméwhat

less equivocal than the early ones.

Once the Tufts and Center A patients were shown to be ‘¢ompatibife-with the original database, it seemed
appropriate to include their data in an expanded data base. The program that resulted from merging the data
was based on 900 rather than 700 patients. Of course the very compatibility of the new patients with the

original ones means that the merger brought only slight changes to the program.

5.2 The 1980 Test

In 1980, we decided @ perfpn;l another test of the valic_l_ity f)f the program outsiée the hospitals Iinvolved in its
calibration. The reasons fér thxs new test were that (i)‘fhe i977 data sg@pl_gs were too small to allow the
consideration of stage IV predictions in their own right, and (ii) thc vproblems inherent in the variable
assessments of histology may have been artificialty reditced in the 1977 study because the test Hospitals were

similar in terms of hiStopamélbg’y.
‘The 1980 test population consisted of all new pathologically-staged cases of Hodgkins discase arising in 100
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ciﬁesandtownsinﬁastemMasadmﬁsoveradeﬁnedpcﬁodofﬁme Confidentiality of data was
mued,wﬂhboﬂ:pmtsmmdsmmmbysmdymmm}y The original database was
Wmmmhamedmammmmwamemm Clinical
mlbmmﬂmabwtthewpaﬂm:scmﬁom?ﬁhmp%mmewdymmaﬂ.dmmhmm%
symptoms, age, and sites of lymphatic mvolvementmmm&kﬁxﬂl pathokmca!ly-szaged pauents,zoGof

| The method for testing accuracy was similar to thatusedm 1977 exéept that ;/e wéniéd to leam about the
reliability of all three of the predncuons of stage rather than Just the two groupmgs used prekusly Tbe test
procedure, whxchsdcscn‘bedmdemﬂmAppendlxILmvolvedchoomngatrandomoneofmemree
predictions made for each panent. We called the stage o wmch the chomn imd:cuon for a gwen panent
referred, the "stage of interest”. Thus, given wlmm&wwmmnymngthemmyofwo

predictions about stage I+ H, 100 about HI and 100 about IV.

TabksSSandSGsummannngourtes{multsmpearbelow TheW-s:ansumcanbemterpretedmesame
wayasmosematappw'edmtablesﬂ-ﬂ mehypothesnsthataﬂpmdxctmnsaremcuratexsstansmany

unacceptable at the 5% level leBgreaterthanIGSQ ﬁ)r93roups,andl8.31 for 10.

Tables 5.5 and 5.6 make clear that the program’s predictions are accurate to within the lewel of chance:
fluctuations. Thus, once agam, we can have confidence in the ongmal probabihm assigned to various stages,
mdmmemewwmodxﬁedmmmmwMaddmmﬂmfonman(gemmﬂymhdm

" lymphangiogram results) is taken into account.

' In summary, our tests in 1977 and 1980 offered strong evidence that the various potential problems in our
Baycsian program are of little practical importance. The results increase our confidence that the program can

be useful in a wide variety of hospitals,
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Table 5.5. 1980 Test of predictions based on symptoms, sex and histologic subtype

Number of staged patients with this information available: 301
Actual number overall in "stage of interest”: 89
Expected humber overall in‘ "stage of interest":' 100.9

Group ‘Number Expected ‘Actual o o W-Statistic

in in "stage in "stage

Group of interest”. of iaterest"
1 37 : 24.94 28 1.21
2 20 12.84 ‘ 11 -0.70
3 11 6.92 6 -0.06
4 11 6.47 3 -1.42
5 14 6.73 9 1.08
6 12 5.56 4 -1.08
7 13 5.91 b -0.78
8 19 7.561 6 -0.680
9 34 11.07 9 -0.78
10 17 5.18 6 -0.27
11 113 9.78 14 1.60

Z=10.39

Table 5.6. 1980 Test of predictions using clinical findings and lymphangiogram results
Number of staged patients with this infarmation availab]e 208
Actual number overall in "stage of interest": 63 -

Expected number overall in "stage of interest”: 66.46

Group Number Expected Actual ; W-Statistic

in in “"stage in "stage

Group of interest” of interost'
1 28 22.80 24 0.73
2 17 11.87 9 -1.44
3 12 6.86 7 ¢ 0,18
4 11 5.04 4 -~ .=-0.83
5 14 6.06 6 - 0.06
8 © 18 65.02 3 -1.02
7 106 g.8t . 11 . 0,63

2 = 4.08

December 1981 -47- Hodgkins Decision Analysis



6. Example of a Typical Patient Session

We will demonstrate the program with a typical patient session. The patient i a 25 year okd male who has.
dmpdeOlbmw&ghtﬁmhasusuallm Hehasmothu‘w&zedsympmmdhmswghtmeu
aumnonbecwseofaslowly-mcmmmmehki&dhkm Biopsy of this left-neck mass
revealedHodgkmsdisenseofﬂlenodularsdemmshmmw Investigations performed at this time
include a chest X-ray and.a liver-spleen scan, both of which wcmnormal We will use this basic information
to predict the likelihood of each oftheaagesoftheduase andusemxskxmledgetoplan further

investigations taxlore& so treatment.

First the program asks the three question which give mﬁmmtwnnelanng to the three interdependént findings
from which the pnor probabilities are esnmated. In the dmlogue between computer and user, the computer’s

qumonsarem this typeface, theum’srosponsesm aalactyme.

Is the patient A (asymptomtic) or B (,smtomuq)? 8

What is the histologic subtype of the paticnt? e 'Nodular sclerosis
What is the sex of the patient? ( A el Male

The program then refers to its database to give the appropriate prior probabilities, ie. |

Stages I+II - -0.34

Stage III 0,60
Stage 1V - 0.18

Having established ‘thesé, further questions are asked to charatlerize the patient.” ‘With each question the

probabilities are modified by Bayes Rule, using the-coaditiohal probabilities of finding given stage.

In what age group is the patieat? 12 10 39 years

This is the correct answer for this patient, but by pressing ™1™ all possible answers the program will accept are

displayed, i.e.
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Unknown

Younger than 12 years

12 to 39 years

Older than 39 years
‘D1sp1ay data about fact...
*What if.

If the response "*WHAT IF..." is selected, the program displays the.posterior. probabilities for each possibble

answer.

Younger than 12 years: I+I1 0.21 III 0.52 IV 0.27
12 to 39 years: I+I1°0.39 IIT 0.61 - 1v 0.10
Older than 39 years: I+II 0.20 III 0.48 Iv 0.32

The "*DISPLAY DATA ABOUT FACT" option displays the data known about the relationship between the

patient’s age and the stage of the disease, and the conditional probabilities of age given stage, by which the

prior probabilities are modified.
Younger than 12 years I+II 0.03 1II'0.06 Iv 0.08
12 to 39 years I+II 0.84 III 0.74 IV 0.45
Older than 39 years I+1I1 0.14 1III 0 23 IV 0.47

After one enters the appropriate age group for this patlent - 12 TO 39 YEARS - the prior probabilities are

modified by Bayes Rule, using these conditional probabilities, in thxs case’ alaenng them in favor of early stage

disease.

Stages I+I11 0.39
Stage III 0.61
Stage IV 0.10

The user is then asked consecutively about left neck/right neck and mediastinal nodes, which make modest

changes in the probabilitics. Again the same explanatory features are available.

Were there any nodes detected on the left

supraclavicular or cervical areas? Yes
Stages I+II 0.37
Stage III 0.53
Stage IV 0.10
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Were there any nodes detected on the right
supraclavicular or cervical areas?

Stages I+11 0.3

Stage 111 .54
Stage IV 8.0

Is there medisstinal involvemeat?
Stages I+11 ¢.39

Stage III 0.59
Stage 1V 0.07

Next, nﬂbnnauan i,lﬂud,ﬂapuwtds aboutékeauﬂb;a scan and the fver scan. (hgx agaurlhe sunc
' exphmauxy'&znnesan:awaﬁﬂﬂk ‘Akhoughthen:hwuwgﬁuu:nnm nsuhslnse(ﬂnahuulsnnuhnneouﬂy

.;’i{}.};i} LEASRTS

"1

bauuseofﬂunrdﬂﬁneninnzqneunkx;quusﬁonsaboutdnﬁrresﬂmzueaﬂnu!sanuauﬂy.

X preans A0 Dze e
What is the appearancc of the spleen on scan?

Normal scan: :

Enlarged () 15 cm) .
Fil Hing defects s
Both on?qrgeloat ok

i CHRE e

v Nomal

VVuhlormalzmmthepnimbﬂﬁwsanunodﬂkdﬂ:

Stagcs I1+1X 0.48
Stage III 0.48
Stage. Iv  0.05
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Was the uptake pattern of liver scan.normal] or abaormal?

Possible answers:

Normal

Abnormal

Unknown

*What if...

*Display data about fact...

" Normal
Stages I+II 0.49
Stage III 0.49
Stage IV 0.03

The false positive and negative rates for the liver/spleen scan are given in Table 1.2. The'y'have been
combined with information from the database regarding the likelihood of an involved liver or spleen in the
various stages to give conditional prebabilities for the the probability of ‘a particular scan result, given the

pathologic stage.

Having used this basic information to characterize the patxent, and obtamed the above "postenor
probabilities of stage, the program now enquires whxch, 1f any, of the more invasive tests have been
performed. For any that have probabilities are further modiﬁed accordmg to Bayes Rule, using false posmve
and false negative rates that have been derived from the llterature again modified where necessary to link
results of the tests directly to pathologic stage as in the ¢xample shown for Galtium scan in Section 2.2.2.

The tests asked about at tlns stage include bone marrow bxopsy (BMBX) permtaneous liver bxopsy (LBX) or ’
pemoneoscopy wnth gulded liver blopsy PTX), gallmm scan of abdommal nodes (GALL) lymphangiogram

(LAG), and staging laparotomy (LAP).

The user is then asked whether any of these test procedures arﬁcontrmndlm For each procedure t.he user

is prompted wuha list of the recogmzcd contraindications oﬁht test, eg. f‘ér“lymphanglogram
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Doss the puim have any of the following Mniﬁfmﬁlﬂs f@l’
Tymphang 1 _

lodide Wﬁm
Respirzstory impairment
Aetiu theombophlehitis

Any procedure which is contraindicated at this stage will not be used in constr

Decision analyss is now used 1o approach the TEST versas TREAT decision, Le. whether i is necessary at
this.stage to.performs some or ali of the more invasive: ieats, o whether ireatment.gan be: given withouwt mose
ﬂhwmeﬂmﬂdbema&ﬁramdm@m%&m&my?n“mmmmm“
therapy. ImemwuxWMW!kwmmmmmemEAT
branches of the decision tree; hrsymptmmmn&mmemmdermmmn,m)
mmmmmmenmwmmmmmm(cmwmmmmmé
As all the possible branches.of the decision: iee e asscamd, their milities are: displayod in tsbular form, 2
below, wuhﬂ)eﬁmswpofﬁmphnmﬂ!eh&m&m

First step , Avongs Avg norbidity Avg morbidity Dollar cost
in plan G-year DES  of tesiing: .. - :of trmatment. of plan..
Total nodal 0.6956 - 0.0 lm co. ... .AB00
MOPP 0.8742 6.0 00 T 1600
™ 0.a788 0.0 4500 4200
Laparotomy 0.7308 888 a7ze 10566
Gullium scam 0.7382° 838 ERE - . SE - 10050
Lymphang iogram 0.7298 9066 3rze : 10566
 Bone marrow = 0.7307 909 e SRS . 18688
" Liver biopsy 0.7306 881 372¢ 10029

First, note that the plans are listed according to their first step. If this is a trcatment, then there are, of course,

no further steps. If the first step is a test, the utilities shown are calculated for the entire Plan, and include any



subsequent tests and treatment. For example, for the plan beginning with bone marrow biopsy, the plan with

the highest utility, the whole plan looks like this:

1+H

o Combined modality
P =049

Negative =..>LAP /D
p =099 '

H+iv

BMBX ‘> | " p =051

-

Positive
p = 0.01

This plan shows that when bone‘marrow biopsy is performed, there is a 0.01 Chaqce of ﬂmis test being positive;
this chance is low because the prdb’ability of stage IV in this parb}cular‘pat‘iém’;was only'8.02. Since a positive
bone marrow biopsy is conclusive proof of stage IV diséasé. MOPP can then be given without any further
testing. Ninety-nine percent of the time the bone marrow biopsy will prove negative, At this point the whole
TEST versus TREAT decision is approached again. The bese step next, Wlth the probabilities revised by the
negative bone marrow blopsy, is to pcrform a laparotomy, wlm the chances of I+ IIB disease bcmg 49 and
II & IV being 0.51. Once laparotomy has been performed, stages are known for certain, and no further

decision is necessary.

At this point the uscr is given ihe option of displaying a number of other items including::
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A11 plans - these are displayed as decision trees similar to that above
One plan - any individual plan can be displayed by designating its first step

Summary of plans - very similar to the previous tabular dxsplay except that plans are displayed
ranked according to their DFS uuhty

Verbose version of one plan - a particular plan, specified by its first step, is described in
words.

Patient summary - all the clinical and test data known about the patiet are displayed.

Following this DISPLAY option, the:user is presented wnth the further options which make the program SO
flexible that its use can be adapted to a parncular pancnt, or to the experience of any hospxtal These options

include:

Change patient information - firther specified as:

Clinical! information
Test information

Modify information about tests or ireatmants - further specified as:

Prior probabilities : ‘

False positive/negative rates for questions or tests

Laparotomy as a perfect test - .can assign a FN pate

Mortalities for tests - the rates used are displayed together
... with gn aption to change them

Morbidities for tests - see Table 3.2

Morbidities for treatments - see Table 3.2 :

Survival data for treatmgnts - these can be changed according

lo institutional experience.
Consider a different treatment =
Delete a treatment from consideration

Reanalyze current patient - if any of the MODIFY oﬁtrioh:si'dfe selected
one mus! use this option to recalculate plans.

Supply your own plan - here the user is given the opportunity to supply
his/her own. plan for management, and compare it with those
calculated by the computer.

~ We will try some of these options for our patient. Imagine that there has been some doubt about his exact
histologic subtype, and the pathologist notes it has some of the features of the mixed ccliularity subtype. We

want to see what difference this will make to the probabilities of stage, and hence to the management plans.
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What do you want to do? Change patient information
What do you want to change? Clinical information

The clinical information known about the patient will then be displayed, and the item to be changed
designated. In this case, changing the histologic subtype from nodular sclerosis to mixed cellularity changes
the probabilities from [+11 0.49 : III 0.49 : IV 0.03 to I+1I 0.37 : III 0.55 : IV 0.08, i.e. it increases the

probability of more advanced disease.

Further, supposing you are not very happy about the patient’s lung function -- he is prone to asthmatic

attacks, which you feel may affect the mortality risk for both the lymphangiogram and staging laparotomy.

What do you want to do? Modify information about tests or
treaiments

What do you want to modify? Mortality rates for lests

Which test? Lymphangiogram

The current mortality for llymphangiogram is 0.001.
What would you like to change it to? 0.005

Which test? Laparotomy

The current mortality for laparotomy is 0.01,
What would you 1ike to change it to? 0.02

Also you wish to consider as an alternative treatment for this patient, the "sandwich" form of combined
modality therapy, in which 3 courses of MOPP are given, then a course of radiotherapy, then a second 3
courses of radiotherapy. Since this option replaces the more conventional combined modality therapy, it is
first advisable to delete combined modality therapy from consideration, before indicating you wish to
consider a different treatment. You will be asked at this point for the name of the new treatment and for

appropriate disease free survival and morbidity data.

What would you like to do? Consider a different (treatment.
Type the name of this treatment "Sandwich”
Five year disease free survival for "Sandwich" given I+IIB: 0.75
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Five year disease free survival for "Sandwich” given IIIB: 04

Five year disease free survival for "Sandwich" given:IVB: 0.35
‘Yhat is the expected morbidity associated with Sandwich . 3500
What would you like to do? Reanalyze current patient

Now, the program again asks whether any invasive tests have been done already, or are contraindicated. It
also asks whether combined modality therapy is indicated. Although standard combined modality therapy
was deleted from the program, it was replaced by the "sandwich” combined therapy so we need to answer .

YES to this question so that salvage will be considered after the single modality therapies.

The computer then calculates a new series of plans, which incorporate the changes just made, i.e. the different

prior probabilities, the increased mortality rate for thie lymphangiogram and laparotomy, and the new
"sandwich” treatment. ‘ R - .
First step Average  Avg morbtdfty: - Avg.mordidity Dollar cost
in plan 6-year DFS of testimg = ~oftrwatment - of plan -
Total nodal - 0.5386 0.0 1500 3500
MOPP 0.6610 0.0 3000 1000
*Sandwich" 0.6819 0.0 T 3600 00 o
Laparotomy 0.6038 866 ‘3186 - ‘8628 -
Gallium scan 0.6942 859 3186 8814
Lymphangiogram 0.6909% 614 - 32A8 6048
Marrow biopsy 0.6942 860 3186 8473
Liver biopsy 0.6939 871 3188 .. o 8019

The plan with the highest disease-free-survival is the one beginning with the gallium scan:
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1+H p=.50 .

= = Sandwich
Negative p= .97 ,)
==>LAP N
Negative p = .69 f) I +1V p=.50
= =>BMBX

==>MOPP - j,ip=.13
o = =5 Sandwich

) Positive p=.03
Gallium C = =>MOPP

Negamp=.sq«> ‘
==>LAP N
Negaﬁve:p-s:.WD el MeiVp=.87
==>LBX N = => MOPP
Positive p = .31 O | Positivep=.01 .
= =>BMBX = => MOPP
Positive p =.05

= => MOPP

Altering these factors has Jed to different diagnostic plans. Once again, further testing before selecting
treatment gives better average disease-free survival vatués. ‘However, there is now less emphasis on the tests, ’

laparotomy and lymphangiogram, which have been estimated to have increased mortality rates.
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7. Analysis: Immediate Laparotomy in Young Asymptomatic Patients
We wished to use decision analysis to answer two related questions:
1. Are there certain presentations of Hodgkins’ disease (HD) which have such a low probability of
infradiaphragmatic disease that staging laparotomy is not justified?
2. If negative test results cannot give sufficient cértainty of early stage 'HD'tom%wlatel laparotomy,
should the patient proceed directly to laparotomy and not be subjected to:other staging tests?
The decision being evaluated is shown in Figure 7,1, :which is a ifiiple TEST versus TREAT decision tree.
The test branch for laparotomy, includes its peri-épérative and late infective mortality of 1%, and the option
to treat each stage with-its opumum treatment. - Since memmmmt for stage IIIA is being debated,
we will evaluate the demslon separately for the two dlﬂ?etent uuments wmch are now being used for IIIA,
namely total nodal irradiation ('I‘NI) anécembhe&mdahty therapy (CM) Extenéedmmﬁtradnoﬂ:erapy
(EM) is evaluated in the TREAT branch for these young asymptomatic panents. as thxs would be the

treatment appropriate to their clinical stage.

If the utility of immediate treatment is higher than that after laparotomy followed by stage-specific treatment,
the tests are indicated since, if they prove to be negative, they may.obyjate laparotgmy. If, on the other hand, .
laparotomy has the higher utility even when all the tests are negative, d;e,%me ‘might proceed directly to .

laparotomy, with the knowledge that testing can never provide enos

th certainty of early stage disease to allow

immediate treatment.

This particular analysis concerns asymptomatic patients in the age range 12-39 years, the age group with the
highest chance of early stage discase. The probabilities of stage used to calculate the utilities are derived from

* the findings listed below - one criterion is taken from each category:
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Fig. 7.1.
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** When combined modality therapy is being evaluated as the optimal
treatment for stage I11A, MOPP salvage of relapse after the single
modality therapy will be included for fair comparison.

Histologic subtype - only nodular sclerosis (NS) and mixed cellularity (MC) are considered.
Male or female

Involvement of right neck nodes (RN +/RN-)

Involvement of left neck nodes (LN +-/LN-) -

Involvement of mediastinal nodes (MED +/MED-)

There are 32 possible combinations of these findings; cach sct of probabilities is further modified in

accordance with results of all tests prior to laparotomy being negative. For simplicity we will consider only
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cight of these combinations i.e. for each sex/histology combination we will show the calculated utility for the.

presentations with:

the most "FAVORABLE" clinical findings - EN-, RN-, MED+

the most "UNFAVORABLE" findings - LN+, RN+, MED-
Table 7.1 shows the average five year discase-free-survival (5 yr DFS) calculated Tor each branch of the
dccision tree in Figure 7.1, when the treatment for stage I1IA aﬁerhparotomy ism

s ?,

- Table 7.2 shows the average 5 yr DFS for each branch of the decision tree when combined modality is used

Table 7.1. Clae
5 year Disease Free Survival with Laparotomy followed
by Single Modality Therapy or with Immediate Extended Mangle Radiotherapy
PATIENT LAP WITH ' | EXTENDED
g THI FOR " MANTLE
STAGE FI1 ' RADIOTHERAPY
HRT
NS FEMALE "FAVORABLE" 79.9%  78.9%
(0.93,0.07,0.0) o |
NS FEMALE "UNFAVORABLE" | | CCigex . 16.7%
(0.85,0.15,0.00) | S
NS MALE "FAVORABLE® : 79.6% . 78.3%
(0.91.0.08.0.00) - K 5 .
NS MALE "UNFAVORABLE" 77.9% 74.0%
(0.82, 0.17, 0.01) . |
MC FEMALE "FAVORABLE" SR | ¥ S 76.6%
(0.88,0.12,0.01)
MC FEMALE "UNFAVORABLE"  78.5% 70.6%
(0.75,0.22,0.03) S |
MC MALE "FAVORABLE" 77.8% " 74.0%
(0.82,0.18, 0.01)

MC MALE "UNFAVORABLE" 74.8% 66.5%
(0.66,0.32,0.02) :
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for those patients found to be in stage IIIA at laparotomy. For comparison with inmediate extended mantle

radiotherapy, allowance is made for MOPP salvage of patients who relapse after any single modality therapy.

Table 7.2.
S year DFS with Laparotomy followed by Single/Combined(IIIA)
Modality Therapy or with Inmediate Extended Mantle Radiotherapy
PATIENT FINDINGS LAP WITH EXTENDED
(PROBABILITIES) CM FOR MANTLE
STAGE III RADIOTHERAPY
NS FEMALE "FAVORABLE" 87.7% 86.7%
(0.93,0.07,0.0)
NS FEMALE "UNFAVORABLE" 87.1% 84.1%
(0.85,0.15,0.00)
NS MALE "FAVORABLE" ' ' 87.5% 86.1%
(0.91,0.08,0.00)
~ NS MALE "UNFAVORABLE" ‘ 86.8% 82.8%
(0.82, 0.17, 0.01)
MC FEMALE "FAVORABLE" 87.2% 84.8%
(0.88,0.12,0.01)
MC FEMALE "UNFAVORABLE" 86.1% 79.8%
(0.76,0.22,0.03)
MC MALE "FAVORABLE" 86.8% 82.8%
(0.82,0.18, 0.01) -
MC MALE "UNFAVORABLE" 85.56% 76.8%

(0.66,0.32,0.02)

For all the combinations of clinical findings considered, and with both single and combined modality
treatment options, laparotomy is calculated to have the highest average utility. However, for some of the
more favorable clinical presentations there is only a small difference in outcome between laparotomy and
immediate trcatment. Only when the probability of stage I disease exgccds 0.20, e.g. the

"UNFAVORABIE" MC prescntations, is the difference in average five year DFS between the TEST and
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1:.EAT options above 5%. Other factors than disease-free survival may influence the decision, for example

.i¢ opportunity to perform oophoropexy in female patients.

T one cannot obviate laparotomy even when all other staging tests are negative, we feel it is prefcrable to
rroceed directly to laparotomy once the diagnosis of Hodgkins disease is made in this group of asymptomatic
patients in the age group between 12 and 39 years. We particularly favor this course of action when certain

unfavorable clinical findings give an appreciable chance of stage II disease.
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8. Analysis: Laparotomy in Symptomatic Patients

In using the Bayesian diagnosis program we found that certain cohorts of symptomatic patients with a positive
lymphangiogram have a very low probability of early stage disease. This study was carried out to determine
whether, amongst these cohorts, there were any for whom the risks of staging laparotomy (LAP) outweighed
the benefits it conferred through knowing the stage accurately. This work was first performed and published
using the 900 patient database (Rutherford et al, 1980). The present study uses the prior probabilities

calculated from the 1200 patient database.

For this study the probabilities of stage were calculated for cohorts of symptomatic patients, with a cohort

being defined by one criterion from each of the following categories:

(1) Nodular sclerosis (NS) or mixed cellularity (MO) histologic subtypes
(2) Age 12-39 years, or older than 39 years
(3) Male or female
(4) Involvement/non-involvement left cervical lymph nodes.
(5) Involvement/non-involvement right cervical lymph nodes.
(6) Involvement/non-involvement mediastinal lymph nodes.
All patients were assumed to have a positive lymphangiogram and a negative percutaneous bone marrow

biopsy.

There were thus 56 different combinations of findings, for which probabilities of stage were calculated, again
using a simplified three stage version of the Ann Arbor criteria (Carbone et al, 1971), in which stages IB and
IIB are combined. There were too few paticnts with the lymphocyte predominant and lymphocyte depleted

subtypes for meaningful data in these categorics.
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8.1 Calculation of Decision Making Thresholds

A decision-making threshold was calculated at which the result of treatment ‘after laparotomy, taking into
account the mortality of the operation, was equivalent to immediate combination chemotherapy treatment
with nitrogen mustard, vincristine (Qncovin), procarbazine and predmisone (MOPP) (DeVita et al, 1980).

Treatments planned after laparotomy were total nodal irradistion-(TI) for-atages 1B AND 1B, and MOPP

R

chemotherapy for TIIB and FVB. Estimates of the probability 6f #¢¢ yéir’ Ghéiic fiee survival (DFS) for 4
given stage with these treatments are shown in Table 8.1. These results & obtained from data from the

literature (Aisenberg et al, 1976, DeVita et al 1980, Goodman et ﬂ lﬂ?, Rm; etal, 1975).

Table8.1. Percentage S Year Disease-Free Surviunl foc Trogtments,. . . -

™I uoPP
Stage IB and IIB 70 60°
Stage IIIB 26 50
Stage IVB | 0* %

* = gstimate

The probability of 5 year disease-free survival after laparotmny is calculated by Mng the products of the
probability of each stage, derived from the computer and the results of the best treatment for that stage; this is
then corrected for the mortality of the operation (peri-operative and post-infestive), ie.
[DFSynp, 1411 P(I+II) + DFSygpp yy1 P(III) + DESygpp 1y P(IV)] (1 - mortality)
If we substitute the appropriate DFS values from Table 8.1 t;his‘e:gpres;_ion becomes:

[0.70 p(I+II) + 0.50 p(III) + 0.35 p(IV)] (1 - mortality)
The probability of 5 year discase-free survival if immediate MQPP therapy is given is:

DFSmopp,1+11 P(I+I1) + DFSyopp 13 P(III) + DFSygpp v P(IV)
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Again, substituting the values from Table 8.1 this becomes:

0.60 p(I+II) + 0.50 p(IIT) + 0.35 p(IV)
P(IV) can be expressed as [1 - p(I+11) - p(III)]. The threshold between laparotomy and immediate MOPP
therapy - found when the post-laparotomy disease-free survival is equal to that after immediate MOPP - can
then be written as a linear equation. If, for example, one assumes a 1% total mortality from laparotomy,
substitution of this in the laparotomy expression gives a linear equation for the threshold in terms of the

probability of stage (I+11) and III:

9.65 p(I+II) - 0.15 p(III) = 0.35
This threshold is displayed in a graph with the probability of stage (I+II) and stage III on abscissa amd
ordinate respectively and a line drawn between 1.0 on each axis, to outline the area relevant to the study

(Figure 8.1).

Any paticnt cohort can be represented by a point on this graph in terms of the probability of stage I-+1I and

stage III. The ncarer the origin of the triangle, the higher the probability of stage IV.

The threshold between laparotomy and MOPP marks off an area where there is a low probability of stage IB
and IIB. To the right of this threshold line is the arca where laparotomy is the best course of action, despite its

mortality.

The cquation for the threshold between laparotomy and MOPP is affected by the estimated mortality for
laparotomy. As the estimated mortality of laparotomy increases, this threshold shifts to the right, diminishing
the arca where laparotomy is the preferred course of action, and increasing the area where immediate MOPP

should be given (Figure 8.2).

The equation for the threshold if the laparotomy mortality is 2% is:
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Fig.8.1. :
Decision thresholds between LAP and MOPP (Threshold i) and LAP and TNI
(Threshold ii) when LAP mortality is estimated as 1X%.

-y
©

MOPP

P(il)

l3 lB 18 18 1.g ]8 l3 18 18

8.3 p(I+II) - 0.3 p(III) = 0.7

and if laparotomy mortality is 3%, the threshold equation becomes:

8.95 p(I+II) - 0.45 p(III) = 1.06
- If there is uncertainty in the results of therapy, the threshold eduan?on reﬁéi:ts this, and the threshold line
becomes blurred. For example, if our estimates for DFS are off by 0.03 in oppo#ite directions, and thé

difference between the results of the two trcatments is at a maximum, the threshold line between MOPP and
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Fig. 8.2. The effect of increasing LAP mortality estimates on decision theesholds
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Values for varying LAP mortality are indicated,

laparotomy is shifted to the left. Conversely, when there is the least difference between results for each

treatment, the threshold line is shifted to the right, making the vatue of laparotomy less. This "blurring” of

the line is accentuated by increasing mortality: of lapatotomy (Figure 83).

If laparotomy has a false negative rate the decision threshold is shifted in such a way as to diminish its value.

False negative rates of laparotomy of 1% and 5% are considered. In this context "false negative” refers to true

stage I11 patients who are incorrectly called stage (I+11), and to stage IV patients mis-staged, with one quarter

of the latter being callcd stage (I+11), and the remainder being called stage 111.
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Fig. 8.3. The effect on decision threshokds of 3% uncertuinty in tréatment results -

10 Threshold (i)

PUI) .50
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o

P(1+1)

The dotted lines on either side of the solid lines dbound the areas -
~.included when 3% uncertainty in treatment results is taken into account,
(LAP mortath 4is-eostimated as 1%.) S : -

Analogous threshold lines can be drawn between laparotomy and immediate. TNI; these mark off a triangular
area where there is a very high probability of stages IB and:1IB; We foua@, however,- that therc were no
cohorts of symptomatic patients - not even those with the most favorable combinations of findings and
" negative lymhangiogram - whose probabllmes fell within the area to the right of the laparotomy/TNI
threshold, where immediate TNI would be the better option. 'I'lns was so even when laparotomy mortality

was increased to 3%, when uncertainty in therapy results was considered and when false negative rates were
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considered for laparotomy.

8.2 Results

A point representing each of the fifty-six sets of probabiﬁties of stage derived by the computer for
symptomatic lymphangiogram- posmve "patients” was plotted.on a grapt;hke those shown in figures 8.1-8.3
to determine which decision was appropriate for each cohort. ‘These mults are presented in tabular form.

Table 8.2 shows results when the only variable affecting the threshotd was the mortality of the staging
laparotomy. With laparotomy mortality estimatad at 1%, six of the 56 cdliqrts had such a high probability of
late stage disease that the point representing their probabilities was plotted in the area where. MOPP therapy
could be given immediately. If the mort;ality«-of LAP was 2%, and:the threshold line moved to the right
(Figure 8.2), the "immediate MOPP area™ included all male MC patients with positive lymphangiogram,
together with several other cohorts which represented the lesi'ﬁédfablefﬁndings for the other categories. If
the laparotomy mortality was estimated to be 3%, all male pauents with posmve lymphanglogram are plotted

in the "immediate MOPP area”, together thh more than halfthe cohorts offemale anents considered.

Tables 8.2-8.5 show that the numbe of cohorts of patients for whom immediate MOPP was justified increased
considerably, when some of the variables influencing the decision, namely the false negative‘ rate for
laparotomy and the uncertainty of the treatment results, were censidered. - The uncertainty in treatment
results influenced the decision most, but considering faisg negative and false positive rates for laparotomy also

increased the number of cohorts for whom immediate MOPP. was indicaged.
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Table 8.2 .
SYMPTOMATIC ADULT* PATIENTS WITH POSITIVE LYMPHANGIOGRAM FOR IMMEDIATE MOPP

LAP. HIST. SEX : PATTERN OF NODAL INVOLVEMENT
MORT TYPE N-N- N+N- N+N+  N+N- N+N+
M+ M+ M+ M- M-
1% MC M - >39 >39 >39 >39
2% NS M >39 >39 >39 ALL ALL
NS F - - - >39 >39
MC M ALL ALL ALL ALL ALL
MC F - - >39 >39 >39
3% NS M ALL ALL ALL ALL ALL
NS F - 239 >39 >39 ALL
MC M ALL ALL ALL ALL ALL
MC F >39 >39 >39 ALL ALL

*Adult - older than 11 years
>39 - refers to patients older than 39 years

M = Mediastinum N = Cervical lymph nodes

]

+

involved with Hodgkins disease

not involved with Hodgkins disease

i.e. N+N+ = Bilateral cervical node involvement
N-N- = Carvical nodes not invoived
N-N+ = Unilateral cervical node involvement - right- or left-sided.

8.3 Discussion

From basic clinical infqrmation and the results of the lymphangiogram we have been able td predict the
likelihood of the various pathologic stages in symptomatic HD, and to compare the value of immediate
chemotherapy with that of laparotomy in a group of patients who'have a low pﬁ)bitbiliW of early stage disease.
With the simple decision-making techniques used here it is possible to analyze the effect of three important
variables on the decision to perform laparotomy - its mortality for a given patient, the validity of the results of
laparotomy and the reliability of treatment results on which management decisions depend. Even with thé

conservative figures we have used for these variables, this approach could save an appreciable number of
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Table 8.3.
SYMPTOMATIC ADULT® PATIENTS WITH POSITIVE LYMPHANGIOGRAM FOR IMMEDIATE MOPP
IF THERE IS 3% ‘UNCERTAINTY IN TREA?HENT'RE’SULTS

LAP. HIST. SEX ' PATTERN 0F>NODAL INVOLVEMENT

MORT  TYPE N-N-  N+N-  N+N+  NeN-  N+N+
M M ME M- M-
1% NS M - >39 >389  ALL ALL
NS F - - - - >39 >39
MC " ALL ALL ALL ALL ALL
MC F - - >39 >39°  >39 -
2% ALL
3% ALL '

For key to table, see Table 8.2

Table 8.4. , , Y
SYMPTOMATIC ADULT* PATIENTS WITH ROSITIVE LYMPHANGIOGRAM
FOR WHOM IMMEDIATE MOPP 1S..THE BETIRB:OPTION
WHEN LAPAROTOMY IS CONSIDERED TO HAVE A 1% FALSE NEGATIVE RATE

LAP. HIST.  SEX PATTERN OF NODAL INVOLVEMENT
MORT  TYPE N-N-  N+N= NN+ N+~ NN+
M+ M+ N+ M- M-
1% NS N - - - - 39
MC M - >39 >39 >39 >39
2% NS M >39 >39 ALL ALL ALL
NS F - - >39 >39 . >39
MNC M ALL ALL ALL ALL ALL
MC F - >39 >39 >39 >39
3% NS M ALL ALL ALL ALL ALL
NS F >39 >39 39 ALL ALL
MC M ALL ALL ALL ALL ALL
MC F >39 539 ALL ALL ALL

—— - - R L M N G G S e e e T S W e e e e e S W SR M R AR M M S e e SR A G MD n Em A SR e Gn Em Em M Em e

For key to table, see Table 8.2

patients the rigors, risks and expense of a LAP, an_d of the other tests frequently performed in routine staging.

In certain patients the risk of laparotomy moriality may well be higher than 1%. Immediate postoperative

mortality for 2345 patients from 27 different series was 0.5% (Table 1.3); none of these scrics reported
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Table 8.5. ’
SYMPTOMATIC -ADULT* PATIENTS MITH POSTEIVE .LYMPHANGIOGRAM
FOR. WHOM:: IMMEDIATE :MOPP . 1S THE:;BETTER ORTEION
WHEN LAPAROTOMY IS CONSIDERED TO HAVE A 5% FALSE NEGATIVE BATE

LAP. HIST.  SEX PATTERN?bF NODAL INVOLVBMENT

MORT TYPE N-N- N+N-- N+N+ - N+N-- NN+
M+ Me- M+ M- - M-
1% NS M - >39 . >39 . >389 ALL

MC M >3¢: >39 ALL - ALL ALL

MC F - - S - 239
e ittt ab el bbb et et Attt aleddet
2% NS M ALL - ALL ALL ‘Atk- - ALL

NS F - >39 >39 ¢ >39 ALL

MC LE ALL ALL - ALL - --AEE-- - ALE-

MC F >39 >39 ALL ALL ALL
---------------------------------------------- bl it DAL LAl S ad
3% NS M ALL ALL ALL ALL ALL

NS F .. 239 230 . _ALL ALL ALL

MC M ALL ALL ALL ALL  ALL

MC F >39 ALL ALL ALL ALL

"""“-"'""'""\"@‘vﬂ‘»—o—-g--53‘—--f-i-fv-,-s-v-yM--—'-a%d’%\-idm——.--nu--b-aw-- At

For key to table see wgand for ¥ab$o 8 2 GiaL

age-specific rates, but there may be wﬂgmauc& w!th mucquver rateg u;;younger panents asd hlgher mas
in older patients, or those mth othercomphcaung factors In addmon t0 pmt*operauve mortahty, there may
also be a delayed monality due to’ the fulnﬁhant sepsB" known to_occur in a' small pfbportxon of
splenectomized patiénts; this usually occurs wnthuLZ years of splenectomy (Krmt, 19’17) When Deser and
Ultmann (1973) collated resuks from 1190 patnentswlenect&mzed as part of stagmg laparotomy, they found
that late death from over\stwlmmg sepsu, unrelated to ueament-lnducéd«‘%eucopema“ior other pfecnpnatms‘
cause, occurred in 0. 5%. Gther series feport hngher rates onost—splengétomy sepsl;s for exaxqple Singer
(1973), reviewing 2975 splenectomized patIenns, found the overalLQgtgg Qeam gatg from infection wag,_z._SZ%; )
even patients who had splenectomy incidental to another operation had an_appreciable mortality fmm- this
 complication (036%). Furthermore, susceptibility 10 infection after splencéfiily may be exacerbated by
treament-induced marrow suppression, (Schinjpﬂ‘ & O'Connell, 1?77), and by the defccts in cellpla:f

immunity frcqucntly noted in paticnts with HD (Desforges et al, 1979).
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In this study, the mortality of laparotomy is considered to be its only disadvantage, and one must remember
its other liabilities. In addition to mortality, 6.7% of the 2345 patiests in Table 1.3. had serious complications
of the staging laparotomy; these included such major post-operative problems as subphrenic abscess,

pulmonary embolism or intestinal obstruction requiring reoperation.

Uncertainty about results of treatment should influence therapeutic decisions. For example there is no firm
evidence that any treatment has a particular advantage for'stages 1B -and'HB HD; recent trials (Goodman et al
1977, Rosenberg et al 1978) have not demonstrated a statistically sigriifieatit difference between TNI and
combined modality treatment. All reported series of pathologically-staged 1B patients contain less than 25
patients in any particular treatment group (Aisenberg & ‘Qazi, 1976, Fazekas et al 1975, Fuller &
Madoc-Jones, 1977, Goodman et al 1977, Rosenberg et al 1978, Stoffél & Cox, 1977). In these small groups
results for TN vary between 79% and 48% 5 year disease free survival. For a series of 25 patients, 95%
confidence limits for a disease free survival of 79% range between 90% and 60%, and when discase free
survival is 48% they range between 72% and 27% (Greenwood & Hartley, 1962). The uncertainty rate we have
used (3%) in these calculations is, therefore, a very conservative estimate for uncertainty in TNI results. Even
this modest uncertainty, however, made a considerable difference to the numbers of patient cohorts for whom
immediate treatment was appropriate. The MOPP chemotherapy regime for treating disseminated disease
has large series (Aisenberg & Qazi, 1976, DeVita et al, 1980) reported with long-term follow-up and much
narrower confidence limits; thgre is, however, little information on its use in localized disease. Some data on
the use of MOPP for early stages has come from Uganda (Olweny et al, 1978), but this patient group is
scarccly comparable, since their patients were predominantly young boys, who had minimal clinical staging;
moreover, scparate data for A and B patients is not givenL Our figures for MOPP for stage IB and IIB are

estimates, therefore, and subject to uncertainty, as are the estimates for TNI for disseminated discase.

A further complicating factor in the decision is the accuracy of laparotomy. Although physicians use the

results of this operation as the final answer, there is likely to be a false negative rate, due o sampling crror.
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This sampling error is difficult. to quantitate; Cotman -et al:(1977) showed. that 18 of 83 Hodgkins disease
patients still had lymphographically-abnormal nodes after LAP. A 1% false negative rate scems realistic for a
surgeon experienced in this type of surgery; a 5% false negative rate may be.appropriate for a surgeon not

experienced in staging laparotomy.

In spite of these uncertainties in risks and eutcome, decisions reggrding staging and subsequent management
must be made. Tables 8.2-8.5 give guidelines for-patients who may proceed directly to treatment with MOPP,
with provision to include the possible variables; The same. principles of threshold analysis can be applied
even if different treatments are used. Probabilities of pathological stage for a given patient can be obtained
from Appendix 1; Bayes Rule can be-used to incorporate the-resylts of any test, using falsc positive and false
negative rates appropriate to -me-msﬁwtk!n'rié which they have beer performed. New decision:thresholds can

be derived by substituting the new treatment results in the threshold equations.
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9. Problems in Applying Decision Analysis to Hodgkins Disease

There are some limitations in the Hodgking disease decision analysis program which may restrict its

usefulness.

Utilities have posed the major problem When we w1sh to evaluate our plans in terms of five year dxsease free
survival (5 yr DFS) we have had dlfﬁculty in ﬁndmg large senes of ;auents for whom dlsease -free survwal
- data is available. All too often the series are small, with relauvely few pauants followed through to the five
year stage, sO that the data has considerable uncertainty. For some stages and treatments there is no

disease-free survival information available, for example for chemotherapy in early stage disease or for

radiotherapy in advanced disease. These values, therefore, have had to be estimated.

A further problem with the utilities of blans is that there is no reasonable way to "trade-off" or compare
morbidity data with disease-free survival data. In the program these are.. therefore, simply quantitated and
expressed separately. Even comparing the different types of mortality is a problem. In our plans the "cost” of
a post-operative death from laparotomy is balanced against survival disease-free at five years, where the latter
is uéed to mean cure. It seems certain, however, that most patients would not regard immediate death and

relapse at 5 years as having equal "cost".

The program is also not useful in those cases with unusual presentations. Since it is dependent on data to
calculate both the prior and the conditional probabilities of stage unusual presentations are .poorly
represented and we have little confidence in probabilities calculated from these data because of sampling
error. The management of such presentations as bilaterél axillary node involvement alone, or of inguinal or
othe_r isolated infra-diaphragmatic involvement is not clear cut. For this reason these arc just the type of
patient for whom the physician would like some guidance about the likely spread of disease, yet because of
the relative rarity of such cases our program does not have sufficient data to give reliable probabilities of

stage. The same problem arises with patients with the less common histological subtypes - lymphocyte
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depleted and lymphocyte predominant.

There is also a problem with r_histologic,intemnewiopf Qur prior. probabilities of stage are quite strongly
influenced by the histological subtype of the HD. There is, however, considerable variation amongst -
pathologists in their repomng of the HD hlstology w1thm the Rye hnstologlc clawﬁcatmn (Jones et al, 1977).
Smce our testing of the database showed that the program made accurate predlctlons of stage we have

concluded that this uncertainty in assigning hlstologlc subtypes is not of major xmportance to our program
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10. The Computer Implementation

The goal of this chapter is to reveal enough of the workings of the Hodgkins disease program to allow an
interested programmer to reproduce it. The following topics will be addressed:

1. representations of knowledge about Hodgkms dxsease mcludmg stages chmcal ﬁndmgs tests,

and treatments, and probabilities i .

2. data structures for maintaining a description of a patient

3.  data structures for representing decision trees.

4, calculating probabilities of stage

5. growing decision trees and making decisions

6. subsidiary programs for displaying and modifying program data

7. interactive features to deal with the twin problems of low band-width data transmission and
use of typewriter input by non-expert typists :

8. additional features: threshold analysis, salvage analysis
10.1 Introduction

The Hodgkins disease computer system consists of two indcpendent subsystems: a computer program for
performing decision analysis in the management of patients with Hodgkins, and a database system for
managing information about 2000 individual Hodgkins diseasg patients. DBoth subsystems are large,
interactive Lisp programs devoted to ease and rapidity éf t;se. j'firle opefatibn of these programs from the
user’s point of view has been discusséd in other seﬁtioﬁs; .This section deals with the details of the

implementation of the:decision analysis subsystem.
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10.2 Maclisp as an Implementation Language

Several features of LISP, and of the Maclisp dialect in: particular, facilitated the development of the Hodgkins
disease program. LISP provides: data structures appropriate: 10 pepiresentiog compiex - structures such as
decision trees and dmgnostx: plans, namely s-expresstons Maclisp, toget.her \mh the text editor Emacs,
provndes a remarkable mteractlve programming envnronment, \:nth wmm wThe LISP
language, augmented by a macro package for iteration, provides costyol structures-apprapriate to creating and
manipulating complex, repetitive, and recursive structures: “Fhe:flexible input and -output: capabilities of

Maclisp allow the easy development of dialog between computer and uger. - . -

103 Data Structures

The Hodgkins dlsease decision analysis program opemc&anthmwm oﬁnfmum knowledge about

Hodgkins disease, descriptions of the patient under consideration. end decision trees.
10.3.1 Knowledge about Hodgkins Disease

knowledge of Hodgkins disessc conmists o8~~~ 1. .o .

1. identifiers for impoﬁant 7aspects of the chsease mcluding symptoms, tests, ahd treatments (e.g.
an important-pspect of a- particilar paticot’'s Hodghting disease ia.its "sympsamatology” -
whether the pauent is asymptomauc (A)or symptomauc (B)),

'2. quahtauve relauonships betwecn dme aspects of medaease (e.g. the progmm contams _
information denoting the fact that W&ummmh; S
Hodgkins discase); and

3. quantitative (probabilistic) relationships between aspects of the disease (c.;. the probability of
positive lcﬁ neck nodes in a symptomatic stage HI paticnt is 0.75).

This knowledge is stored partly as the values of free (or global) variables in the Lisp environment, and partly

as property lists. Free variables are uscd mainly to give names to uscful lists of items, such as the list of

December 1981 -78- Hodgkins Decision Analysis



clinical findings or the list of tests. Examples of such free variables, and their default values, are shown below.

The names of the variables are on the left, their values, in conventional LISP list notation, are on the right.

~Variable vValue

*prior-findings®* '(histologic-subtype symptomatology sex)

*conditional-clinical-findings* ‘(age left-neck right-neck mediastinum

' spleen-size liver-scan)

*clinical-findings® : (append *prior-findings®
*conditional-clinical-findings®*)

*tests® ‘ '(gal lag bmbx lbx)

*all-findings* (append *clinical-findings* *tests®)

*treatments® ‘(total-nodal mepp extended-mantle

combined-modality)
*stages* 'ivii Tid iv)

These lists may be modified under user command. For example, if the user wants to have the program
consider a treatment different from the four included in *treatments®, he invokes a request which runs a

program which adds the name of the new treatment to the list *treatments®.

Property lists are used to maintain detailed information aboqt each of tl}g‘ﬁndings, tests, and so on. For a
clinical finding, this information includes the list of values of the ﬁndir}g (e.g. SEX may be one of (N!ALE,
FEMALE)), plus directions to the program about how to ask about the sex of the patient and how to display it
to the user. Such information is stored in a disk file, from which it is loaded when a new version of the
Hodgkins program is constructed. For example, the inforgngtiqn about SEX appears in a text file as the

s-expression below:

(*1oad sex .

(kind clinical-specific)

(results (male female)) .

(inquire (|What is the sex of the patient?|)))
This expression is evaluated, to give SEX the property list shown;below. (The "INQUIRE" and"KEYLST"
propérties provide the program with information for asking the ‘wser questions about the sex of the: given

patient.)
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(RESULTS (MALE FEMALE)

KIND CLINICAL-SPECIFIC
INQUIRE (|what is the sex of the patient?]|)
KEYLST oo (MALE NIL KEYSTRING [Mate | RETURN *MALE)

(FEMALE NIL KEYSTRING |Female| RETURN 'FEMALE)
(UNKNOWN NIL KEYSTRING |Unknown| RETURN 'UNKNOWN)
(|*WHAT IF .., 7 NIL KEYSTRING |*What if ... ?}
RETURN 'WHAT-IF)
(1*FINRINGS. 50 FAR| NIL KEYSTRING |*Findings so far|
. .BETURN ‘EINDINGS-SO-FAR)
(}'DISPLAYEBATAQ ik KEYSTRING |*Display datal
. RETURN: DLSPLAY-DATA)))

For a test, the detalled mformanpn condsts of the nmdts of the test, the cost of the test in terms of monaﬁty,‘

morbidity, and money and the com'monal probaﬁiﬁnes relatmg test results and stage. I-or a ti‘eatrncnt, it

10.4 Patient Description

Throughout a decision analysis session, the program maintains a description of the patient, which is
répresented as the property list of the ator PATTENT-MODEL. Tt has entries for the known values of clinical
ﬁndmgs (e.g. SEX=MALE), for the known results of tests prevrously cfarﬁeﬂ out, and for the current estimates
of stage probabilities. ‘Onée the decision analysfs has been carried out, the set of recommended dlagnosuc ‘
plans is added to the patient description. For example, the pauent descnbed in the first paragmph of the last

chapter would be represented internally as the property list below

(PROBABILITIES (0.488 0.485 0.029)

A-OR-B B
HISTOLOGIC-SUBTYPE NS A o
SEX MALE : RN
AGE 11<AGEC40 } -
LEFT-NECK : POSITEVE-LEFT-NECK

RIGHT-NECK NEGATIVE-RIGHT-NECK
MEDIASTINUM ' NEGATIVEMEDIASTINUN =~
SPLEEN-SIZE NORMAL-SIZE-NO-DEFECTS
LIVER-SCAN , : . NORMAL~LIVER-SCAN) L
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10.5 Probability Calculations -

The program uses Bayes Rule to calculate stage probabilities from the patient description. For reasons
discussed elsewhere in this article, the three findings SEX, HISTOLOGIC=SUBTYPE; and SYMPTOMATOLOGY -
were selected as the basis on which to estimate the prior probabilities. Onc}ejbthc program has askncd’for the

values of each of these findings, it looks up the initial probabilities in a table indexed by the findings.

The program then asks for the other clinical findings and, using Bayes Rule, updates the probability estimates
after each answer. Assumptions of conditional independence were made where intuitively reasonable and not
contradicted by statistical data. Depcndence was incorporated in two wayg‘ by clumpmg dependem ﬁndmgs
and by explicitly conditioning certain conditional pmbabiﬁtiesm the valiiés of other findings. Clumping was
used in creating the group of findings for initial probabilities. Explicit condmomng was used to deal w1th the
dependence of several findings on the symptomatology of the patient. Further, several of the ﬁndmgs were
thought to be tests of more fundamental findings such as liveror spleen’involvement. In these cases, a two

stage version of Bayes Rule was used; as described ini Section'21.

Our implementation of Bayes Rule in Maclisp calculates the list of posterior probabilities from the
conditionals and the list of priors, following the mathematical statement of Bayes Rule, shown below for the

probability of stage I+11 given positive right neck nodes (+RN);. .. ... . T

P(I+II|+RN) =

This calculation is carried out by the function Ba yes whose deﬁﬁmbn in Lasp appears below

“?E

@

(defun Bayes (finding prior)

(unitize ; normalize the 1list
(for prob in prior as stage in '(I+II III 1IV)
collect

(times (Conditional-Probability-of finding stage) prob)))))
;of the products of priors and conditionatls

For example, if the prior probabilitics are * (.3 .3 .4) cérrcsponding:rto.smgcs I+1TIII ] V)‘ inaB.
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patient with a certain set of clinical findings, then the list of posterior probabilities given that the patient has a

positive right neck node is (bayes '+RN ' (.3 .3 .4)).
The caleulation of this quantity proceeds as follows:

1. finding isboundto '+RN
2. priorisboundto '(.3 .3 .4)
3. Foreach prob in prior corresponding to the stages, the following product is calculated:
P(+RN|stage) * prob |
The fist of these products is constructed, and then normalized to have sam 1.0 by the function

unitize. This is exactly equivalent to dividing by the usual denominator in the expression
meayaRuk.simemaqemninatorisjlmmemm,ofﬂlcmnmmaﬁudpm :

- 10.6 Decision Trees and Diagnestic Plans

Once all of the known information about the patient has been used to calculate the stage probabilities, the.
program constructs diagnostic plans for the patient from the avaihbk@andmmu..Adhanm»plan

is represented by a recursive list structure according to the following BNF-like syntax:

Plan := (Utility-Summary Utility-Data Branches)

Utility-Summary := (Utility . Action)
Utility i the numeric expected utility of the plan

Utility-Data is a breakdown of utility by attributes! | | i
Action := Treatment | Test | R

Treatment := TNI | MOPP | EN

1. Though space in the structure has been lefi for this item, the current version of the program docs not use multiple utility sttributes
except when summarizing an entire plan al top-level. The space is filled with the atom utifity-data-place-holder.
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Test := BMBX | LAG | LBX | GAL | LAP
Branches := (Branch) | (Branch . Branches)
Branch := (Test-Result Probabthy—of-Result Posteriors Plan)

Test-Result is a result of specnﬁed testt. Eg. if test is BMBX, then Test-Result
may be either +BMBX or -BMBX. Co ,

Probability-of-Result is a numerical value representing the probability that the
result will occur, given the prior probabilities at that point in the tree.

Posteriors is the list of probabilities after the result of the test has been taken into
account '

Plan (second appearance) is the plan which is optimal if the given test result occurs

For example, the plan shown below is represented internally as the list structure following it.

Ptlan 1: The following diagnostic plan has an estimated DFS of 0.5873 for an
A patient with probabilities: I+II 0.0337 III 0.3716 IV 0.65946

: / 0.04 I+IT EM

/ 0.89 - LAP | 0.42 III TNI
I \ 0.64 IV  MOPP

BMBX |
|
\

0.11 + MOPP

Internal representation:

((0.5872 . BMBX)
utility-data-place-holder?
((-BMBX 0.8886
(0.0379 0.4182 0.5438)
((0.5920 . LAP)
utility-data-place-holder
((PATH STAGE-I+II 0.0380
(1.0 0.0 0.0)
((0.82 . EXTENDED-MANTLE)))
(PATH-STAGE-III 0.4183
(o 6 1.0 0.0)
((0.64 . TOTAL-NODAL)))
(PATH STAGE-IV 0.5438
(0.0 0.0 1.0)
((0.55 . MQPP)))Q; |
(+BMBX 0.1115 (0.0 0.0 1.0) ((0.55 . NOPP)))))

The plans are created by cxhaustively tracing a large decision tree of possibilities using a computer

2. Sce previous footnote.
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implementation of "averaging out and folding back”. The iniflator of tree analysis is the function
Expand-Top-Level- Choice-ﬂode, which sprouts subtrees begmnmg thh each of the possnble |

treatments (listed in 'treatments‘) the speclal test LAP and other tests not already done or otherwise

(defun Expand-Top-Level-Choice-Node (tosts loft prior lap done?)
(append | | |
: Treatment plans
(for treatment in *treatments®
collect
(ncons (cons (Treatmant -E-U treatment prior) treatment)))
; Lap plan
(ncons (Lap- Plan prior))
: Test plans - :
(for tests on tests-left as test = (car tests)
S co110ct (Expand Ch;ngeiuﬁq; tett grfor~(cdr tasts)))
; User plan”
(and (get 'controller 'user-plan-fo
(ncons (Instantiate-Plan -plan- fdrn prior)))))

Expand-Chance-Node is called by the top-level node expa!nder %) “grow ‘the subtree beginning with a
particular test. It constructs branches for each of the possible resdlts of the tests, expands cach bmnch, and
calculates the expected utility for the subtree. It returns to the calling program the expected utility and the

structure of the resulting subtree,

(defun Expand-Chance-Node (test prior tests- left)
(for res in (test-results test) )
bind (cond-prob 0.0) posterior branch (uti!ity 0. 0)
(new-tests (cdr tests- left)) 4
collect SR e t
(setq cond-prob (Conditlonnl Péoﬂaﬁi%ity -of res prior)
posterior (Bayes 'tés pfior)”-' ~
branch (if (eq test 'lap) ;” SheALe
Chooso-sbssatrottﬁout postorior)
(Expind-Choice-Nbde gesterior new-tests))
utility (plus utility $t1 mes’ ngad-preb ‘{eaar branch))))
(1ist res cond-prob posterib brancny
returning (1ist (cons. [le;odnthrordﬂnﬁtdliQy test ut1lity) test)
‘utitity-diita-pYacéinotder” _
result)))

Expand-Choice-Node constructs a subtrce for cach remaining test, beginning with that test. It cvaluates

cach subtree, and returns to the calling program the subtree with the highest expected utility.

December 1981 -84 - Hodgkins Decision Analysis




(defun Expand-Choice-Node (prior tests-left)
(if (null tests-left)
(Treatment-vs-Lap prior)
(for tests on tests-left as test = (car tests)
bind (best-treatment (Treatment-vs-Lap prior))
choose-best (Expand-Chance-Node test prior tests-left)
according-to '(lambda (x y) (‘lessp (‘taar x) (caar y)))
returning (if (lessp (caar result) (caar best-treatment))
best-treatment -
result))))

(defun Treatment-vs-Lap (prior)
(1et ((1ap-plan (Lap-Plan prior))
(best-treatment-plan (Choose-Best-Treatment prior)))
(if (greaterp (:utility lap-plan) (: utility best treatment- plan))
lap-plan
best-treatment-plan)))

(defun Choose-Best-Treatment (prior)
(for treatment in *treatments® _
choose-best (cons (Treatment-E-U treatment prior) treatment)
according-to '(lambda (pl1 p2) (lessp (car pl) {car p2)))
returning (ncons resuit)))

For an example of a program trace showing these programs being run to create a diagnostic plan, see

Appendix 4.

10.7 Interactive Features

We paid particular attention to the interactive features of the program for two reasons. First, our "customer"
is typically a doctor with little expertise in typing, so we want to minimize required input to the program.
Secondly, access to the timeshared computer which runs the Hodgkins program is via slow-speed (30 or 120

char/sec) dial;up lines, hence it is important for output to be efficient as well as informative.
10.7.1 Input

To minimize typing without using graphical devices, we use command completion and tabular data entry. The
former capability is used when asking the user a menu-sclection question, a question with a fixed set of

possible answers. The user typically has to type only one or two characters to uniquely determine a response
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-- the program supplies the remaining characters, ‘A simplified version éf llesP's ASKUSER package

was used to implement this feature.

Tabular data entry is mvoked when the user is required to supply ormodlfy a table of numbers. For example,

if the user wants to change the survival valuﬁ for: Hed&ns m uutments, the computer displays the

values as shown below:

. I+IIA I+11B IIIA 1118, IVA IVB
TOTAL-NODAL .81 % AR T & 26 . A .06
MOPP .7 .6 .2 . .8 .  .bb .36
EXTENDED-MANTLE .82 .62 S 16 7 .0 .0
CM .87 .87 .85 .66 .66 .36

This feature allows the user to "edit” a table of numbers usmg a ”real-tnne etﬁtor The user moves a pointer

or cursor up or down Or across the table by means of s@nﬂc Wter 4 and then changes the

number at the pointer by typing in the new value.

For example, suppose the user wants to change the 5-year DFS figure for MOPP in IV A disease frhm 0.55 to
0.57. When the table is presented to the user, the cursor is in the upper left hand corner. Then the user types
"D" to move the cursor to the second row and "R" 4 times to move the cursor to the ﬁﬁh column Then he:;
simply types the new number over the old one. The new entry becomes permanent when.the user types any -

character that is not a digit, " +", "-", or-".".
10.7.2 Output: Display of Diagnostic Plans

The primary output of the program is the diagnostic plan for the patient. In order to achieve the mult1ple
goals of ease of comprehension, efficiency of display, and completeness of information, we employ two

- distinct representations efd'imoﬁieplans:--hrmdﬁngxtree m@wﬂmm

The branchmg trec format has been presented in figures throughout the paper e.g. in scction 11.6. The plan

in thdt section beginning with BMBX is displayed in outhnc format as follows
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Perform BMBX
1.1 -BMBX with P = 0.89. Posteriors = 0.04 0 42 0.564 . Then:
Perform LAP
1.1.1 PATH-STAGE-I+I1I w1th P = 0. 04 Posteriors = 1, 00 0.00 0.00.
Then: Paerform EXTENDED-MANTLE. .
1.1.2 PATH-STAGE-III with P = 0.42. Posterlors = 0.00 1.00 0.00.
Then: Perform TOTAL-NODAL o ) _
1.1.3 PATH-STAGE-IV with P = 0.54. Posterfors = 0.00 0.00 1.00.
Then: Perform MOPP
1.2 +BMBX with' P =-0.11. Posteriors = 0.00 0.00 1.00.
Then: Perform MOPP

The advantage of this notation is that it can provlde more detailed information than the branching tree

format.

In its Lisp implementation, the outline display method is somewhat sitnpler. than the branching tree format.
The former utilizes a simple depth-first algorithm to traverse the tree m cnmnination with‘a simple text
formatting program which ensures that lines do not exceed the width of the screen. The latter, because it
must satisfy more constraints, uses a more complicated algorithm to ensure that a given tree will fit on a

screen both horizontally and vertically,

10.8 Additions to the Basic Hodgkins System

The basic modules of the Hodgkins system acquire the patient description, calculate probabilities of stage,
and construct, evaluate and display decision trees. A number of features were added to the basic Hodgkins

disease 'to perform other tasks associated wnth the decision analysis.
10.8.1 Tree Acquisition

Occaswnally, the user will want to evaluate a dxagnostlc plan of lns own choosmg, to sec how it stacks up

agamst the plans selected by the program We provxde a facmty to allow the user to enter the structure of his

plan into the computer SO that the plan may be evaluated and dlsplayed along thh the prc»gram s selectlons.

The program requires the user to cnter the plan depth first, using display formats similer to those used for

December 1981 -87- Ho igkins Decision Analysis




output of program-generated plans. The program begins by askmg the user for the first test in the plan.
Given the test, and 1ts known possxble results, the program can dxsplay the ﬁrst level of a diagnostic plan, '
showing the test and brancheseorrespondmgeachofthereaﬂ& #oreach ofﬁleresﬁtbranches in turn, the
program asks for the action -- test or treatment - to take nest. If the action is & qeamem, the branch is
terminated. Otherwise, the action is a test, so the program- mM&saWeeachef:ts results. Such

questioning continues until all leaves of the tree are filled in.

To integrate. this facility into the remainder of the decision analysis system, there are program to calculate the
utility of a prespecified dlagnosuc plan Each time plans are eonstmcted and compared, the uulnty of the

user-supplled plan is calculated and ranked with the others.
10.8.2 Sensitivity and Threshold Analysis

The program contains facilities for perfonmng senszlzvity and threshold analysxs. Sensmvnty analys:s is the
study of the effects of small perturbations of the data on the results of decnion analys:s. For example, the

expected utility of doing laparotomy depends on the cost, in telms of mortality, of subjecdng the patient to

5_«:‘,‘5.‘»

. the operation. Sensitivity analysis can determine what dlagnesﬁc plans would be recommended for mortality

estimates ranging below and above the current estimate.

Sensitivity analysis is implemented as an addluonal top-level program on the Hodgkms dlsease system This
top-level program varies selected parameters and calculates the optimal plan for eadl value Parametnc
variation may be of two types: numeric and non-numeric. In numeric variation numeﬂb‘i)ammtem such a8’
conditional probabnlmes are varied over a range For example, the condmonal probablllty of nght-neck
mvolvement might be caused to range from 04 to 06 to see what effect tlns has on the test/treatment
decision. In non-numeric vanatnon, the value of a ﬁndmg is caused to vary over all posslble values to see how

the finding affects a decision.
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Appendix I - Comprehensive List of Probabilitics for Hodgkins Disease Patients

A large amount of information nnportant to decxsxon makmg in Hodgkms disease has been compﬂed as the
basis of the decision analysls computer program. In order to make tlns mfmmanon avaxlable to those who :

may not have access to our pmgmm, we present the followmg tablm of pmbabnlmes of stage for:

1. PRIOR PROBABILITIES bascd on the three interdependent findings of sex, histological subtype and the

presence (or absence) of symptoms.

2. CONDITIONAL PROBABILITIES for findingistage which are used to modify-these prior probabilities.
Conditional probabilities are given for both the clinical findings, and the test results.

3. POSTERIOR PROBABILITIES for all combinations of the clinical findings.

N.B. Although probabilities of patholopc stage are given for all histologic subtypes and for all age groups, the
numbers of paticnts in the “less than 12 years" age growp, and, with the “lymphacyte. predominant” and
"lymphocyte depleted“ histologic subtypes are lnmted, so probabilities mvolvmg these parameters have

cons1dcrable uncertainty. It must also be reahzed that thm probabxlmes apply only to supra-dlaphragmatx:

presentations of Hodgkins disease.

The following abbreviations have been used:

A = Asymptomatic B = Symptomatic

NS = Nodular sclerosis MC = Mixed cel‘luhrity

LD = Lymphocyte depleted LP = Lymphocyte prqdominant
M= Male | F = Fomale

+ = Positive - = Negative

LN = Left cervical Tymph nodes RN = Right cervical lymph nodes

MED = Mediastinum .
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1. PRIOR PROBABILITIES - for interdependent findings HISTOLOGY/SYMPTOMS/SEX

NS
NS
NS
NS
MC
MC
MC
MC
LP
LP
LP
LP
LD
LD
LD

LD

> > L > > W > > -« o

FEMALE
MALE
FEMALE
MALE
FEMALE
MALE
FEMALE
MALE

FEMALE

'MALE

FEMALE
MALE
FEMALE
MALE
FEMALE

MALE

December F981

STAGE
I+]11

0.72
0.66
0.66
0.34
0.56
0.44
0.560
0.20

0.80

0.73
0.48
0.35
0.41
0.28
0.35
0.23

STAGE

111
0.27
0.29
0.37
0.560
0.36
0.47
0.66
0.44

0.18

- 0.21

0.41
0.39

0.47

0.43

0.48

0.42

0.18

0.36

STAGE

IV
O;bl
0.06
0.08

0.09
0.09

0.04

0.02

-9-

0.11
0.26
0.13

0.29

0.17

0.36
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2. CONDITIONAL PROBABILITIES FOR FINDING|STAGE

AGE . ' : EIKRES
Younger than 12 years I+I1 0.03 111 0,06 IV 0.08
12 to 39 years I+11.0.84 - - 117 0.74 o IV.046
Older than 39 years I+I1 0.14 I 0.23 IV 0.47
LEFT NECK NODAL INVOLVEMENT
LN+ ‘ I+11.0.68: » I1i3 ©.76 Iv.0.73 -
LN- _ I+I1 0.32 111 0.26 IV 0.27
RIGHT NECK NODAL INVOLVEMENT N o
RN+ I+11 0.47:: = I .49 Iv-9:30 . .
RN- : I+II 0.563 III 0.51 IV 0.30
MEDIASTINAL NODAL INVOLVEMENT L i
MED+ I+11.0.62:. . IIY 9.63 IV- 063
MED- ‘ I+I1 0.38 III 0.47 IV 0.47
SPLEEN SCAN
Normal I#11.0.93%: . Iid A 0.64 Iv.0,49 -
III B 0.68
, ' Snu (8 3 as.n AR
Enlarged >15 cm I+I1 0.07 IIT A 0.28 IV 0.32
. eon o 1348 0.29 TR
Filling defects I#11.0.00c: - I3§ A 0.09 IV: 941
III B 0.10
Enlarged with filling defects
I+II 0.00 III A 0.08 Iv 0.08
III B 0.07
LIVER SCAN
-ve I+11 0.23 II1 0.23 IV 0.66
+ve I+11 0.77 111 0.77 IV 0.46
PERCUTANEOUS LIVER BIOPSY
-ve I+II 1.00 II1 1.00 IV 0.80

+ve _ I+II 0.00 IIT 0.00 IV 0.20
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LIVER BIOPSY VIA PERITONEOSCOPY

-ve I+I1 1.00 III 1.00 IV 0.39
+ve ~ I+II 0.00 III 0.00 IV 0.81
BONE MARROW BIOPSY
-ve I+II 1.00  III 1.00 IV AD.81
_ | ‘ IV'B 0.66
+ve I+II 0.00 ~ III 0.00 IV AO0.19
’ ’ IV B 0.44
GALLIUM SCAN (Abdominal nodes)
-ve © I+II1 0.0  III A 0.66 IV A 0.61
| 111 B 0,586 IV B 0.54
+ve I+I1 0.10 III A 0.35 IV A 0.39
 II1 B 0.44 IV B 0.46
LYMPHANG IOGRAM |
+ve I+I1 0.18 “ III A 0.66 IV A 0.60
; 111 B 0.67 IV B 0.70
equivocal I+1II 0.23 IITI A 0.16 IVAO0.14
- ~ III B 0.12 IV B 0.12
-ve I+I1 0.69 IIT A 0.20 IV A 0.26
' III B 0.21 IV B 0.18
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Probability
ASYMPTOMATIC (A) PATIENTS

NS M AGE<12
LN+RN+MED+
LN+RN+MED-
LN+RN-MED+
LN+RN-MED-
LN-RN#MED+
L N-RN+MED-
LN-RN-MED+

NS M 11<AGE<40
LN+RN+MED+
LN+RN+MED-

- LN+RN-MED+
LN+RN-MED-
LN-RN+MED+
LN-RN+MED-
LN-RN-MED+

NS M 39<AGE
LN+RN+MED+
LN+RN+MED-
LN+RN-MED+
LN+RN-MED-
LN-RN+MED+
LN-RN+MED-
LN~-RN-MED+

NS F AGEK12
LN+RN+MED+
LN+RN+MED-
LN+RN-MED+
LN+RN-MED-
LN-RN+MED+
LN-RN+MED-
LN-RN-MED+

NS F 11<AGE<40
LN+RN+MED+
LN+RN+MED-~
LN+RN-MED+
LN+RN-MED-
LN-RN+MED+
LLN-RN+MED-
LN-RN-MED+
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NS F 39<AGE
LN+RN+MED+
LN+RN+MED-
LN+RN-MED+
LN+RN-MED-
LN-RN+MED+
LN-RN+MED-
LN-RN-MED+

MC M AGE<12
LN+RN+MED+
LN+RN+MED-
LN+RN-MED+
LN+RN-MED-
LN-RN+MED+
LN-RN+MED~
LN-RN-MED+

MC M 11<AGE<40
LN+RN+MED+
LN+RN+MED-
LN+RN-MED+
LN+RN-MED-
LN-RN+MED+
LN-RN+MED-
LN-RN-MED+

MC M 39<AGE
LN+RN+MED+
LN+RN+MED-
LN+RN-MED+
LN-+RN-MED-
LN-RN+MED+
LN-RN+MED-
LN-RN-MED+

MC F AGE<12
LN+RN+MED+
LN+RN+MED-
LN+RN-MED+
LN+RN-MED-
LN-RN+MED+
LN-RN+MED-
LN-RN-MED+

MC F 11<AGE<40
LN+RN+MED+
* LN+RN+MED-
LN+RN-MED+
LN+RN-MED-
LN-RN+MED+
LN-RN+MED-
LN-RN-MED+
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MC F 38<AGE

LN+RN+MED+
LN+RN+MED-
LN+RN-MED+
LN+RN-MED-
LN-RN+MED+
LN~-RN+MED-
LN-RN-MED+

LP M AGE<12

LN+RN+MED+
LN+RN+MED-
LN+RN-MED+
- LN+RN-MED-
LN-RN+MED+
LN-RN+MED-

LN-RN-MED+

LP M 11<AGE<40

LN+RN+MED+
LN+RN+MED-
LN+RN-MED+
LN+RN-MED-
LN-RN+MED+
LN~-RN+MED-
LN-RN-MED+

LP M 39<AGE

LN+RN+MED+
LN+RN+MED-
LN+RN-MED+
LN+RN-MED-
LN-RN+MED+
LN-RN+MED-
LN-RN-MED+

LP F AGE<12

LN+RN+MED+
LN+RN+MED-
LN+RN-MED+
LN+RN-MED-
LN-RN+MED+
LN-RN+MED-
LN-RN-MED+

LP F 11<AGE<40

LN+RN+MED+
LN+RN+MED-
LN+RN-MED+
LN+RN-MED-
LN-RN+MED+
LN-RN+MED-
LN-RN-MED+

December 1981

0.36
0.27
0.44
0.36
0.42
0.34
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0.85
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0.66
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0.56

0.62

0.53
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0.69
0.61
0.73 ..

0.66 , .
0.76. °
. 0.88

0.797;

0.83
0.77
0.85
0.79
0.87
0.82
0.89

.37 0.28
.42 . 0.31
.43  0.13
5 . 0.16
.32 0.26
.36 0.3
38 0.12
0.27 . 0.18
0.33°° ' 0.19
0.28 .~ . 0.07
0.36 " 0.09
0.22. © 0.14
0.27 . © 0.18
0.22 . 0.08
0.19_, . 0.04
0.26 ' 0.08
0.19. . 0.02
0.26 . 0.02
0.16..  0.04
0.2~ 0.06
0.14 0.01
0.26  0.19
0.31 ~ 0.23
0.28. '~ 0.09
0.34°°  0.11
0.2177  0.17
0.26 . 0.21
0.22  0.08
0.26 0.08
0.32., ' 0.08
0.24 ~ ~ 0.02
0.31._ © 0.03
0.19_  ~ 0.06
0.26 . 0.07
0.19. ' 0.02
0.16_  0.01
- 0.21 0.02
0.16 .  0.01
0.2 .~ ' 0.01
- 0.12 " 0,01
0.16 .  0.02
0.11 0.0
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LP F 39<AGE
LN+RN+MED+
LN+RN+MED-
LN+RN-MED+
LN+RN-MED-
LN-RN+MED+
LN-RN+MED-
LN-RN-MED+

LD M AGE<12
LN+RN+MED+
LN+RN+MED-
LN+RN-MED+
LN+RN-MED-
LN-RN+MED+
LN-RN+MED-
LN-RN-MED+

LD M 11<AGE<40
LN+RN+MED+
LN+RN+MED-
LN+RN-MED+
LN+RN~MED-
LN-RN+MED+
LN-RN+MED-
LN-RN-MED+

LD M 39<AGE
LN+RN+MED+
LN+RN+MED-
LN+RN-MED+
LN+RN-MED-
LN-RN+MED+
LN-RN+MED-
LN-RN-MED+

LD F AGE<12
LN+RN+MED+
LN+RN+MED-
LN+RN-MED+
LN+RN~MED-
LN~-RN+MED+
LN-RN+MED-
LN-RN-MED+

LD F 11<AGE<40
LN+RN+MED+
LN+RN+MED-
LN+RN-MED+
LN+RN~-MED-
LN-RN+MED+
LN-RN+MED-
LN-RN-MED+
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LD F 39<AGE

LN+RN+MED+ - 0.23 0.43 0.34
LN+RN+MED- - 0.17 0.46 ., 0.36
LN+RN-MED+ 0.31 0.52 - - 0.17
LN+RN-MED- 0.24 . ;, 0.58:. 0.19
LN-RN+MED+ 0.29 0.38; - 0.33
LN-RN+MED- 0.22 0.42-: ; 0.36
LN-RN-NED+ 0.38 0.46 .- . 0.18

SYMPTOMATIC (B) PATIENTS

NS M AGE<12
LN+RN+MED+  0.19 0.47 - . 0.34
LN+RN+MED- . 0.14 + 0.8 5 0.36
LN+RN-MED+ 0.28 o 0.87 ¢ 0.17 -
LN+RN-MED- 0.19 -~ 0,82 - 0.18
LN-RN+MED+ 0.26 o 0,42 <5 0.33
LN-RN+MED- 0.18 0.45 0.38
LN-RN~-MED+ 0.32 0.51 0.17

NS M 11<AGE<40 '

: LN+RN+MED+ 0.38 . 0.49 - - 0.13
LN+RN+MED- 0,3 ... 0,66 .. - 0.16
LN+RN-MED+ - 0.43 -~ 0.81 : - 0,068
LN+RN~-MED- - 0.34 . 0.5 .. - 0.07
LN~-RN+NED+ 0.48 . 0.42 .. . 0.13
LN~-RN+NED- 0.37 - 0.48 - 0.16
LN-RN-MED+ 0.62 0.43 0.08

NS M 39<AGE :
"LN+RN+MED+ 0.18 0.43 0.39
LN+RN+MED~ 0.13 0.45 - 0.42
LN+RN-MED+ 0.25 0.56 2 0.21
LN+RN-MED- 0.19 . 0.89 - ~0.,22
LN~RN+MED+ 0.23 - 0.,38 - -0.39
LN-RN+MED- 0.17 0.41 0.42
LN-RN~-MED+ 0.31 0.49 - 0.2

NS F AGE<12 : 3
LN+RN+MED+ 0.39 . 0.42 0.19 I
LN+RN+MED- 0.3 .- »0.48 .- . 0.22
LN+RN-MED+ o ~0.,48 :5 50,48 - -0.09 £
LN+RN-MED- .- 0,37 .. -0.83 :: 0.1 '
"LN-RN+MED+ -0.,46 .« 0,36 ¢ 0,18 e
LN-RN+MED- 0.37 0.42 0.21
LN~RN-MED+ 0.54 0.08

0.38
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NS F 11<AGE<40

LN+RN+MED+ 0.6 0.34 0.06
LN+RN+MED- 0.61 0.42 0.07
LN+RN-MED+ 0.64 0.34 0.02
LN+RN-MED- 0.65 0.42 0.03
LN-RN+MED+ 0.67 0.27 0.06
LN-RN+MED- 0.59 0.36 0.07
LN-RN-MED+ 0.71 0.27 0.02
NS F 39<AGE
LN+RN+MED+ 0.37 0.4 0.23
LN+RN+MED- 0.29 0.45 0.26
LN+RN-MED+ 0.45 0.44 0.11
LN+RN-MED- 0.36 0.62 0.12
LN-RN+MED+ 0.45 . 0.34 0.22
LN-RN+MED- _ 0.36 0.39 0.26
LN-RN-MED+ 0.53 0.37 0.1
MC M AGEC12 .
LN+RN+MED+ 0.09 0.33 0.58
LN+RN+MED- 0.07 0.34 0.6
LN+RN-MED+ 0.16 0.49 0.36
LN+RN-MED- 0.11 0.52 0.37
LN-RN+MED+ 0.12 0.3 0.58
LN-RN+MED- 0.08 0.31 0.81
LN-RN-MED+ - 0.19 0.45 0.36
MC M 11<AGE<40
LN+RN+MED+ 0.24 0.46 0.3
LN+RN+MED- 0.18 0.49 0.33
LN+RN-MED+ 0.31 0.64 0.16
LN+RN-MED- 0.24 0.8 0.16
LN-RN+MED+ 0.3 0.4 0.3
LN-RN+MED- 0.23 0.44 0.33
LN-RN-MED+ 0.38 0.47 0.14
MC M 39<AGE
LN+RN+MED+ 0.08 0.28 0.64
LN+RN+MED- 0.06 0.29 0.66
LN+RN-MED+ 0.14 0.45 0.41
LN+RN-MED- 0.1 0.47 0.43
LN-RN+MED+ 0.1 0.26 0.64
LN-RN+MED- - 0.07 0.27 0.66
LN-RN-MED+ 0.18 0.41 0.42
MC F AGE<12
LN+RN+MED+ 0.36 0.64 0.1
LN+RN+MED- 0.28 0.61 0.11
LN+RN-MED+ 0.4 - 0.68 0.04
LN+RN-MED- 0.32 0.64 0.05
LN-RN+MED+ 0.44 0.47 0.1
LN-RN+MED- 0.35 0.54 0.11
0.48 0.48 0.04

LN-RN-MED+
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MC F 11<AGE<40
LN+RN+MED+
LN+RN+MED-
LN+RN-MED+
LN+RN-MED-
LN-RN+MED+
LN-RN+MED-

LN-RN-MED+ -

MC F 39<AGE
LN+RN+MED+
LN+RN+MED-
LN+RN-MED+
LN+RN-MED-
LN~-RN+MED+
LN-RN+MED-

LN-RN-MED+ '

LP M AGE<12
: LN+RN+MED+
LN+RN+MED-
LN+RN-MED+
LN+RN-MED-
LN-RN+MED+
LN-RN+MED~
LN-RN-MED+

LP M 11<AGE<40
LN+RN+MED+
LN+RN+MED-
LN+RN-MED+
LN+RN-MED-
LN-RN+MED+
LN-RN+MED-
LN-RN-MED+

LP M 39<AGE
‘LN+RN+MED+
LN+RN+MED-
LN+RN-MED+
LN+RN-MED-
LN-RN+MED+
LN-RN+MED-

- LN-RN-MED+

LP F AGE<12
LN+RN+MED+
LN+RN+MED~
LN+RN-MED+
LN+RN-MED-
LN-RN+MED+
LN-RN+MED-
LN-RN-MED+
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LP F 11<AGE<40

LN+RN+MED+ 0.62 0.39 0.09
LN+RN+MED- 0.43 0.46 0.11
LN+RN-MED+ 0.567 0.39 0.04
_LN+RN-MED- 0.48 0.48 0.06
LN-RN+MED+ 0.6 0.32 0.08
LN-RN+MED- 0.51 0.39 0.1
LN-RN-MED+ 0.65 0.32 0.03
LP F 39<AGE
LN+RN+MED+ 0.29 0.4 0.31
LN+RN+MED- 0.22 0.44 0.34
LN+RN-MED+ 0.37 0.48 0.16
LN+RN-MED- 0.29 0.54 0.17
LN-RN+MED+ 0.36 0.36 0.3
LN-RN+MED- 0.27 - 0.39 0.34
LN-RN~-MED+ 0.45 ~0.41 - 0.14
LD M AGE<12
-LN+RN+MED+ 0.11 0.31 0.58
LN+RN+MED- . 0.08 0.32 0.6
LN+RN-MED+ 0.17 0.47 0.36
LN+RN-MED- 0.12 0.6 0.38
LN-RN+MED+ - 0.13 0.28 0.58
LN-RN+MED- 0.1 0.3 0.61
~ LN-RN-MED+ 0.22 0.42 0.36
LD M 11<AGE<40
LN+RN+MED+ 0.27 0.43 0.3
LN+RN+MED- 0.2 0.47 0.33
LN+RN-MED+ 0.36 - 0.61 0.16
LN+RN-MED- 0.27 0.67 0.16
LN-RN+MED+ 0.34 0.37 0.29
LN-RN+MED- 0.286 0.42 0.32
LN-RN-MED+ 0.42 0.44 0.14
LD M 39<AGE '
LN+RN+MED+ 0.09 0.27 0.64
LN+RN+MED- 0.07 0.28 0.66
LN+RN-MED+ 0.16 0.43 - 0.41
LN+RN-MED- ) 0.11 0.46 - 0.44
LN-RN+MED+ 0.12 0.24 0.64
LN-RN+MED- ©0.08 0.26 0.66
LN-RN-MED+ 0.2 0.38 0.41
LD F AGE<12
LN+RN+MED+ 0.2 0.45 0.36
LN+RN+MED- 0.15 0.48 0.37
LN+RN-MED+ 0.27 0.56 0.17
LN+RN~-MED- 0.2 0.61 0.19
LN-RN+MED+ 0.25 0.4 0.34
LN-RN+MED- 0.19 0.44 0.37
LN-RN-MED+ 0.34 0.49 0.17
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LD F 11<AGE<40

LN+RN+MED+ 0.4 0.47 0.14
LN+RN+MED- 0.31 0.53 0.15
LN+RN-MED+ 0.45 0.49 0.06
LN+RN-MED- 0.36 0.57 0.07
LN-RN+MED+ 0.47 0.4 0.13
LN-RN+MED- 0.38 0.47 0.15
LN-RN-MED+ 0.53 0.41 0.05
LD F 39<AGE

LN+RN+MED+ 0.19 0.41 0.4

LN+RN+MED- 0.14 0.44 0.43
LN+RN-MED+ 0.26 0.53 0.21
LN+RN-MED- 0.19 0.58 0.23
LN-RN+MED+ 0.23 0.37 0.4

LN-RN+MED- 0.17 0.4 0.43
LN-RN-MED+ 0.32 0.47 0.21

December 1981 - 102 - Hodgkins Decision Analysis



Appendix II - A General Statistical Test For Evaluating Probabilities

Note: a more extensive discussion of this test, its application and poﬁer may be found in Barnett et al, 1981.

Suppose for a group of N patients numbered from 1 to N according to some neutral [;rocedure (eg.
aiphabetically), each is known ’to be in exactly one of M possibie states ;Sf health We assumé NM. A
Bayesian model is used to estimate P.(j), the probability that patient i in health state j G = 1,..M). Given
that the true state of health for each patient is ultimately learned, how migﬁt this infoﬁnation be used to assess

the validity of the original probabilistic predictions?
The following procedure allows us to test the null hypothesis HO that the predictions are accurate.

1. Consider the model’s estimates for Pi(j). For patient 1 record P;(1), and for patient 2, Py(2), ...for patient
M, Py4(M). For patient M+1, we go back to the first stage and record Ppy + 1, for patient M+2,
Ppg42(2), for patient 2M, Py (M), for patient 2M+1, Pypg o 1, etc.,; Under this rule, we choose one of
the predictions made for each patient, and over the entire set, choose roughly an equal number of predictions

for each of the M states of health.

2.Take the N predictions just chosen and list them in decreasing order. Let us define the largest as r), the

second largest as Iy, the smallest as N ete. Note that ry isnot necessarily agsociat}ed, with patient number 1.

3. Now the patients are to be divided into groups within which the chosen predi;ﬁons are close together, even
though, for different people, the predictions may refer to different states of health. For example, if the state
of health is a stage of Hodgkins disease, one patient may have 3’6.4 chance of being in stage I+1I, while
another has a 0.4 chance of being in state I11. If’th»ese predictions are chdse'h/tfor stﬁdy in step 1, both patients

will be grouped togethér.
Begin forming a first group with the patient with prediction r{, the patient with prediction r, etc. Stop, upon
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K o - &
reachmgK thesmallestnumberforwhxch 21 i and 21 (l-rl)arebothatleastﬁve frge1=
i= :

addmepadentmthpred:cnon rK+1tothegroup Dothcsamewithtx_',z.em 'Ihlswxllensummat

people with xdenu«:al predlcuons fall in the same groups.
. rep T Grils i o Bty ; sred AR s PR :
4 Stanmg wnth the nextlowestpredmon constrmtaseoondgroupm ananatogousway Proceedsmularly :
catann L oldinisn W e 9t dasid w38 L0 awenda e el it
unnl asmany gmupsaspossibie are ﬁ)rmed. Probably aﬁewpam:sf\mhmevexy lowestpmdwuons(e.g.
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6 Now foreachofﬂxevanoussroupsfomedinstepsl&andll caiculatethequanutyw deﬁnedby

e I L r«'ﬂfi A el nr e 4* W

where @ = Y7ry for thégroup oo nsd et

A= Ef‘i (1 -ry)

X = the number of group members who were in the state of health

i SR

e g s G A me

for ‘which'a pradictioh uas nado. .

=S L 5 SERRE SRR ST FLEN 34 ST i FOR R \ =N

Hodgkins disease for wmmmma.e«r&lmm oritiation

T [EERRANNE L S S R T £ ML VNS S AR B E RIS WL T A ETRAE SR RIS T IO EMOTSCED TE R SR

Patient = Stage for whigch  Recorded Ac;ual
T pragiétton’ wa§ R "pi‘d%iii‘ﬁ%ty T Tstage
. Fecorded - estimate

1+11 0.26 111
v 0.26 Ive
I+11 0.26 v
I+I1 i 0.26 I+11* .
111 RIS | BV 4 TORRRTURN N & 2 § §
T+11 o ees T T e

R N

b b
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21 v 0.26 III
23 111 0.25 Iv

28 I+II 0.26 I11
33 IV 0.26 I+11
41 III - 0.26 - III®
43 I+11 0.26 I+I1*

Note that, since we are considering three states of health for Hodgkins disease (stage 1 and H, stage III, and

stage IV), the use of rule 1 leads to the recorded stages shown for the patients listed.

Here X = 5, because only the cases with a * meet the stated criterion. In this group all the r’s are 0.25.

then Q 12 X 0.26 = 3

and A (12 X 0.256).0.76 = 2,26 = 1.6

Thus W = -2/1.6 = -1.33 for the group.

Under the null hypothesis of correct predictions, the calculated W should have approximately a unit normal

probability distribution.

B

7.Calculate Z from theruleZ = Z ) Wj, where Wj is the W-value for the jth group, and B the number of
1=

groups formed. If the predictions are accurate then Z would:be Chi-distributed with B degrees of freedom.

One can use this fact to determine the significance level (p-value) of the value of Z calculated from the data.
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Appendix I1E <Information on Lymphangiogram Used in the Hoﬂghns Program

TIL1 Where Resuits are Reported as Positive/Equivocal/Negative

. SOURCE NODES HISTOLOGICALLY POSITIVE  NODES HISTOLOGICALLY NEGATIVE

LAG +ve LAG -ve LAG ? LAG +ve  LAG -ve LAG ?
Aisenberg('71) 8 2 0 6 6 6
Enright('70) 14 7 8 6 17 14
Glees(*73).. - 18 2 0. 8 o 20 2
Hanks('72) 6 0 0 1 3 0
Hass('71) 16 0 0 1 217 0
Jelliffe('70) ] 1 2 0 - 10 2
Kaplan(73) 61 6 6 19 137 43
Lowenbraun('70) 4 0 0 3 2 0
Mitchel1('72) 10 2 0 11 16 2
Paglia ('73) 10 4 0 2. 17 4
Prosnitz('72) 13 4 2 0 10 7
Sutcliffe('76) 22 4 2 2 64 68

187 31 19 67 321 85

False negative = 31/237 = 13.1%
False positive = 67/463 = 12.3%

IH.2 Where Results are Reported as Positive/Negative Only -

SOURCE  NODES HISTOLOGICALLY POSITIVE

-LAG +ve ' LAG -ve
Banfi('74) 29 0
Castellino('74) 41 0
Cotman('77) 12 7
Garcia('71) 2 4
Hermreck(1976) 7 b
Hellman('74) 26 2
Kademian('77) 26 3
Martire('74) 13 0
Urlaub('79) 19 9

174 40

False negative = 40/214 = 18.7%
" False positive = 81/5670 = 14.2%

Overall adding results from both series:

False negative = 71/451 = 15.7%
False positive = 138/1033 = 13.4%
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Appendix IV - Annotated Trace of Decision Tree Analysis Program in Operation

In this example, Expand-Top-Level1-Choice-Node lscalled with:

tests-left = '(LAG)

prior = (.81 .17 02)
lap-done? = NIL
symptomatology = 'A

That is, we are considering an A patient with probability 0.81 of being in"sta‘ge‘I+II, .17 of being in stage III,
and .02 of being in stage IV. Tests other than lymphangiogram (LAG) and laparotomy.(LAP) have either

been done or are contradicted for other reasons.

The program trace feature of Lisp has been turned on to show the pattern of function calls which carries out
the decision tree analysis.’ The functions Expand-Top-‘Level—Choice-Node, Expand-Chance-Node,
Expand-Choice-Node, Treatment-vs-LAP, Choose-Best-Treatment, and Treatment-E-U have been selected
for tracing. To save space and complexity, some calis to @nose—Best;Tfé;nnem and Treatment-E-U at lower

levels have been deleted.

(1 ENTER Expand-Top-Level-Choice-Node ((LAG) {(0.81 0.17 0.02)))

First the program calculates, for each treatmeni, the expected utzluy ,q( carrying out that treatment
immediately, without further lesting

(1 ENTER Treatment-E-U (TNI (0.81 0.17 0.02)))
(1 EXIT Treatment-E-U 0.77)
=) The utility of immediate total nodal vmdiauon is 0.77

(1 ENTER Treatment-E-U (MOPP (0.81 0.17 0.02)))
(1 EXIT Treatment-E-U 0.88)
=) The uiility of zmmedtate MOPP _chemotherapy 'is 0.68

(1 ENTER Treatment-E-U ' (EM (0.81 0.17 0.02)))
(1 EXIT Treatment-E-U 0.73)
=D The utility of immediate extended mantle mdzolherapy is 073

Next the program calculates the ulility of performing LAP followed by optimal therapy deﬁned by
the results of LAP.

(1 ENTER Lap-Plan ((0.81 0.17 0.02)))
(1 ENTER Expand-Chance-Node (LAP (0.81 0.17 0.02) RIL))
(1 ENTER Choose-Best-Treatment ((1.0,0.0 0.0)))
(1 EXIT Choose-Best-Treatmaent ((0. 82", EM)))
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(1 ENTER Choose-Best-Treitment ({0.0 1.0°0.0)))
(1 EXIT Choose-Best-Treatment ((0.64 . TNI))) ‘
(1 ENTER Choose-Best-Treatment ((0.0 0.0 1.0))).
(1 EXIT Choose-Best-Treatment ((0 55 . HOPP)))
(1 EXIT Expand- Chance- Node . ‘
((0.78 . LAP) ut111ty data- pla;sphoador
((I+I1 0.81 (1.0 0.0 .0) ((0.82 . EM)))
(III 0.17 (0.0 1.0 0.0) ((0.64 ;. ANI))) -
(IV 0.02 (0.0 0.0 1.0) ((0.56 . MOPP)))))) - . -
(1 EXIT Lap-Plan :
((0.78. . LAP) utility- dilta place-holder
((I+II 0.81 (1.0 0.0 0.0) ((0.82 . EM)))
(111,0.17 (0.0.1.0 0,0) ((0.84 . TNI))
C(Iv 0,08 (0.0-0.0 1.0) [(0.856°, nopv;;%);)
==) The utility of LAP is 0.78

Finally, the program calculates the utility of performing lymphangiogram.
- (1 ENTER Expand-Chance-Node (LAG (0.81 0.17 0.02)MEk)). . . &

For the result of LAG being +LAG (lymphangiogram positive for. abdomingl nodes), the program
calculates the optimal subsequem plan and ‘its wtility.  — T &

(1 ENTER Expand-Choice~Node ((0.67°0.3870.06) NILY) ~ *
(1 ENTER Treatment-vs-LAP ((0.567 0.38 0. 05)))
© {1 ENTER Lap-Plan((0.87 0.36 ¢.48) )y c
(2 ENTER Expand-Chance-Node (LAP (0. 57 0 38 0 05) NIL))
(2 EXIT Expand-Chance-Node
((0.73 . LAP) utility-data-place-holder
((1+I1 0.67 (1.0 0.0 0.0) ((0.82 . EM)))
(II1 0.38 (0.0 1.0.0,0).((0. 34‘ TII))%
(IV 0.05 (o 0700 170y’ ((0-56 . MOFP))¥}})
(1 EXIT Lap Pl .
((0.73 . tiA utﬂity -data- place-‘no‘ldbr
((I+II 0.57 (1.0 0.0 0.0) ((0.82 . EM)))
(111 0.38 (0.0 1,0,0.0) ((0.64. ru;g)) L
(IV 0.06 (0.0 0.8 1.0) ({0.55 . WePP M
(1 ENTER Choose-Best-Treatment ((0, 67 0,38 0,06)))
(1 EXIT Choose-Best-Treatment ({071 . ‘i"lI)))
(1 EXIT Treatment-vs-LAP
((0.73 . LAP) utility-data- plaCe-ho’tdor
((I+II 0.57 (1.0 0.0 0,0) ((0.82 . En)
(III 0.38 (0.0 1.0 0.0y ((0°84°" t) )
~ (1Iv 0.06 (0.0 0.0 1.0) ((0.866 uorgl);;))yvm"V‘
(1 EXIT Expand-Choice-Node - I
((0.73 . LAP) utility-data-place-holder ’
((I+I1 0.57 (1.0 0.0 0.0) ((0.82 . €M))) "
(III 0.38 (0.0 1.0 0.0) ((0.84 . TNI)))
(IV°0.06 (0.0°0.0 1.0) ((0.58". “MOPPY)))))

For the result of LAG being ?LAG (eqmvocal Iymphqngmgram) the . . program calcuIales the opnmal
subsequent plan and its uldwl. o ,

(1 ENTER Expand-Choice-Node ((0.87 0 ‘D o‘r) lILn
(1 ENTER Treatment vs-LAP ((0.87 0.12'0701)))
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(1 ENTER Lap-Plan ((0.87 0.12 0.01)))
(2 ENTER Expand-Chance-Node (LAP (0.87 0.12 0 01) NIL))
(2 EXIT Expand-Chance-Node :
((0.79 . LAP) ut111ty dasa-plgca-holﬂor
((I+I1 0.87 (1.0 0.0 0.0) ((0,.82 ; EM)))
(II1 0.12 ¢0.0:1.H 0:08).((0.64: . Tulzédj .
(IV 0.01 (0.0 0.0 1.0) (£0.66 . MOPP))))))
(1 EXIT Lap—P]an~((e 79 . LAP) utiiityrdgtg:pigca-holder
((I+II 0.87 (1.0 0.0 0.8) ((0.82 .-EN))): -
(I1I 0.12 (0.0 1.0 0.0) ((0.64 . Tuz)))
(IV 0.01 (0.0 0.0 1.0) ({0.556 ..MOPP)))))).
(1 ENTER Choose-Best-Treatment: ((0. 670,12 0.01)))
(1 EXIT Choose-Best-Treatment ((9.78: . TNI)))
(1 EXIT Treatment-vs-LAP
((0.79 . LAP) utility- data—place-holdor N
((1+I1 0.87 (1.0-0.0 0.0) ((0.82 .. EM)))
(III 0.12 (0.0 1.0 0.0) ((0.64 . TNI)))
(Iv 0.01 (0.0 0.0 1.0) ({06.656 . MOPP))))))
(1 EXIT Expand-Choice-Node ((0.79 . LAP) utility-data- place holder
((I+I1 0.87 (1.0 0.0 0.0) ((0.82 . EM))). ' -
(III 0.12 (0.0 1.0 0.0) ((0.64 . TNI)))
(IV 0.01 (0.0 0.0 1.0) ((0.66 . MOPP))))))

For the result of LAG being -LAG (negative lymphangiogram), the program calculates the optimal
subsequent plan and its utility.

(1 ENTER Expand-Choice-Node ((0.89 0.10 0.01) NIL))
(1 ENTER Treatment-vs-LAP ((0.89 0.10 0.01)))
(1 ENTER Lap-Plan ((0.89 0.10 0.01)))
(2 ENTER Expand-Chance-Node (LAP (0.89 0.10 0.01) NIL))
(2 EXIT Expand-Chance-Node
((0.79 . LAP) utility-data-place-holder
((I+II 0.89 (1.0 0.0 0.0) ((0.82 . EM)))
(II1 0.10 (0.0 1.0 0.0) ((0.64 . TNI)))
(Iv 0.01 (0.0 0.0 1.0) ((0.56 . MOPP))))))
(1 EXIT Lap-Plan
((0.79 . LAP) utility-data-place-holder
((I+I1 0.89 (1.0 0.0 0.0) ((0.82 . EM)))
(ITI 0.10 (0.0 1.0 0.0) ((0.64 . TNI)))
(Iv 0.01 (0.0 0.0 1.0) ((0.56 . MOPP)))
(1 ENTER Choose-Best-Treatment ((0.89 0.10 0.
(1 EXIT Choose-Best-Treatment ((0.79 . TNI))
(1 EXIT Treatment-vs-LAP
((0.79 . LAP) utility-data-place-holder
((I+I1 0.89 (1.0 0.0 0.0) ((0.82 . EM)))
(I11 0.10 (0.0 1.0 0.0) ((0.64 . TNI)))
(IV 0.01 (0.0 0.0 1.0) ((0.55 . MOPP))))
(1 EXIT Expand-Choice-Node
((0.79 . LAP) utility-data-place-holder
((I+I1 0.89 (1.0 0.0 0.0) ((0.82 . EM)))
(IITI 0.10 (0.0 1.0 0.0) ((0.84 . TNI)))
(Iv 0.01 (0.0 0.0 1.0) ((0.55 . MOPP))))))

))
01

)
)))
)

))

The lymphangiogram plan is complete.  Regardless of the result of 1.AG, as shown in the plan
fiagment below, the best action to take subsequently is laparotomy. Hence, 1.AG can be omilted,
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as the plan beginning with with LAP will be beter in all respects. .

(1 EXIT Expand-Chance-Node a
((0.77 . LAG) utility-data-place-holder
((+LAG 0.25 (0.57 0.88 0.05)

((0.73 . LAP): utﬂ1ty-data-plac¢-h01dor ,
((I+11 0.67 (1.0 0.0 0.8) ((0.82 . EM)))
(III 0.38:(0.0 1.0 0.0) ((0.64 . TNI)))
(Iv 0.05 (0.0 0.0 1.0) ((0.85 uaPP))))))

(?LAG 0.22 (0.87 0.12 0.01)

((0.79 . LAP) utthy data-p]ace ho'ldor
((I+II 0.87 (1.0 0.0 0.0) ((0:82:. EM)))
(III 0.12 (0.0 1.0°0.0) ((0.84 " tnx)g) SR
(Iv 0.01 (0.0 0.0 1.0) ((o 65 “ﬂOPP))))?)'JV

(-LAG 0.53 (0.89 0.10°0.01)

((0.79 . LAP) utiﬁty—da‘ta p!ace-hc‘ldor ;
((I+11 0.89 (1.0°0.0 0.0) ((0.82  .EM)))

(IIT 0.10 (0.0 1.0 0.0) ((0.64 . TNI)))

(Iv 0.01 (0.0 0.0 1.0) ((0.566 HOPP)))))))))

(1 EXIT Expand-Top-Level-Choice-Node 32)
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