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Abstract. The Hep ar I I system is based on a Ba y esian net w ork mo del of a subset

of the domain of hepatology in whic h the structure of the net w ork is elicited from

an exp ert diagnostician and the parameters are learned from a database of medical

cases. The mo del follo ws the assumption made in the database that eac h patien t

case is diagnosed with a single disorder, i.e., disorders are m utually exclusiv e.

In this pap er, w e describ e an extension of the Hep ar I I system to m ultiple-

disorder diagnosis. W e sho w that our net w ork transforms readily to a net w ork

that can p erform m ultiple-disorder diagnosis with some b ene�ts to the qualit y of

n umerical parameters learned from the database. W e demonstrate empirically that

the diagnostic p erformance in terms of single-disorder diagnosis impro v es under

this transformation. The new mo del is more realistic and w e exp ect that it will b e

of higher v alue in clinical practice.

1 In tro duction

Decision analysis has had a ma jor in
uence on computer-based diagnostic

systems. The �eld of Uncertain t y in Arti�cial In telligence, through whic h

this in
uence w as funneled, has dev elop ed practical mo deling to ols based

on probabilistic graphical mo dels, suc h as Ba y esian net w orks [9] (also called

b elief net w orks or causal net w orks) and in
uence diagrams [4] (also called rel-

ev ance diagrams or decision net w orks). Ba y esian net w orks are directed acyclic

graphs mo deling probabilistic dep endencies among v ariables. The graphical

part of a Ba y esian net w ork re
ects the structure of a problem, while lo cal

in teractions among neigh b oring v ariables are quan ti�ed b y conditional prob-

abilit y distributions. One of the main adv an tages of Ba y esian net w orks o v er

other sc hemes for reasoning under uncertain t y is that they readily com bine

existing frequency data with exp ert judgmen t within the probabilistic frame-

w ork. Often, for example, hospitals and clinics collect patien t data, whic h

o v er time allo w for disco v ering statistical dep endencies and p oten tially im-

pro ving the o v erall qualit y of diagnosis. When incorp orated in to a mo del,
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they can pro vide a v aluable enhancemen t to the sub jectiv e kno wledge ob-

tained from an exp ert. Ba y esian net w orks ha v e b een emplo y ed in practice in

a v ariet y of �elds, including engineering, science, and medicine (for examples

of successful real w orld applications of Ba y esian net w orks, see Marc h 1995

sp ecial issue of the journal Communic ations of the A CM ) with some mo dels

reac hing the size of h undreds of v ariables.

Ba y esian net w orks can b e extremely v aluable in medical diagnosis. A ma-

jor adv an tage of Ba y esian net w orks, compared to other mo deling to ols, is

that they readily mo del sim ultaneous presence of m ultiple disorders. Man y

approac hes, suc h as those based on classi�cation metho ds, assume that in

eac h diagnostic case only one disorder is p ossible, i.e., v arious disorders are

m utually exclusiv e. This is often an unnecessarily restrictiv e assumption. It

happ ens fairly often that a patien t su�ers from m ultiple disorders and a single

disorder ma y not accoun t for all observ ed symptoms. W orse ev en, a situation

can arise that a single disorder o�ers a b etter explanation for all observ a-

tions than an y other single disorder, while the true diagnosis consists of, for

example, t w o other disorders app earing sim ultaneously .

In this pap er w e fo cus on m ultiple-disorder diagnosis in the con text of the

Hep ar I I system [6{8]. Our w ork on the Hep ar I I system is con tin uation of

the Hep ar pro ject [1,10], conducted in the Institute of Bio cyb ernetics and

Biomedical Engineering of the P olish Academ y of Sciences in collab oration

with ph ysicians at the Medical Cen ter of P ostgraduate Education in W arsa w.

The Hep ar system w as designed for gathering and pro cessing of clinical data

on patien ts with liv er disorders and aimed at reducing the need for hepatic

biopsy b y mo dern computer-based diagnostic to ols. An in tegral part of the

Hep ar system is its database, created in 1990 and thoroughly main tained

since then at the Gastro en torogical Clinic of the Institute of F o o d and F eed-

ing in W arsa w. The curren t database con tains o v er 800 patien t records and

its size is steadily gro wing. Eac h hepatological case is describ ed b y o v er 200

di�eren t medical �ndings, suc h as patien t self-rep orted data, results of ph ys-

ical examination, lab oratory tests, and �nally a histopathologically v eri�ed

diagnosis. One of the assumptions made in the database that w as a v ailable to

us is that ev ery patien t case is ultimately diagnosed with only one disorder.

This assumption, while imp osed on us b y the data, is not necessary | in

realit y a patien t can b e su�ering from m ultiple disorders at the same time

and a diagnostic system should consider this p ossibilit y .

W e describ e an extension of our Ba y esian net w ork mo del that relaxes

this assumption. W e ha v e mo di�ed the structure of the net w ork using exp ert

kno wledge and subsequen tly learned the parameters of the new net w ork from

the database. While w e had to mak e some assumptions ab out the data (please

note that the data assumed m utual exclusivit y of disorders), w e sho w that the

diagnostic p erformance of the mo di�ed mo del on the single-disorder diagnosis

is b etter than that of the original mo del. The new mo del is more realistic and

w e exp ect that it will b e of higher v alue in clinical practice.
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The remainder of this pap er is structured as follo ws. Section 2 summarizes

the single-disorder v ersion of the Hep ar I I mo del. Section 3 describ es the

structural mo di�cations that w e p erformed on the mo del in order to b e able to

p erform m ultiple-disorder diagnosis. Section 4 describ es the details of learning

of the conditional probabilit y distributions of the enhanced mo del from the

database and compares them in terms of their complexit y and reliabilit y .

Section 5 compares the single-disorder and the m ultiple-disorder mo dels in

terms of their diagnostic accuracy . Finally , Section 6 discusses general issues

related to the p erformed study and directions for further w ork.

2 The Single-Disorder Diagnosis V ersion of the

Hep ar I I Mo del

The Hep ar I I pro ject aims at applying decision-theoretic tec hniques to di-

agnosis of liv er disorders. Its main comp onen t is a Ba y esian net w ork mo del

in v olving a subset of v ariables included in the Hep ar database. The v ersion

of the database used in our pro ject consists of 570 patien t cases describ ed

b y 119 medical �ndings and classi�ed in to 16 di�eren t classes (15 disorder

classes and one class that represen ts the hepatologically normal state). One

limitation of the data set that w e ha v e b een using is that it assumes that

all disorders are m utually exclusiv e, i.e., eac h diagnosed patien t su�ers from

at most one disorder. This limitation led us to the original single-disorder

diagnosis mo del. W e selected from this database 94 v ariables that w e judged

to b e the most imp ortan t in diagnosis and built a causal Ba y esian net w ork.

W e elicited the structure of the mo del, i.e., dep endencies among the v ari-

ables, based on medical literature and con v ersations with our domain exp ert,

a hepatologist Dr. Hanna W asyluk (third author) and t w o American exp erts,

a pathologist, Dr. Daniel Sc h w artz, and a sp ecialist in infections diseases, Dr.

John N. Do wling from the Univ ersit y of Pittsburgh. W e estimate that elicita-

tion of the structure to ok appro ximately 40 hours with the exp erts, of whic h

roughly 30 hours w ere sp en t with Dr. W asyluk and roughly 10 hours sp en t

with Drs. Sc h w artz and Do wling. This includes mo del re�nemen t sessions,

where previously elicited structure w as reev aluated in a group setting.

The n umerical parameters of the mo del, i.e., the prior and conditional

probabilit y distributions, w ere extracted from the Hep ar database. Prior

probabilit y distributions are simply relativ e coun ts of v arious outcomes for

eac h of the v ariables in question. Conditional probabilit y distributions are

relativ e coun ts of v arious outcomes in those data records that ful�ll the

conditions describ ed b y ev ery com bination of the outcomes of the prede-

cessors. While prior probabilities can b e learned reasonably accurately from

a database of consisting of a few h undred records, conditional probabilities

presen t more of a c hallenge. In cases where there are sev eral v ariables directly

preceding a v ariable in question, individual com binations of their v alues ma y

b e v ery unlik ely to the p oin t of b eing absen t from the data �le. In suc h cases,
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w e made an arbitrary assumption that the distribution is uniform, i.e., the

com bination is completely uninformativ e. The restructuring e�ort describ ed

in this pap er has as one of its long-term goals addressing this problem.

Giv en a patien t's case, i.e., v alues of some of the mo deled v ariables, suc h

as symptoms or test results, the mo del deriv es the p osterior probabilit y dis-

tribution o v er the p ossible liv er disorders. This probabilit y distribution can

b e directly used in diagnostic decision supp ort. W e measured the p erfor-

mance of our mo del b y ho w w ell it can predict the disorder in eac h of the

a v ailable patien t cases. T o this e�ect, w e applied the standard lea v e-one-out

approac h [5], i.e., using rep eatedly all but one record in the database to learn

the parameters and then using the remaining record to test the prediction.

W e w ere in terested in b oth (1) whether the most probable diagnosis indicated

b y the mo del is indeed the correct diagnosis, and (2) whether the set of k

most probable diagnoses con tains the correct diagnosis for small v alues of k

(w e c hose a \windo w" of k =1, 2, 3, and 4). Results w ere appro ximately 34%,

47%, 56%, and 67% for k =1, 2, 3, and 4 resp ectiv ely . In other w ords, the most

lik ely diagnosis indicated b y the mo del w as the correct diagnosis in 34% of

the cases. The correct diagnosis w as among the four most probable diagnoses

as indicated b y the mo del in 67% of the cases. Our exp erts considered this

p erformance to b e in the righ t ballpark giv en the inheren t di�cult y of the

problem, small size of the data set, and man y missing v alues. Please note

that giv en 16 states of the disorder no de, mean p erformance based on ran-

dom guessing w ould barely exceed 6%. More details on the tests p erformed

can b e found in [8].

3 Structural Changes to the Hep ar I I Mo del

W e ha v e iden ti�ed sev eral problems with the Hep ar I I mo del. The �rst

problem is that all disorders in the net w ork w ere mo deled as distinct states

of one no de. This is equiv alen t to the assumption of m utual exclusivit y of

disorders. As w e men tioned in the previous section, this structure w as implied

b y the data set a v ailable to us that had one �nal diagnosis for eac h of the

patien t cases. This assumption is not v ery realistic in medicine. Presence of a

disorder often w eak ens a patien t's imm une system and as a result the patien t

ma y dev elop m ultiple disorders. Since one of the applications of our mo del

is training no vice diagnosticians, w e w ould lik e to mo del the in teractions

b et w een disorders and symptoms correctly .

The second problem is still sub optimal diagnostic p erformance of the

Hep ar I I net w ork. W e b eliev e that the diagnostic p erformance of the mo del

can b e further impro v ed b y impro ving b oth the structure and the qualit y of

the n umerical parameters. Our long-term plans are to use parametric prob-

abilit y distributions, suc h as Noisy-OR gates [2,3,9], to enhance the qualit y

of the conditional probabilit y distributions learned from data. In order to b e

able to apply parametric probabilit y distributions, w e had to restructure the
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net w ork in suc h a w a y that v arious no des express either prop ositions or v ari-

ous grades of in tensit y of some quan tit y . The disorder no de in the Hep ar I I

mo del is a categorical v ariable with 16 outcomes that is not suitable for a

parametric probabilit y distribution. One w a y of preparing the structure for

these distributions is b y breaking the disorder no de in to separate no des for

eac h of the disorders. This mo di�cation tak es care of t w o problems: it relaxes

the assumption of m utual exclusivit y of disorders and it mak es the no des

more amenable to parametric quan ti�cation.

W e ha v e concen trated the structural c hanges on the disorders. In our ini-

tial approac h, w e reduced the n um b er of disorders mo deled from 15 to 9.

The six disorders excluded w ere either represen ted b y v ery few records in the

data base ( A cute hep atitis , HBV , A lc oholic cirrhosis ) or w ere later stages of

other disorders ( Fibr osis hep atis , Car cinoma ). W e plan to add the excluded

disorders to our mo del in the future. The 9 mo deled disorders w ere �v e bi-

nary no des ( T oxic hep atitis , R e active hep atitis , Ste atosis , Hyp erbilirubinemia ,

PBC ) and t w o no des with three outcomes eac h ( Chr onic hep atits , Cirrhosis ).

The no des that w e originally mo deled as causes/e�ects of the liv er disorder

v ariable w ere brok en do wn in to sev eral groups, sp eci�c to eac h of the 9 dis-

orders. In order to b e able to compare the p erformance of the single-disorder

to the m ultiple-disorder v ersions of the mo del, w e created a single-disorder

v ersion of the original Hep ar I I mo del consisting of the same 9 disorders

and precisely the same feature v ariables as the newly dev elop ed m ultiple-

disorder mo del. As a result, w e w ork ed with 66 features and 505 records (65

records of the 570 a v ailable to us b elonged to the omitted disorder classes) in

the database. The resulting mo dels consisted of 67 no des (66 feature no des

and one disorder no de in the single-disorder mo del) and 73 no des (66 feature

no des and 7 disorder no des in the m ultiple-disorder mo del) resp ectiv ely .

Fig. 1. A simpli�ed fragmen t of the Hep ar I I net w ork: single-disorder diagnosis

(left) and m ultiple-disorder diagnosis (righ t) v ersion

Fig. 1 sho ws a simpli�ed fragmen t of b oth mo dels and giv es an idea of the

structural c hanges p erformed in the transition from the single-disorder to the

m ultiple-disorder v ersions of the mo del. In particular, the mo dels share eac h

of the four risk factors ( R ep orte d history of vir al hep atitis , History of alc ohol
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abuse , Gal lstones , and Hep atotoxic me dic ations ) and six symptoms and test

results ( F atigue , Jaundic e , Bilirubin , A lkaline phosphatase , Ascites and T otal

pr oteins ). The single Liver disor der no de is replaced b y four disorder no des

( Chr onic hep atitis , Ste atosis , Cirrhosis and T oxic hep atitis ). The main dif-

ference b et w een the mo dels is that some of the four new disorder no des are

not connected with the risk factors and symptoms. This leads to a signi�can t

reduction in the n um b er of n umerical parameters necessary to quan tify the

net w ork.

4 P arameters of the Hep ar I I Mo del

In order to compare the single-disorder to the m ultiple-disorder v ersions of

the mo del, w e used the same data to extract the n umerical parameters (i.e.,

still eac h patien t w as describ ed b y only one disorder). The data set con tained

505 patien t records classi�ed in 9 di�eren t disorder classes. A side-e�ect of

our structural c hanges is that they ha v e decreased the n um b er of n umerical

parameters in the mo del. W e ha v e men tioned in Section 2 that it is quite

common in learning the conditional probabilit y distributions from data that

there are to o few records corresp onding to a giv en com bination of paren ts

of a no de. Breaking the original disorder no de in to sev eral no des represen t-

ing individual disorders decreases the size of conditional probabilit y tables

and, hence, increases the a v erage n um b er of records for eac h com bination of

paren ts in a conditional probabilit y distribution table. Indeed, the m ultiple-

disorder v ersion of the mo del required only 1,488 parameters (w e coun ted

� = 87 : 8 data records p er conditional probabilit y distribution) compared to

the 3,714 ( � = 16 : 8 data records p er conditional probabilit y distribution) pa-

rameters needed for the single-disorder v ersion of the mo del. With an increase

in the a v erage n um b er of records p er conditional probabilit y distribution, the

qualit y of the mo del parameters impro v es.

Fig. 2 sho ws the distribution o v er the n um b er of data records p er paren t

com bination for the single-disorder and the m ultiple-disorder mo dels. W e can

see that o v er 50% of the conditional probabilit y distributions in the single-

disorder mo del con tained zero records. In the m ultiple-disorder mo del this

n um b er is dramatically smaller | only 0.5% of all cases in v olv ed zero records

and there is quite a high prop ortion of conditional probabilit y distributions

for whic h tens of records w ere a v ailable.

The fact that w e used a data set in whic h eac h patien t record had a

single-disorder diagnosis placed us b efore a di�cult y in assessing conditional

probabilities of no des that had sev eral disorder no des as paren ts | there w ere

no records in the database for conditions in v olving com binations of v arious

disorders. W e applied a simple solution, in whic h w e included in the calcu-

lation all records that describ ed the disorders presen t in the condition. F or

example (see Fig. 1), when computing the conditional probabilit y distribu-

tion of no de F atigue giv en presence of b oth Chr onic hep atitis and Ste atosis ,
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Fig. 2. Distribution o v er the n um b er of data records p er paren t com bination for

the single-disorder and the m ultiple-disorder mo dels

w e used b oth: records that w ere diagnosed as Chr onic hep atitis and records

that w ere diagnosed as Ste atosis . This amoun ted to a v eraging the e�ect of

v arious disorders. W e also tried taking the maxim um e�ect of all disorders

presen t in the condition with a v ery mo dest impro v emen t in p erformance.

Another limitation of the Hep ar data that has a serious implication on our

w ork is that m utual exclusivit y of disorders did not allo w us to extract de-

p endencies among disorders. Hepatology often deals with disorders that are

consequences of the previous disorders, e.g., a c hronic liv er disorder implies

Fibr osis hep atis whic h can further cause Cirrhosis . In the future w e plan

to mo del and quan tify these dep endencies b y com bining data with exp ert

judgmen t.

5 Diagnostic Accuracy of the Multiple-Disorder Mo del

Our �rst empirical test fo cused on the o v erall p erformance of the mo del

in terms of classi�cation accuracy (eac h of the disorders w as view ed as a

separate class that the program predicted based on the v alues of all the

other v ariables). This test is v ery conserv ativ e to w ards the m ultiple-disorder

mo del, as this is the task for whic h the single-disorder v ersion of the mo del

w as designed. W e applied again the lea v e-one-out approac h. Essen tially , giv en

n =505 data records, w e used n � 1 of them for learning mo del parameters

and the remaining one record to test the mo del. This pro cedure w as rep eated

n times, eac h time with a di�eren t data record.

One of the assumptions that w e used in learning the mo del parameters

w as that missing v alues for discrete �nding v ariables corresp onded to state

absent (e.g., a missing v alue for Jaundic e w as in terpreted as absent ). In case of

con tin uous v ariables, a missing v alue corresp onded to a normal v alue, elicited
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from the exp ert (e.g., a missing v alue for Bilirubin w as in terpreted as b eing

in the range of 0{5), whic h included the t ypical v alue for a health y patien t.

In our tests, w e used as observ ations only those �ndings that ha v e actually

b een rep orted in the data (i.e., w e did not use the v alues that w ere missing,

ev en though w e used their assumed v alues in learning). Similarly to the tests

p erformed on the original Hep ar I I mo del, w e used windo w sizes of k =1,

2, 3, and 4. Results (pictured graphically in Fig. 3) w ere for the m ultiple-

disorder v ersion of the mo del appro ximately 44% (compared to 42% for the

single-disorder v ersion), 59% (57%), 68% (68%), and 77% (78%) for k =1,

2, 3, and 4 resp ectiv ely . In other w ords, the most lik ely diagnosis indicated

b y the mo del w as the correct diagnosis in 44% of the cases. The correct

diagnosis w as among the four most probable diagnoses as indicated b y the

mo del in 77% of the cases. The p erformance of b oth v ersions of the mo del w as

v ery similar, with the m ultiple-disorder v ersion b eing sligh tly more accurate.

Please note that the diagnostic accuracy of the single-disorder mo del in our

test is signi�can tly higher than the accuracy rep orted for the original Hepar I I

mo del. This is an e�ect of the fact that the new v ersion of the mo del had

few er disorders and most disorders considered w ere w ell represen ted in the

database.

Fig. 3. Diagnostic accuracy of the single-disorder and the m ultiple-disorder mo dels

P erformance for eac h of the 9 disorders individually is pictured graphi-

cally in Fig. 4. W e can see that in case of some of the disorders, the m ultiple-

disorder v ersion of the mo del p erformed signi�can tly b etter than the single-

disorder v ersion. In order to gain some insigh t in to when m ultiple-disorder

v ersion of the mo del is b etter, w e fo cused our second test on the relation-

ship b et w een the n um b er of records in the database for eac h class and the

diagnostic accuracy within that class.

Fig. 5 sho ws the relationship b et w een the n um b er of records for a particu-

lar disorder and the system accuracy in diagnosing this disorder for windo ws

of size 1 (i.e., the most lik ely disorder) and 4 (the true diagnosis is among

the four most lik ely diagnoses). It is clear that accuracy increases signi�-
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Fig. 4. Diagnostic accuracy p er disorder of the single-disorder and the m ultiple-

disorder mo dels

can tly with the n um b er of data records. Disorders with more than 50 records

presen t in the database sho w ed quite high diagnostic accuracy . Another in-

teresting result is that the m ultiple-disorder mo del p erformed often b etter

than the single-disorder mo del for those disorders that ha v e man y records.

This promises a higher diagnostic v alue of our approac h when the a v ailable

data set is su�cien tly large, i.e., when the qualit y of parameters is high.

Fig. 5. Diagnostic accuracy as a function of the n um b er of disorder cases in the

database (class size) of the single-disorder and the m ultiple-disorder mo dels for the

one-disorder and four-disorder windo w cases

6 Discussion

The exercise that w e w en t through sho ws that Ba y esian net w ork mo dels

readily accommo date m ultiple-disorder diagnoses. It w as relativ ely easy to

deriv e the m ultiple-disorder v ersion of the mo del from the existing single-

disorder v ersion. W e estimate that the total time sp en t with the exp ert w as
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less than 10 hours. Of course, some of the reduction in time, compared to the

original mo del, can b e explained b y our increased mo deling pro�ciency .

While the p erformance of the m ultiple-disorder diagnosis v ersion of the

mo del is only sligh tly b etter than the single-disorder diagnosis v ersion, w e

should k eep in mind that the t w o mo dels w ere compared on a task for whic h

the latter is sp ecialized. F urthermore, the data that w e learned our parame-

ters from w ere single-disorder data.

W e b eliev e that pure diagnostic p erformance, in terms of the p ercen tage

of correct diagnoses, is in itself not an adequate measure of qualit y of a

medical decision supp ort system. In the domain of medicine, the ph ysician

user carries the ultimate resp onsibilit y for the patien t and he or she will b e

un willing to accept a system's advice without understanding it. The e�ort

describ ed in this pap er is a further step to w ards making our mo del mimic the

causal structure of the domain. While a causal mo del ma y p erform w orse in

n umerical terms than a regression-based mo del (if it do es at all; this remains

an empirical question), it o�ers three imp ortan t adv an tages: (1) its in tuitiv e

and meaningful graphical structure can b e examined b y the user, (2) the

system can automatically generate explanations of its advice that will follo w

the mo del structure and will b e reasonably understandable, and (3) the mo del

can b e enhanced with exp ert opinion; in teractions absen t from the database

can b e added based on kno wledge of lo cal causal in teractions with the existing

parts and can b e parameterized b y exp ert judgmen t.

Our future w ork includes exp ert v eri�cation of the probabilit y distribu-

tions of those no des that ha v e sev eral disorder no des as paren ts. As w e men-

tioned ab o v e, these parameters cannot b e learned from our data and the

arbitrary assumptions that w e made in the learning pro cess ma y ha v e had

a negativ e e�ect on diagnostic p erformance of the system. A t a later stage,

w e plan to replace most of the in teractions b y parametric probabilit y dis-

tributions, suc h as Noisy-OR gates. W e exp ect that this will increase the

mo del p erformance ev en further. W e also plan to elab orate on the disorder-

to-disorder dep endencies. This information is lac king from the database, so

here again w e will ha v e to rely on exp ert judgmen t.
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