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Abstract 

Computer-based modals of medical decision maki~g acc~unt tor a large proportion 

of clinical c01Ilputing efforts. '!'hh article revhws representative examples 

from each of several .aj~r medical computing pa~adig ... These include (1) 

clinical algoritb.8. (2) clinical databanks ~hat includ. analytic functions. (3) 

.ath ... tical models of phy.ical proce ••••• (4) pattern r.cogniti~n. (5) lay.sian 

atatistica. (6) deci.ion analy.is. and (7) symbolic r •• soning or artificial 

iDtellileDce. ~cauae the techniqu.s u.ed in the varioua sy.tem. cannot be 

.... iDed .. hau.tively. the caMe studie. in each catesory are u.ed a. a basi. for 

.tudy1nl leneral .trealth. and l~itations. It is noted that no one aethod i. 

be.t for all application.. However • .-phasi. i. given to the l~i'.tlons of 

e&rly work that have.ad. .rtificial intelliseDce techniques and knowledge 

enaineering r •••• rch parHcul.rly attractive. We stre •• that consider.ble buic 

r •••• reh in medic.l ~oaputinl = ... ins to be done aDd that powerful new 

approaches ~y l1e in the .eldiac of two or more .stabli.hed techniques. 
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KNOWLEDGE FNGINEERING FOR MEDICAL DECISION ~~ING: 
A Review of Computer-Based Clinical Dec~dion Aids 

Intr~ion 

As early as the 1950'., physicians and computer scientists reco~nized 

that computers could assist w_th clinical 

analyze ~edical dia~nosis with a view 

decision making 

to the potential 

[61J and began to 

role of automated 

decision aids in that domain [611. Since that time a vari0ty of techniques have 

been applied, accountin8 !rr at least 800 references in the clinical and 

computing lit~rature [112'. In this ~rticle we review several medic31 Qecision 

IUking paradigma and disclIss some issues that account for both the t:!ultiplicity 

o~ approaches and the limited clinical success of most syst~ms developed to 

rlate. Because other authors have revieued computer-aided diagnosis 

[~71.[921.[114J and the potential impact of computers in medical care [93J. our 

emphasis here is soaevhat differ~nt. We will focus on th~ symbolic 

representation and use of knowledge, termed "knowledge engineering." and the 

in.dequaci.s of d.t.-inten.ive techniques which have led to tbe exploration of 

novel s,abo]ic reasoning appro.ches during tbe last decade. 

1.1 !!!~!2t Att.-ptinl Computer-Aided Medical Decision ~~kln8 

Bec.use of the acceler.ted growtb in medic.l knowledle. phYSicians have 

tended to specialize and to become more dependent upon asslstance from other 

experts when a patient presents with a coaplex problem outside one's own ar.a of 

axpertise. The prt.ary c.re physician who first .~e. a patient h.s thous.nd. of 

tests av.ilable vith • vide raale of costs (both fisc.l .nd physical) and 

potential benefits (i ••••• rrival .t • correct di.lnosis or optiaal therapeutic 

.an ..... nt). Even the .x,.~ts in • s!il!cialized field .. y re.ch very different 

decision. re.&rdin. the .. n ..... nt of a .p.ciflc c.s. [131]. Di.gno •• s th.t are 

.. de. and upon which th.rapeutic d.ci.ions a~. b •• ed, bav. b •• n shown to v.ry 

widely in their accuracy [261.(83).[89]. rurth.r.ore, ..dic.l stud.nts uaually 

le.rn about ;iachioa .. kina ia an unatructured way, larl.ly 

and by eaul.tial the thouaht 'roc..... they p.rceiv. 

clinical .. atore [53!. 

throulh ohs.tv.tion 

t~ be ue.d by th.ir 

~u. the 8Otlyat1oae for att..,ts to und.retand aad .utoaat. th. proc.ss 
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of clinical decision making nave been numerous [114). They are directed both at 

diagnostic models Jnd at assisting with patient management decisions. Among the 

reasons for introducing computers into such work are the follow"i.n~: 

(1) ~o improve t~e ~ccuracy of clinical diagnosis throu~h approaches that are 

systematic, comolete. and able to ~~cegrate data froc div~rse sourceSj 

(2) To improve the reliability of cUnical decisions by avoL:ing unwarranted 

influences of similar but not identical cases (a cocmon source of bias among 

physicians), and by caking ~he criteria for decisions explicit, and hence 

reproduc ible; 

(J) To improve the .£2ll efficiency of test~ and therapies by b 1 lanc1ng the 

expenses of time, inconvenience, or funds against benefits and risks of 

definlt!v~ ~ctiond: 

(4) To improv~ our understanding of !h! structure of m~dical knowledge, with the 

associated development of techniques for identifying inconsist~nc1es and 

inadequacies in that knowledge; and 

(5) To improve our understanding of clinical decision makin~, in order to 

improve medical teaching and to make computer programs more effective ~nd 

easier to understand. 

1.2 !h!. Distinction Betveen nata And ~ovledle 

The models on which ca.puter .yatea. ba.e the~r clinical advice ranle 

from data-lntensive to knowledse-intensive approaches. Th.!re are at le~st four 

type. of knovledse that .. y be dlatinsui.hed from pure statistIcal data: 

(1) knovledle derived from data analysis (largely nuaerical)i 

(2 ) judpental or subjective bowled,e; 

en .cientific or theoreticel knowled,e; and 

(4) hich-Ievd .trategic knovledle or "s.lf-knowledle." 

If there i. II C hrono lOIY to the field over the la.t 20 years. it h that 

there has been prolre •• tvely les. depeadence on "pure" ob.eTVat10nal data and 

more .. ,hui. Oil hil~.r-lev.l s:r-Isa lic bowled,e illferred fro. pr1.ar,. data. We 

includ. with da.ain Itaovhdlie the cateloryof "jud ... ntal bowled.e" which 

reflect. the experience aDd o,illio". of an •• pert r.lardial an issue about which 

the formal data .. ,. b. fraaaentary or DODexi.t.at. SiDce .. uy decision • .ade in 

clinical .edlciae depend J;on this kl~ of jud ... ntal •• ,-rt1se. it 1. not 

sur,ri.ll11 that imre.tilaton should betiD to look for va,.. to capture and u •• 
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the knowledge of experts in decision making programs. Another reason to move 

awny from purely data-intensive programs is that in medicine the primary data 

available to decision makers are far from objective [20J, [57). They include 

subjective reports from patientS, and error-prone observation~ (27). Also, the 

terminology used in the reports is not standardized (7J and the classifications 

often overlap. rhus decision making aids must be knowledgeable ~bout the 

unreliability of the data (57] as wdl ElS the uncertainty of the inference. 

For example, data-lntensi're programs include medical record ,'yste1llll which 

accumulate large databanks to assist with decision making. There is little 

knowledge per se in the databank, bu~ ther.e ~ large amounts of data which can 

help with decisions and be analyzed to provide new knowledge. A program that 

retrieves a patient's record for review, or even one that identifies and 

retrieves the records of similar patienrs (matchin~ some set of descriptors), is 

performing a data management task with little reasonin~ involved [J6], [861. 

Although there is statistical "knowledg<:!" contained in the condit!onal 

probabilities generated from such a databank And utilized for Bayesian analysis, 

it is all numel'ic. At the other extreme are systeas that encode and use the kind 

of expert knowledge which cannot be easily gleaned from databanks or literature 

reviews (75).[102]. Systeas that model human reasoning or eaphasize education of 

users tend to fall towards this end of the data-kn~wledle continuum. 

In addition to judgm~utal ,nd statistical knowledge, ther~ are other 

forms of information that can play an important role in computer-based clinical 

deciSion aids. For ex_pIe. underlyins scientiffr theories and relationships 

are often ilnored by diagnostiC programs but provide the foundation for 

decisionl made by human experts. Co.1sider, for ex .. ple, the potential utility 

of techniques that could effectively represent and use the basic knovledse of 

bioch .. iltry. biophysics, or detailed human physioloSY' Biomedical modelinl 

research offers Io.e math ... tical techa1ques for encodins such knovledse in 

certain doma1ns, but l,.bol1c a,,"roacl'el and c:l1n~cally useful applications are 

still lar,ely unrealized. 

rinally. there is another kind of knovledle uled by huaan deci.iou 

.. k4rs -- an under.tandins of reasoniol processes aDd Itrate,ies th ... elves. 

1'hil Unci ot "hi,h-level" or "_ta-level" knowledle. if incorporated ,.nto 

c~ut~r prosr ...... y not only he11hten their decision makins perfor.&nce but 

also &ur-ent their acceptability to uaera by makinl th .. appear nor~ aware of 

thei~ owo power. atratesie •• and It1Ditations. 



Introduction Page 4 

We use the term "knowledge engineering," then, to refer to computer-based 

synbolic reasoning issues such as knowledge representation, acquisitior., 

explanation, and "self-awareness" or self-modification (19]. It is aloog these 

dimensions that knowledge-based programs differ most sharply from conventional 

calculations. For examule, they can solve probl~ms by pursuing a line of 

rea~oning; the individuc1 inference steps and ~he whole chain of reason~ng may 

also form the basi~ f.or explanations of decisions. A major concern in knowledge 

engineering is clear separation of the medical knowledge in a program from the 

inference mechanism that applies that knowledge to the data of individual cases. 

One goal of this paper is to identify, in the strengths and weaknesses of 

earlier work, t[,ase issues which have lIIotivated several current researchers to 

investigate the aut~lIIation 

eng ineering • 

of clinical decision aids 

1.3 Para.eters For Assessing Work In The !!!!! 

through knowledge 

Barriere to successful tapl~entation ~f computer-based diagnostic 

8yste .. have been analyzed on several occasions (7~, [23],(106] and need not be 

rev i.e wed here. novp.ver, in assessio3 progra .. it is pertinent to exaaioe 

several par.-eters that affect the success and .cope of a particular eystea io 

light of its intended users and applicationo Unfortunately, the medlcal 

cOlllputiol literature ba. fev descriptions of systea. for which all the followinl 

issue. can be a •• essed. 

(1) Row accurate i. the proara.?1 

(2) Wh.t i. tb. nature of the kDovledle in the .,,~ea aDd how ia it lenerated or 

acquired! 

(3) Bow i. the clinical kDovledle r~pre •• ntcd,.Dd bow doe. it ~acilitat. the 

p.rfor.Anc. loal. of the ."t .. de.cribed? 

(4) Bow .r. kDovlecl •• aDd clinical data us.d aDd how does this tap.ct on ."tea 

perfor.Ance! 

(5) Is the ."t.. .cc.pted by the usen :~or *0. it 18 intended? 

iDt.rf.c. with tbe u •• r ad.quat.? Doe. the ."t.. fuactioa outside of a 

r .... rch •• ttina .Dd 1. it .uit.bl. for di .... ination! 

(6) What ar. th. l~itatioa. of tb. approach? 

IAt thouth thb 1a ~r~ ... t it i. not tb. oaly .... ur. of clinical 
.ff.cti •• n.... lor ex.-ple. t~ •• ff.ct. on eorbidity. aort.lity,.Dd l.,~th of 
ho.pital .tay "7 .lso b. tar.-ort.at par_ter:.. At. we .han .bow, fev ."t_ 
he •• reacbed a .t ••• of t.pl .... t.tioa where th ... par ... ter. coulG b ...... eed. 
Mor.~.rl beeau .. of tb. ca.plesity of the iat.ractina iDfluence. that affect 
tb. U8ual .... ur •• of outca.e. it "7 b. difficult .. er to d.Uae the "rahaal 
beD.fit of .uch .,.t_. 
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An issue we have chosen not to address i~ the cost of a system. including 

the aize of the required computing resource. Not only is information on this 

question scanty fo~ most of the programs, but expenses generated in a research 

and development environment do not realistically reflect the costs one ex~ect5 

from a system once it is operating for service u.e. 

1.4 Overview Of 1h!!. Paper 

An exhau.tive review of computer-aided dia~DL9is will Dot be attempted in 

light of the vast~ess of the field. dnd we have ther~fore chosel. to present the 

prominent paradigms by discussing representative examples. In separate sections 

we give au overview, example. and discussion of (1) clinical algor .... thlllB, (2) 

databank analysis. (3) mathematical models. (4) pattern recognition, (5) 

Baye.ian analysis, (6) decision theory, and (7) symbolic reaSC'l."llg. We close 

each secti::-n by identifying the range of applications for which the appro .. ~.' 

appears mosl appropriate. the limitations of the approach, and the ways in which 

symboli~ ressoninR techniques may strensthen the approach by improving its 

perforaance or acceptability. 

The seven principal exa.ple. we have .elected are not necessarily the 

beat nor the most .ueees.ful; however, they illustrate the issue. we wish to 

diaCUll8 within the .. jar paradil_' We have alao referenced other closely 

rElated .,st .... 80 the blbllolraphy .hould luide the reader to .ore details on 

particular topics. ADy attempt co catelorize prolra .. in this way is inherently 

fraucht with prahl ... in that .~.ral .y.te .. draw upon .are than one p3radiga. 

rhus.. h~v. occ .. toftelly f.lt obil.ated to .taplify a topic for clarity in 

li.ht of the overall purpos.s of this r.view aDd the limitations of the .pace 

available to ua. 

lecaus ... are only inter •• ted b.r. in d.cision .. kiaa tools for u •• by 

cliaiciaaa, we haY. cho.en to di.r ... rd .yate .. that ar. d •• ilned prtaarily for 

uae by r •••• rch.r. [391.[501. [65].[90]. Purther.or .... shall aot dllcu •• 

bi088dical eaaiaeerinc applications of e~ut.r£. .uch a. adv~ace4 autoaated 

ia.truaeatation technique. < ••••• co.pgt.rlz.d ta.oaraphy2) or .i4~1 ~roce.slal 
technique. ( •••• , prolr ... for IIC .. al,.i8 [79] or patieat 8OD1torins [116]). 

lecau •• th.y do Dot explicitly .. ka tafer.-c... .. have a1.0 a.itted prasr ... 

de.ilDed lara.ly for data .tora.e aDd retri .. al with the actual aaalysi. aud 

d.ci.ioa .. ~lnl l.ft to the cliniciaa [J6] .[581 .[124). V. h ... al.o cho.en to 
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discuss working computer programs rather than unimplemented theorips or early 

reports of work in progress. 

2 Clinical Algorithms and Automation 

2.1 Overview 

Clinical algorith:Js, or protocols, ~re flowcharts to which a 

diagnost.ician or therapist can refer when deciding how to manage a patient with 

a specific clinical problem [97J. Such protocols usually allow decisions to be 

made by carefully following the 9~mpl~ branching logic, although there are 

built-in safeguards whereby referrals to experts are made if a patient is 

unusually complex. The value of a protocol depp.nds upon the infrequeol_y with 

which such referrals are made, so it 1.s important to design algoritl-.mr that 

reflect an appropriate balance between safety and efficiency. In general, 

algorithms have bpen designed by expert physIcians for use by paramedical 

personnel who have been entrusted with the performance of certain routine 

clinical-care tasks 3• The methodology has been developed in part tecause of a 

desire to define basic medical logic concisely so that detailed training in 

pathophysiology would not be necessary for ancillary practitioners. Experience 

has shown that iDtelligeDt high school graduatea. selected in large part because 

of poise and vatach of personality. caD provide exc~lleDt car~ guided by 

protocols after only four to eight weeks of training. This care has been shown 

to be equivalent to that given by physicians for the same limited problems, and 

to be accepted by physicians .!1:ft.d patients alike for such diverse clinical 

situation. a. diabetes .. naR.-ent (56).[66). pharYDIitis [38], headache [37], 

and other di ••••• cat.lort •• (104).(110). 

Th. role of the ca.put.r in .uch appllca~iau. ha. beeu limited, however. 

ID fact, •• veral Iroup. iDiti.lly exp.rt.eDted with cuaput.r repr •• entation of 

th. allorit~ but h.v. sine. abaadou.d the effort. and re.orted to prepared 

paper for.. (56) .(110]. 10 th ••• c •••• th. ca.puter nad originally guided the 

phy.ician a.si.tant·. coll.ctioo of data and had specif1ed precis.ly what 

decision. .hould be .ad. or .ctions t.ken. in accordaDce vith the clinical 

allori:ha. Bowever •• iDce the allorit~ic lOllc i ••• oerally .iaple, and can 
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of ten be repceoou::cd on !! "1\1g1~ sheet of paper, the ad'rantages of an autt"'1Ilated 

approach over a manual system have not been clearly demonstrated. 

Vickery showp.d that supervising ~hysicians could detect 

In one study 

no significant 

difference between the performance of physicians' assi"tants usi'3 automated 

versus manual ayatems, although the computer system entirely eliw4nated errors 

in data collection (since it demanded all relevant data at the appropriate time) 

[110]. Furthermore. the computer could not, of course. decide Whether the actual 

observations entered by the pl:vsicians' assistant were correct; yet this kind of 

inaccuracy was one of the most common reasons that supervisors found an 

assistant's performance unsatisfactory. 

There are two other vays in which the cocputer has been used in the 

setting of clinical algorit~. Ftrat, mathematical techniques have been us~d 

to analyze sign8 and symptoms of diseases and thereby to identify those that 

should most appropriately be referenced in corresponding clinical algorithms 

[30J,[55],[113]. tne process for distilling expert knowledge in the form of a 

clinical algorithm can be an arduous and imperfect one [97J; formal techniques 

to assist with this ta.~ may prove to be very valuable. 

Some researchers in this area also use computers to assist with clinical 

care audit by comparinl actual actions taken by a physicians' asaistant with 

those recommended by the algorithm itself. Sox et al. [104J have described a 

system in which the assistant's checklist for a patient encounter was sent to a 

central comput~r aDd analyzed for eVidence of deviation fruw the accepted 

protocol. Co~uter-l.nerated reports theD served as feedback to the phYSiCians' 

assistant and to the supervising physician. 

2.2 Exeple 

We haye selected for discussion a ~roject that differs from tholle 

previously cited in that (1) computer techniques are still beiDI used. and (2) 

thf) clinical allorithu ar~ designed for use by primary care physicians 

th..-elves. Thi. is the canc~r chemotherapy .y.t~ developed in AIabaaa by 

Me.el at ale (70]. The algorithma were developed to allow private 

practitioners, at a distance fro. the relional tertiary-care center. t~ manase 

the coaplex cheaotherapy for their enncar patients without routinely referring 

th_ t(\ the centr.l oncologi.ts. Hasel et .1. have described a "eonsultant­

extender system" that enable. the primary physician to treat p.ei4nts with 

Bodlkln'. D1..... uDd.r the supervLlion of a relional apecialiat. live 
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oncologists developed a c~re protocol for the treatment of Hodgkin's Disease, 

and this algorithm was placed on-line. Once patients had aRreed tr particlpste 

in the study, their pt'ivate physicl .. ns wuuld prepare "encounter fot1lls" at the 

time of each office visit. These forms would docu.ent pertinent interval 

history, phji8:1.cal findings. and lab data. as wll as chemotherapy adCllnf.stered. 

The form would then be sent to the regional center where it was a~alyzed by the 

computer and a customized clinical algorithm was produced to as.lst the private 

physician vith the .. nag ... nt of !h!i patient durin, the next appointment. Thus 

the computer progra. would take into account the way. tn which the individual 

patient's disease might progress or improve and would prepare an appropriate 

clinical algorit.ha. This prot~col vas seGt back tn the physician in time for tt 

t~ be available at the nexl office visit. The private practitioner vas 

encouraged t~ call the r.,ional specialist directly if the ~rotocol see.ed in 

some vay inadequate or additional ~uestion. arose. The au\:hor. pres.rJt data 

suggesting that their syst .. was well-accepted by physici.n. and p.tlent •• and 

that excellent care was delivered 4 • Retro.p.ctive review of c.... that were 

treated at the referral cent.r it.elf. but without the use of the prutocol •• 

shov,~ a 16% rate of variance from the .. nal..eat auldeline •• p4clfled in the 

a180rith..; there va. no such variance When the protocols were foll~wed. Thua 

a180rithas .. y be effective tool. for the admiaistratioo of ca.plex apecialized 

therapy in circu.stance. auch as tho.e deacrlbed5• 

2.3 DI.cusai~ ~ ~ Metbodolol! 

Altbouch cllnical allorlthaa are ..,.. the .o.t widespread and be.t 

accepted of the decl.ioo aid. de.c~ibed In tbi. article. the .t.p11cit, of th.l~ 

loaie .. b. it clear Why the techal ... ca .... .,1r: be .ff.ctiyely applied in ea.t 

medical domains. o.ci.ioo point. In the allorit~ are leDerall, binary (I •••• 

a 81ven aian or a,.,tom 1. either pre .. nt or ab .. nt). aDd there tend to be .. ny 

circumstanc.s that ~an arl .. for which the uac~ 1. adyi.ed to coo.ult the 

superJi.inc physician (or speciall. t ). Thue the difficult deci.ion t .. ts ar. 

left to expert •• aDd there i. leDerall, DO fo~l alaorithm for .. naaiae the 

ca •• from that point on. It i. preclael, the .implicity o! the alaorlthaic 

---- ·4,.h~ 1.a an intere.U. re.ult 1. llabt of Cri_·. ezperi_ce mentioned 
in footnote). OD. po •• ible _.I ... tloa 1a fhat physld.an. _re eare aceepUnl 
of the alforlthmlc ."roach 1a Me.el". ca .. because it allowed th.. to .. rfora 
t .. b tba the, voulil pr ... lo ... 1, not ~e ...... 81th to .-dertaa. 

~re rec_tl, the Alab_ 11'0'9 
illpl __ Uq a cooeultant-at .... r .yst .. for 
carcinoma [129]. 



2 Clinical Allorlth .. and Auto.atton 

laale, and the .af •• UArd of the .upervi.ln~ .xpert. which ha. peraitted .. ny 

allorit~ to be repre.ented on one or tWO .h.et. of paper and haa obvlated the 

need for direct c~ut.r u.e In .aat of ~he .yst.... The contribution. of 

clinical al,orit~ to th~ diatribution and delivery of health care. to the 

trainlna of para-.dl~., and to qUAlity care audit, have been t.pr •• aive and 

aubltantial. Kowever, the approach tl not luteable tor extenaton to the coapl •• 

d.ci.ion t&lka to be di.cu ••• d in the folloVina •• ctiona. 

3 Databank ADal!!ie 12L Prolno.i. ~ therapy S.lection 

3. 1 Ov.n 1" 

Aut .. tloD of aedlcal record k •• pinl ~ad the de',elopaent of c~'"tu'­

ba.ed patieat databant. have be.n .. jor re ••• rch concern •• 1nce the e.rlieat 

da,. of -.dic.l c~tl1l1' ~.t such .yst ... have atc..,ted to avoid direct 

lateractioa betve." the ca.,lIter and the physician recordlnl the data, Vitt. the 

.y.t ... of Weed (123~.(l24] aDd Gr •• o •• (361 beiftl DOtabl. e.c.ptioo •• Althouah 

the e.rlleat .yet ..... r. de.tlDed .. r.ly •• record-keepJ~ devicea, there have 

been •• veral recent att..,t. to create prolr ... th., could allO prOYide aoalye •• 

of the infor.atlaa .tored 10 the co.pllter dat.bank. S~ e.rly ayet ... :~1.!~21 

had r.trl .. al 8OdIll •• tbat ldeetlfied all patient ree~rda L·tch1aa a Iool •• n 

coelaattoa of d •• crlpton; ho ..... r. t'lrther aaal,... of theM record. fer 

d.ci.iOll aU", purpo" ••• left to the ~.IIY •• tilator. Veed"~ Got .tl"eued ao 

aoalyttca1 co.pooeot iD hlt Autoaated prObl..-orlented ~acord (124J. bQt other. 

ha •• d ... lo9ld •• cllioo 8id. which us. .-dic.l record .yet... f •• hlO1led aft.r 

h1l {lOll. 

tile .,.t... for dl.u~ ... k .nalysh all d ..... 00 the d .. elow-eat of a 

c0llP1ete ADd accurat ..... tcal record .yst.. o.ce .uch a .yst_ i. 11 .. ,10"', • 

D ..... r of ".ltloaa1 c ..... U1U •• c... 1M prnU ... : (1) correlatloea...,... 

.ariabl •• c .. ll. c.lculat", (2) ,rOlJlO.tlc b.lle.ton caa be ... ured. ad (3) 

the r .. poeea to •• 1'10u U .. ra,i" ca 1M cOIIpIred. A ,..,..lc1l. fac.. With a 

c0IIP1_ ..... _t dec:1I1aa c... look to .uch a .yet_ for ... 1st_ce 10 

1daulyt. paUnte 10 the ,.It tIho had .1ailer c110ical pro~l_.... ceo t .... 

... bow tbo .. paU_u n.,oDd" to vario.ae tbera,i... • eli.lcal l .... tt •• tor 

_.,1111 tbe ncord. of bll at ... , ,.ti_ta OIl euch a .,.t_ c:a ... the ~OIr-·. 

ttatlttlcal c.~11Itl •• for .ata ... l,.la. leac ••• ltbo .. " the .. ,.,llc'tloaa 

art 1DMr •• U, IItle-lat .. I... ttw U .... of .... owl ........... r.t ... , .,.cta11&14 
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retrieval and statistical r~utiD •• can provide valuable assi~tance for clinical 

decision .. kers. For •• -.ple. they help avoid the inh.rent bia.es of .necdotal 

experience, such as occur whea an Indlvidu.l practition.r b •••• deci.ion. 

prl .. rl1y on personal encount.rs with one or two petient. havin. a rare di •••• e 

or ca.pl .. of .y.pto ••• 

There are .. ny e.c.ll.nt procr... In thi. catelory. one of which 1. 

di.cussed In .0Qe d.tail in the next •• ction. Several oth.rs v.rr.at .. ncion. 

however. Th. HELP 5yst •• at the University of Ut.h [117J.(119).(120) uses a l.rle 

data file on p.tlent. In the Latt.r-Day Saiat. Ho.pital. Clinical e.perts 

for.ul.te speclali&ed "RELP sector." which .re collection. of 10lic.l rul ... th.t 

define the criteria for a partlcul_r -.dical deci.ion. The.. .ector. are 

developed b~ .n iDteractive proce •• i the expert propo ... iRpOrtant criteria for 

a liv.n d.ci.ioa .nd i. provided vtth actual d_:. r .. ardinl that crit.rion 

(b •• ed on rel ... Dt p.ti.nt. and control. fro. the coaput.r databank). The 

criteria in the .ector are thua adjusted by the expert until adequate 

discrt.taatioa i • .ade to Justif, ~.iDl the sector'. lO8ic •• a deci.ion tool~. 

The sector. are t~eD used for a vart.t, of tasks throuahout the hoap1tal. 

Aaother ."e .. of iat.r •• t 1. that of '.la.t.iD .t al. at Tal. (21]. in 

which physicia •• tnt.ract with the .,wt.. to r.qu •• t ... i.taac. 1n •• tt.&t1aa 

prop'l.o.la aad lu1di" u ...... nt for patinta with 1 .... cane.r. StallarI,. 

1o ••. t1 .t d. ha.. developed a .,.t .. at Duk. DD.1 •• r.1ty w1ch u.us alar •• 

dat.anlt OQ paUenta who b ... ...... qoa. coronary art.ri~ra,by (88) • Re" 
p.~inta can be _tcbed .. ataat tho.. 1a the databank to help d.t.rai .. pat1nt 

prOSao.is UDder a "art.tJ of ......... nt a1 temati" ••• 

).2 lawl. 
o.e of tbe .oat aace."'.l project. ia till. eat.ory 1. tbe AlAKIS .1St .. 

of Fri •• at Staford Dah.nit, [24). The ."roach •• cI ... _ ortalllaU7 for 

UM 1... outpatient rbe_tol., clinic. ..t tbaa .road._ to a In.ra! 

clinlcal el.t ..... ,.t .. , tbe T1M~lnt" Dat •• 1l (TCD) [126]. (121). eo that it 

coll1c1 be u ... r.rr.. to eHue. 1a OIIeol.,. _t~Uc d1ae .... earcl101oa,. 

."o;:rtDOIOl7. a .. certa1a pelfiatl'1c •• .,eelaltl ... All cUaie record. are 

ke,t 18 a t .. .tar for.at t. "lell • col ... 1. a lara. t .. l. ladieat .. a apeeifie 

cli.ic "tait a" tbe row. i .. ieat. tbe r.l .. at el1nleal par ... t.r. that .r~ 
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beiRI f~lloved a.er ti... The •• chart. are .. int.iaed by the physician •• e.iOl 

the patieat in cliQi~. and the nev colu.a of data i. later tr.n.fer~ed to the 

c~ter databaak by a tran.criptioni.ti in this vay ti .. -oriented data 00 all 

patier.t. are kept current. Th. defined databa.e (clinical par ... t.r. to be 

follo~d) i. deterain.d by cliaic.l expert.. and in the ca.e of rheuaatic 

di •••••• haa DOW been .t.nd.rdiaed on a national .e.l. (41). 

The intoraation in the d.tabank can be uaed to create a pro.. .u ... ry of 

the patient'. curreut .tatua. .~d there ar~ Iraphical cap.billti •• which can 

plot .pacific par ... ter. for a patl.nt over ti .. (126). However, it 1. In the 

analy.i. of .tored cllaical ex~rlenc. that the .y.t.. ha. ita Ireate.t 

potentiMl utility (25). In addition to parfor.lnl •• arc' and .tatl.tical 

function •• uch a. tho.e developed in datab.ak .y.t ... for clinic.l lnve.ti.ation 

(50), [651. ARAKIS offer. a prosno.tic analysi. for a new patient when a 

.. n ..... nt deci.ion i. to be made. U.ina the coo.ultative •• rvice. of the 

Stanford ~UDolo,y Dlvi.ioa, an individual practitioner .. y .eleet clinical 

indic •• for hi. p.tient that he would like .. tched .. ain.t other p~tieat. in the 

datab.nk. It i. u.parative that .uch iudice. b •• ei~cted vi.ely aad hence vith 

expert advice; the Stanford l.aunololl.t. have fouad that the be.t de.criptor. 

for cbara~teriaiDl patient •• re often different frca tho .. that a na.ice choo ... 

~o u... ...ed on tWD to five .uch de.criptor., tbe ca.puter loc.t •• relevant 

prior patiant. aad pr.pare. a report ~utllniOl thair prolno.i. with re.p.ct to a 

v.ri.ty of endpo1Dt. (a.,., death, develo,..nt of renal failure, .rthritic 

.tatUl, pleuri.y). Th.ra" reca..aDdationa ar. al.o I.nerated on the baa!. of a 

re.poo.. index th.t i. calculated for the .. tched patienta. A pro .. ca •• 

anal,.i. fur the ph,.ielan'. patient can al.o b. ,eDorated; this readable 

docu.eot .u..ari ... the relevant data fro. tbe d.tabank .ad ezpl.1na tbe baai. 

for t~e therapeutic rac~atlon. 

Tha rheuaatolosie databank lanaratad under AaAKIS h •• nov be.n .. paaded 

to iDYolve a aational netMDrk of 1 .. unololi.t. wbo are accw.ulatiDi tta.­

oriented data on their patient~. Thl. national project .eeke in part to obtain 

enouah data 8Q that Iroup. of retrieved patient. ViII b. .izabl., ehereby 

controllina fur ac.. ob •• rver variabiliey and .. kina eh. .,.t .. ·• 
reeo.aeDdaeion • .ora .tati.tie_lly defan.lble. 

3.) Di.eus.loa 21 ~ Matbo401011 

Databaak anal,.i. ayat... bava powerful capabilities to off.~ to the 
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individual clinical decision .. ker. 'urther.ore, _edical co.puting re.earchers 

recognize the potential value of large databan~ in supporting .. ny of ~he other 

decision .akin. approaches discus •• cI in sub •• que,... .ections. 

important additional is.ue. re.arding databank ."tea.: 

The:-e are 

(1) Data acqui.lt!on re .. ins a .. jor prahl ... Many .yst~ •• have avoided direct 

physician-ca.,ute: interaction but have then b.en faced with the expen.e and 

error. of tran.cril'tion. 'nte developers uf one Yell-accepted record .yst_ 

st111 expres. their desire to i..,l ... nt a direct interfa,~e with the 

phYSician for the.. rea.ons, althoulh they ~.colnize the difficulties 

enccuntered in ef.couraainl direct use of a c~uter .yst_ by doctor. (1071. 

(2) Analysi. of data in the .yste. can be coaplicated by .i.sinl valU6. that 

ftequently occur, outlylnl valu.~, and poor reproducibility of. data across 

ti.e and .. ODa physician.. Conversely, the .,-t .. can itself be used to 

identify questlona~le value. of tests or ob.ervationa. 

(3) lbe decision aid. provided tend to • ..,ha.iae patient .. na .... nt rather than 

cHalnosi.. Peln.teln·. R,-te. (21] is only u.eful for patient. with lUDI 

cancer. for ex ... la. aDd the AajMIS prolDOstic routine., which are ~ •• lln.d 

for p.tient saoal..-at. as.u.. that the patient'. rheuaa~01011c d4aaao.1. i. 

already UOtnl. 

(4) There 1. no foraal corTelation b.tw.en the .. y expert physician. appr~ach 

patien~ .. aaaeeent deci.ions aDd the wa, the ~POlr... arrive at 

reca..eadation.. 'ebUelD .ad ID •• felt that the acceptabHit, of their 

.yat .. .uuld be liaited by a puraly .tati.tical approach. aDd th~y therefore 

ello.e to .taic m.aa reasoniDl proc ••••• to a lar.e atent r591. lIQt their 

a.proach a".ar. CD be aa .. c.ptioa. 

(5) O.ta atora,. apace r.qu1r .... t. cas be t.ra. aille. the elec1SioQ aiel. ot 

course r.quiTe a cdapTeheaaiw. ",ic.l record .,.t .. a •• basic co.pdaeDt. 

Sl..ec:ta h .. dbtilllui.hed fwtw.en .truc:turH ... ..,irical ..,roac .... to 

cUnical ('on.ultln, .,-t_ (l03). pointi .. out eit2t dat_aau pra.iele • l.rael,. 

.pirie.l basta for ..... 1e ••• r... .tructurecl &1!'PIOAche. r.l,. (00. j_ .... t.l 

bowled •• elicited fra. the literature or fra. .x,.rta. It~. ~rtaQt to 

note. ho .... r. that j ....... tal bowled,e b it_lf b.... oa .-pirieal 

InforaatiOD. hen aD .... n·. "iDtultioe." ar. based oe ob_rratl00a .... "data 

c~ll.c:t1"n" !Wer ,..r. of .... rienc.. '!h.. 00. .1Iht aque t"-t lor.e, 

c\lCplet!!. aDd fl .. ib.a.. Jat __ ka S2.!!l! fora the b_i. for larae __ ca of 
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juda-ental knovled,e that we now have to elicit frca other sources. Soae 

~e.earcher. have indicated a desire to experiment with •• thods tor the autoaatlc 

,eneration of .edic.l deci.ioo rule. fro. databanka, and one ccapoueot of the 

r ••• arch on 51 .. ck .. •• MAIlS .,wta i. apparently poiated ie that dheetion 

[103 J • Indeed, .oa(' of the IIOlit exci.Uq .nd prac tical ua •• of lar.e d.t.banu 

.. , ba found pr.ct.ely.t the ioterf.c. with tho.e kDovled.e enain •• rl~g ta.ka 

that have lIO~t COftfoUD~ed r •••• reh.r. in medlcal .,abollc rea.oning (5). 

4. 1 ()t. arvlev 

Patho,h~.iololic 'roc ••••• cao be vell-d •• cribed by .. th ... t1~al formulae 

in a ttaited ftlmb.r of clioic.l probl.. .r •••• Such doaain. tave hnt 

th .... lv.~ ve~l to the d ... lo,.eat of coaput.r-ba •• d d.ci.ion aids since the 

i .. ue •• r. ,.aar.ll, well-d.fiaed. The actual t.chr.i~ue. u •• d by such prOlr •• 

tend to r.fl.et the d.t.ll. of t~~ IDdivldual applicatloo., th~ .o.t celebrated 

of which h ••• b.au in phar.acokloetic. (.pacifically dilitali. do.inl), aeid­

bae./elactrol~a ~l.ord.r •• aad r •• piratory car. (69). 

It 18 !aportaat rhat eooperaUDI dJMIru a •• ht rith the d.ftaitioa of 

pertiaeDt .arlabl •• aDd the .. th ... tical ch.ractert.atIOD of the relation.hip. 

data, .. b. the 

approprlat. ca.putatlOD •• aDd ,ra.lde. a ellaleAl anal,wls or racaaaeDdatloa for 

therap,. ~ of tbe ,rOlr ... h89a al.a lDYol ... braached-chai. 1011<: to Juld. 

ded .. i". ~ut .at further data are ........ for "~uate ... l,.ta 7• 

hoar... to ... lat tilth d1l1talta do.l.. Il... 11' ...... 11, t'·traduced 

bro •• r _lc.1 IaaoVl.... OHI' the laat tml ,.al'.. Th. ..rll •• t writ .... 

Jellif,.'. (41]'" .. bned upoa bu caulder_la _peri_c. at"'y1111 the 

,ba~ok1 •• tle. of tbe eardl.. 11ycoaiAt... 81. c .... t.r pl'.r_ .... 

_tll._tical fo~l.t1oa. b .... _ par ... ,.I' •• ach .. thera,.uctc ... 1a (e.,., 

d •• lred ,redleted 111004 1.,.1.) • bod., --labt, I'.aal f-.cUOD. aDd route of 

... lalanatta.. Ia .. e at.,. h. ehcnM4 tbat c ..... t.r "c ___ atloaa redu.ced 

tbe fre4lueac:f of .... 1' .. dlCit.Ue rea·:t1ou froa 151 to 11'% {·\9J. Later. 
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allother Iroup revbed the Jelliffe aodel to permit a feedback loop in which the 

digitalis blood level. obtained with initial doses of the drug were considered 

1n subsequent therapy rtca.aendations [78],[96]. More recently. a third group 

in Boston, noting the insensitivity of th~ fir~t two approaches to the kinds of 

nonnu.erical observations that exp~rts tend to use in modifying digitalis 

therapy, ausaentad the phanaacokinetic model with a patient-spec1fi~ model of 

c Un1cd statu. [35 J • luaninl their systea In a monitoring DOde, in parallel 

with actual clinical practice on a cardi?loRY service. they found that each 

patielt in the trial in Whoa tOXicity developed h.d received more dl,ltalls than 

would have bepn recoaaended by their prosraa. 

4.2 Ex..., 1. 

Perhaps the best known pt~,raa in this cat_sory is the inter.ctive systea 

developed at Bostoo's Beth rarael Hospital by Ileich. Originally designed as a 

program for ••••••• eat of acid-baae di.orders (2), it was later expanded to 

~Jn.id.r electrolyte abnormalities as well [J).[4). The knowledge in Bleich'. 

protra. i. • di.tl1lation of hi. ova expertise regardial acid-ba.e and 

electrolyte di.orders. The .y.t .. beain. by collectina iaitla1 labor.t"ry data 

fraa ~he physiciao .. ekina advice OD a patient' ... aageaeat. Branched-chain 

laaic is tri ... ~ed b, abnoraaliti.. 10 th. lnltlal data 80 that only the 

pertin.nt •• ctiona of the aten.i.e decision pcthvays cre .. t.ed by Bleich are 

explored. The approach 1. th.refore .tailar to the flowehartina technique. u.ed 

by the clinical allorithaa of Section 2. but it lavol... ~re coaplex 

.. th ... tlcal r.l~tlOD.hlp. thaD allorlt~ typically do. Ia.entiall, all 

que.tion. asked b', tb. prosr_ er. n .. rlcal l"'or.tor~· val.... or ",.s-oo" 

q .... Uou ( •• 1 •• "DoH the patient hn. pUti ...... 1"). Dep •• Una upon the 

coaplalty aDd .... dt,. 'If the c.... the prolr_ .ventually lenerate. an 

.. aluation DOt. tbat _y vary io 1.DI~b fraa a f." lin.s to .... ral P ..... 

Inel"'''' ar ....... U .. r ... ri1lll po .. UtI. c ...... of the obeanecl abnoraaUtie. 

aDd ftUla •• tloae for correctiaa th ... 

with '~he taU .... tion •• 

Lit.r.tar. re' '\renc •• are also provided 

AI tho .. " the 'roar......... ..aU_ 1. at ... eral !as teo •• t 

ia.rltaU ... , f_ ph,.icUae accept'" it.. an oaaol .. cUnical tool. Bleich 

,olata o lit tbat ,.rt of the rea801l for thl. ... tM .,.t_'. inh.r.nt 

"'ac.U4u!. _act; ",..ks.... amply b ..... to _tkipat. lta .... 1,.1.. after 

they ~ ...... it a f~ tl8H (3)8. 

- iii;n reu';Uy b~ .... "- _ptrt.ati .. witb the ,roar •• ratiaa aa a 
_ito d .... ,..t .. , theqlay no14u. il1r.et Iner.etloa vtth the pb,.lcl .... 
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The .yat .. •• l.ck of .ust.ined .cceptance by phy.icidn. i. probably due 

to ~re th.n it. educ.tion.l l.p.ct. hovever. For exa~le. there i. no feedb.ck 

In the .yst .. ; every pat tent t. seen a. • Dew ca.e and the ~rolr.. h .. no 

concept of follovina 4 patient'. re.pon.. to prior therapy. Further.ore. the 

prolr.. ~enerate. differential dia.no.i. li.t. but doe. not pur.ue .pecific 

etiololi .. ; this can be particularly bother.o.. when there are ~lt1rl. 

coexistent di.turbance. in a ~tient .nd the prosr ... i~ply .~'I •• t. parallel 

li.t. of etiololi •• Without notlna or pur.uinl the po.eible interrelation.hip •• 

Finally. the .y.t .. i~ ~1a~ly indi~iduali.ed in that it contaln. only the 

p.r .. eter. and rel.tion.hip. that Bleich .pecifically tho,.ht uere ~portant to 

include in the lOlic network. Of cour.e huaan con»ultantl .1.0 live 

per.onali~ed advice which "1 differ fra. that obt~iDed frca ot~er expert •• 

Rovever, a Iroup of r •••• rch.r. in Britain (85] who ca.pared Ileich'. prolr .. eo 

four other .cid-ba.e/electrolyte .y.t.... fouad total .Ir .... nt .-Gaa the 

prolra.. in only 20% of te.t c •••• wh.n the.e .,.t ... were •• ked to define the 

.~id-b •• e di.turb.nce .nd the delr.. of coapen.ation pre.ant. Their .naly.is 

doe. not reveal which of the prolr ... re.ched the correct deci.ion, hovever •• ad 

it "1 be that the re.ult. are .are an indictment of the otber four prolr ... 

than. valid critic i •• of the advice from Ileich'. acid-b ••• c~n.nt. 

4.J Di.cu •• ion ~ ~ Methodololie. 

The proaraaa .antioned in this .ection diffe~ fra. one another in .. veral 

re.pect •• and each tend. to overl.p with ~th.r paradi.-e we have di.cua.ed. 

Ileieh'. prosr ... for ex~l.. 1s e •• entially & coaplicated clinical al,oritha 

int.rfaced with ~th ... tical for.ul.tionl of .lectrolyte aad acid-b .. e 

pathophyaiololY. AI .uch it .uffer. fr~ the ... ta ••••• of all al.orit~ic 

appro.ch ... .o.t ~rtaDtly it. hilhly .tructured aad inflexible laste Which i. 

uaable t.o contend with circuaatance. nnt .pecifically anticipated ie the 

ai,oritna. Th. 41citall. do&inl proar... all drav oe .. tbeaatical tecbe1que. 

fra. the fleld of bi08edical .ode1101 (40). but bave recently .bOWft .ar. 

reli.nc. on .. thod. fro. otber .rea ..... 11. 1D particul.r tbe .. h .. e iDCluded 

.,.bolic r.a.oniDI .. thod. th.t allow clinical expertise to be encoded and use. 

in conjunction with aatheaatical technique. (35). Th. Bo.tOD ,roup tbat 

developed thi. aoet recent dilitali. protr.. 1. intere.ted in .tailarly 

developina an acid-ha.e/electrolyte .y.t .. so that jud..-ntal kaDwl .... of 

ex~~t. can b. interfaced with the .. thenatlc.l .adel. of pathopb,.iolOlY'. 

·--Jih~;-;;ojec~-~-:-d~.~ribed by ;;;~;;;;; Saola.it., of KIr~. clinic.l 
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There is a1.so a larle reaearch coaaunity of .athematicians who attempt to 

understand and characterize physical processes by devising simulation .odels 

[40]. A1thoug~ such .odels are lar~ely e.pirical and have generally not found 

di~ect applicalion in clinical medicine. their research role aay eventually be 

broadened to provide practical decision aid. through interfaces with the other 

paradigms described in this review. 

The major strength of .athematical .odels is their ability to capture 

matheaatically sound relation.hips in a concise and efficient coaputer prograa. 

However. the .aj IJr limitation. a:' '''':Uh mowt of the parad i" .. discussed hf!re. is 

that rew areas of medicine are a.enable to fira. quantitative description. 

Because tbe accuracy of the results depend on correct identification of relevant 

paraaeters. the preCision and cert.inty of the rel.tionships aaong thea •• nd the 

accuracy of the techniques for .... urin. thea. aatheaatic.l models h.ve li.ited 

Ipplicabiity at present. 

mathematic.l description 

Furtheraore. tho.e doaains that ~ lend 

.. y still benefit fro. inter.ctions 

theaaelves to 

with syabol1c 

reason ina technique., a. ba. been deaon.trated in the disitali. therapy advi.er 

(35) • 

5 St.tistic.l Patt~rn lacOioitioo Technigu.s 

5.1 Oveni ... 

P.ttern recOioitioo technique. d.fio. the .. th ... tic.l rel.tiooship 

between .... ur.ble f.atur.. anet ci ... Uicnion. of o~jecta [15) • [51). 1-1 

mediciDe, the pr ... nce o~ ab ... ce of each of .. y.~al .ilos and .yaptoaa io a 

patieot .. y be deflnitlYe for the e1 ... iftcatton of the patteDt .. "abooraal" or 

into the cat .. ory of a .pecific dlee.... 'ftl., are alao ued for prqno.ls [1), 

or pre.iicttDI di ..... duration, ri ... cour .. , anet outca.e.. 'lbe •• tec.hDtque. 

haYe b .. n a.,11_ to a yartety of ... tcal ~OIa&lna, .uch .. t.aae proce •• ~DI aDd 

dlnal analyata, in addition to e ..... ter-... tat .. du.-.ta. 
In order to f1Dd the dt"DOIItic petten, or dt.erwiunt function, the 

.. thad requires a traini .. s.t of obJects, for Which the correct el ... tfteation 

18 already 1aa~. a. w11 .. r.liable yd •• for thetr _ .. ur.. f.ature.. If 

the for. aDd per ... ter. are DO~ kaowD for the atatt.ttcal di.tributtone 

uncterlyi. the f.atur... thea tbey _t b ... tlaated. "~_trlc tec_L ... e 

ded.toa _U .. I~.L 'ur_ a wru •• oa artificial iateUiI_ce 
at the DaIYeralty of ~kyo iD ....... 1' 1'71. 

18 "'idae 
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focua on l.arn~nl the par .. eters of the probability density functions. while 

non-par ... tric (or "distribution-free") techniques uke no assumptions about the 

fora of the distributions. After training. then. the pattern can be compared to 

new. uncla.sified objects to aid in deciding the category to which the new 

object belons. IO • 

There are nuaerou. variation. on this leneral approach. aost notably in 

the .ath ... tical technique. u.ed to extract characteristic ae,tsurements (the 

feature.) and to find aod refioe the pattern classifier durinl training. For 

ft ... ple. Unear reare.sion analy.ts is a coaaonly used technique for findiog the 

coefficient. of an equatioo that define. a recurring pattern or category of 

diAloostic or prOlno.ti: iotere.t. A class of patient. can be described by ~ 

x2. • ••• xo] (where Xl ia ooe of ~ descriptive f .. ture vector I· [Xl' 

variabl •• ). The loal i. to produce an equation relatioB the posterior 

probabilitie. ll of each diagoo.tic cl ... to the feature vector through a set of 

~ coefficient. (ai)12: 

• 

leceot work .-pha.i.e. structural relation.hips .. 001 .et. of leature •• ore thao 

.tatt.tic.l ODe •• 

Three of the be.t known tr.ioina criteria for the di.cr1ainant fuoction 

are: 

(~) leaat-equ.rad-error criterioo: chao.. the functioo that .ioi.i&e. the 

.quared differeoce. between predicted .nd ob.erved .... ur...nt valu .. ; 

(b) cluaterioa criterion: chao.. the functiOD that produce. the tilhte9t 

cluaten; 

(c) .. ,..- criterioo: chao .. the functioo that haw the .10iaua co.t .. sociated 

with iocor~ect diarDOaa.13. 

taj;-l. po •• ible to d.t.ct patt.ra.~ ;;;;~thout a kDowo cl".ificatioo 
for objects iii the trai01... Mt. witR eo-called "un.~rv1eac! leamiDl 
t.cblli...... Al_. it is po •• itil. to VOl~ with boltb o.-rical and ooo-au.erical 
... ur ..... t •• 

11The po.terior probability of a dusoo.Uc cl.... repTaMoted .. 
P(Dt Un. i. the prob_iUty that a ,.t1eot faU. io dUIDO.tlc cat .. ory Di li-.. 
thaf the f.atur ... ector I ba. been ob .. rved. 

125 .. (62) for a .tudy In wbich the coefficieot. ar. r.por~" bacause of 
their a.dical t.pDrt. 

IJ.rh1a 1a OM of ... y ... of .. ,..' Theor_. a definitional nale that 
relata. .,a.terlor.... prior probUilltie.. ror an G¥ervi.., of ita u.. .. a 
di~.tic ru!e ( •• ~po'" to a lraioiQl criterion) a" a d.finition of the 
fo~a. ... lee: tioa 6. 



5 Statistical Pattern Recognition 're.:hniques Page 18 

Ten comaonly used .. thematical aot-ela based on these criteria have been shown to 

produce re.arkably siailar diagnostic results for the same data (7J. 

5.2 Exa~le 

There are numerous p.I',>ers on uses of pattern recognition methods in 

medicine. At1IIitage (IJ discu'lses three examples of prognostic studies, with an 

emphasis on regression aethod.. Goldwyn et al. (31J discuss uses of cluster 

analysis. One recent dtagnostic application by Patrick (7)J uses Bayes' 

criterion to classify pati'~nts havinl chest pains into three catellori.!s: Dl: 

acute .yocardial infarctf.on (MI); D2: c'.Jronary insufficiency; and 1)): non­

cardiac causes of chest pain. The need for early diagnosis of heart attacks 

without laboratory tests is a prevalent problem, yet phYSicians are known to 

misclassify about on. third of the patients in c,ltegories 01 and D2 and abo'.:t 

80~ of those in D3. In order to detemine thl! correct classificAtion. eac., 

patient in the traininl .et was cl .. sified after ) days, based on laboratory 

data including electrocardiogr .. (!eG) and blood data (cardiac enz,.es). ,",en 

reaained soae lUlcertainty about several ~tient:s with "probable MI." Seventeen 

vall.bles were .electecl from any: 9 feature .. 'dth continUCIu. values (including 

ale, heart rates. White blood count, and heaoslobin) and 8 features with 

discrete value. ( .. z &ad 7 ICG feature.). 

The trainin~ data .. re .... ur ... nt. on 247 pati4nts. The decision rule 

was cho.en u.ina laye.' theor.. to ca.pute the posterior probabilities of each 

dialbo.tlc cl ... liven the feature vector X ex - [Xl. z2. • •• , z17). Then a 

decision 'rule was chosen to ainiaiae the probability of error by adjustina the 

coeffic ients on the feature vector X .uch that for the correct clallll 01: 

The clas. conditional probabiHty density function. allllt be e.timated 

initially. aad the performance of the deci.ion rule d~p.nds on the accuracy of 

the ... ~ model. 

U.1.na the saaa 247 patients for tesUna the approach. the trained 

clas.1f~er .·"erqed 80% correet dlquo ... oyer the thr .. cIa ..... 

data available at the ti.. of ads1aaloa. Physician •• u.ina more data 

cOliputer. avera!ed only 50.5% corree t over the.. thr.. cat_lori.. for 

paUnts. Traiaina the clas.Uier with a .ub .. t of the patient •• aad 

re .. inder for te.tiDi. produced n.arly •• load results. 

u.t. only 

than the 

the .... 

usina the 
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5.3 Discus.ion 2t ~ MethodololI 

The nuaber of repurted lIledical al=plicationa of pattern recognition 

techniques is larle, but there are also nuaerous probleas aasociated with the 

approach. The DO.t obvious difficulties are choosina the s.t of feat~re. in the 

first place. collectins reliable lIleasurement. on a large oa.ple. and verifying 

the initial cla~.1ficat10n& amonl the traintnl data. Current technique. are 

inadequate for problema in which trenda or lIlov ... nt of f.ature. are 1sportant 

characteristics of the catelories. Also the probl .. a tor Which exi.tinl 

technique. are accurate are thoae that are vell characterized by a .aall ~'mmer 

of featl'res ("dilllension. of the apace"). 

Aa with all techniques baaed on .tatiatic., t~e s1ze of the s .. ple u.ed 

to define the catesories i. an i.port~Dt con. ide rat ion. Aa the nuaber of 

illlportant fea~ur •• aDd the number ~f relevant catesories incr.a.e, the required 

Si1 ~ ~f the trainins set a1.0 increase •• In one t •• t (7). pattern cla •• ifier. 

trained to discri.inate amons 20 di •• ase catesorie. froa 50 sympto •• were 

correct 51% - 64% of the ~1me. The same aethoda were u.ed to train cla •• ifiers 

to ~1scri.1nate ~.tV8en 2 of the di ••••••• fro. the ~ .. e 50 .,aptoa •• and 

produced correct dialoo.e. 92% - 98% of the tta •• 

The context in which a local pettera i. identified rai ••• probl ... 

related to the l .. ue of utilizinl •• dieal kllowledse. It is difficult to find 

and use cla.aifiers tbat .re best for .... 11 decision •• uch as whether aa area 

of an X-r.J i& in.ide or out. ide the heart, aad intelrate tho •• into a Ilob.l 

c1as.if ler, auch a. ana for abnoraal heart volume. 

Accurate application of a cl .. sifier in a ho.pit.l .attina also require. 

th.t the .... ur ... nt. 1n th.t clinic.l eavirouaent .re con.i.tent with the 

.... ur •• ent. u •• d to tr.in the cla •• ifier initi.lly. lor example. if di •• a.e • 

• nd .yaptoae .r. defined differentl, in the nev .attina, or if lab t •• t value. 

are reported io differeat raa.e., or different lab te.t. u.ed. then deci.ion. 

b •• ed on the cl ••• ific.tion are aot reliable. 

'.ttern recolnltlon t.~hnique. are of tan .isapplied in .-dical da.ain. in 

Which the a •• u.ptlon. .re viol.ted. Some of the difficulties noted .bov. are 

avoided in .yst... th.t inte,rate .tructur.1 kDovled,e into tha nuaerical 

•• thod. and in .y.t... that intesr.te 'numan and aachine capabilitie. into 

.inlle, interactive .yst.... Th •• e aocl1ficatiooe vill ov.rcOIH one of the _jor 

difficulti ••• een in coapl~tely automated .,.t .... that of providiaa the .yst .. 

with looci "latllJtlon." ba.ed 00 an expert'. A priort Knovledle and aparience 

(51) • 
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6 Bayesian gtatistical Approaches 

6.1 Overview 

More work has bepn done on Bayesian approaches to coaputer-baded medical 

decision making than on any of the other paradigms we have discussed. The 

appeal of Bayes' Theorem14 is clear: it potentially offers an exact method for 

computing the probability of a disease based on observations and data regarding 

the frequency with which these ~bservations are known to occur for specified 

diseases. In several domains ~he technique has been shown to be exceedingly 

accurate, but there are alB~ several limitations to the approach which we 

discuss below. 

In its simplest formulation, Bayes" Theorem can be seen as a me~hanism to 

calculate the probability of a disease. in light of specified eVidence, from the 

~ priori probability of the disease aad the conditional probabilities relating 

the observations to the dise.ses in which they may occur. For example. suppose 

disease D1 is one of ~ mutually exclusive diagnoses under consideration and ! is 

the evidence or obser.ations supportinl that diagnosis. Then if P(Di) i!> the.!. 

priori probability of the ,!,th disease 15: 

The theore. can 

• 
~ '(OJ) P(EiojJ 

J.' 
also be represented or derived in a variety of other foras. 

includina an odd./likelihood ratio foraulation. We cannot include a full 

discua.ion h.re. but any introductory st.tistics book or Lusted"s velua. [64) 

presentl tbe lubject in con.id.r.ble det.il. 

~I tb. DO.t ca..DDly r.cDln~&ed probl ... with the utilization of a 

Baye.i.n appro.ch i. the larle a80UOt of data required to d.teraine .11 the 

conditional probabiU.tie. n •• ded in the rilorous application of the foraula. 

Ch.rt r.view or comput.r-b •• ad .nalysi. of l.rse d.tab.nk~ occaeiooally allows 

.o.t of the n.c •••• ry conditional probabilities to b. obt.ia&d. A v.riet~ of 

.dditional a •• ~tioa. .uat be -.de. 'or exa.pl.: (1) the di •••••• uDd.r 

cODcider.tlon ar .... u.ed mutually .. cluai •• aDd exhausti •• (i.... the patient 

i .... ....s to haY. ODe of the!!. d1 ...... ). (2) the clinic.l ob .. rv.tioa. ar. 

---n-· 
a1110 often r.f.rred to aa Ia,..' rule. dbcri.inant. or c,lt.rioa 

ls..r • P(D .. I!) is the probability ot the ith di ..... lii~ that .viel_c. 
! baa beea ob .. rdcl; p,&iDt) la the probability '!bat .. ldenc 11 be ob .. n_ 
To the .. tU~ of tne .!.th iI~.... -



& Bayesian Statistical hpproaches Page 21 

assumed to be conditionall} independent over a given disease 16 , and (3) the 

incidence of the symptoms of a disease is assumed to b~ stationary (i.e., th~ 

model does not allow for changes in disease patterns over time). 

One of the earliest Bay@sian programs was Warner's system for the 

diagnosis of congenital heart diSEase (115). He ~om~11ed data on 83 patients and 

generated a symptom-disease matrix con::sistLlg of 53 s),'.nptolDs (attributu) anti 35 

disease entities. The diagnostic performance of t"e c'lmputer, based on the 

presence or absence of the 53 symptoms in a new Jlat',!nt, was til en compa'red to 

that of two experienced physicians. Tht. program Wi',!f shown to rea::h diagnoses 

with an accuracy E'qual to that of the experts. Fut';;t~rmore, system performance 

was shown to improve as the statistics in the sympttl'l-uisease matrix stabilized 

with the addition of increasing numb rs of patients. 

In 1968 Gorry and Barnett pOint 1 out that Warner's program had require~ 

making all 53 observations for every patient to be dLagnosed, a situation which 

would not be 

m011fication 

realistic for many clinical 

of Bayes' Theorem in 

applications. They therefore used a 

which ot "ervations are considered 

sequentiallyli. Their computer program analyz~d ')bserva~ions one at a time. 

suggested which test would be most useful if performed next. and included 

termination criteria so that a diagnos is cOllld be reached, when appropriate, 

without needing to make all the observation~ (32). Decisions regarding tests 

snd termination were made on the basis of calculations of expected costs and 

benefits at each step in the logical pro'~e8S 18. Using the same symptom-disease 

matrix developed by Warner, they were able to attain =quivalent diagno&tic 

performance usins only 6.9 tests on average 19 • They polntp.~ oat that. because 

tbe coats of medical tests may be significant (in terma of pa~ient discomfort. 

time expended, and financial expense), the use of inefficient testing sequences 

should be regarded as ineffective diagncsiF. Warner bas also aore recently 

included Gorry and Barnett's sequential diasnosis approach in an application 

regarding atructured patient history-taking [11B]. 

-------r'Tb;-;;;;;;-~;;_:f-;;I-;;;-Tb-;;;;;-;i~~;;-conditiona1 dependencie., and 
the order in which evidence • obtained. to be explicitly considered in the 
analysis. However, the nuaber of required cooditional probabilities is so 
unwieldy tbat conditional independence of ob.ervation •• and non-dependence on 
the order of ob.ervation., i. lenerally a •• umed [108]. 

17A .i_ilar approach was devised in au •• i. at .pprox~.tely the saae tiae 
by Vi.hnevskiy aDd a •• ociat... Their aDaly.es, aDd a au ... ry of the iapressive 
aaoUDt of stati.tical data chey have ..... ed. are contained in [111]. 

18S.e the deci.ion tbeory di.cu •• ion in Section 7. 

19t •• t. for deteraioiD. attribute. vere defined soaeWhat differently than 
they had ~r.en bI W.~~r. thus the .axtau. nuaber of te.t. was 31 rather than 
the 53 Obaervat on. ~.ed in the orilinal study. 
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The m ... dical computing literature nov includes many examples of Bayesian 

diagnosis programs, most ot which have used the nonsequential approach, 1n 

addition to the necessary assumptions of symptom independence and mutual 

exclusiveness of disease as discussed above. 

research effort has been chosen for discussion. 

f' ., ...., ..... Example 

J~e particularly successful 

Sinc~ the late 1960's deDombal and associates, a~ the Un:l',elsity of Leeds 

(England), have been btudying the diagnostic process and developing computer-

based decision aids using Bayesiall probab 11ity theory. Their area of 

investigation has been gastrointestinal diseases, ort~ilialJy acute abdominal 

pain [12] with more recent analyses of dyspepsL~ [44] and ga.:<trtc ·~arcinolDa 

[l341. 

Their program for assessment of acute abdominal pain was evaluated in the 

emergency room of their affiliated hospital [12]. Emergency physictans filled 

out data sheets sU1lllllariz1~1t clinical and labalatory findings on 304 patients 

presenting ~ith abdo.inal pain of acute onset. The data from these sheets 

became the attributes that vere subjected to Bayesian analysis; the required 

conditional probabilities had been previously compiled from a large group of 

patients with one of seven possible diagnoses20 • Thus the Bayesian formulation 

assumed each patient had one of these diseases and would select the most likely 

on the basis of recorded observations. Dialnostic suggestions were obtained in 

batch mode and did not require direct interaction between phYSician and 

computer; the progr .. could lenerate result~ in from 30 seconds to 15 ainutes 

depending upon the level of syste. use at the time of analysis [43]. Thus the 

e~uter output could have been .. de available to the .-erlency roa. physician. 

aD averale. within S ~nute. after the data fora was completed and handed to the 

techaieian asaiatinl with lbe .tudy. 

Durinl the atudy (121, however. tbe .. co.puter-generated diagnos ... vere 

st.ply .av~ and later ca.pared to (a) the diaanose. reached by the attendiDl 

clinician., and (b) tbe ultbaate diaauo.i. v.rified .t surlery or throush 

appropriate te.t~. Althoulh the clio~ciao. re.ched the correct d1aanoat. io 

only 65%-80% of ~h. 304 c.... (with accur.cy depeDdiD& upon .n individual'. 

trainins and experience), the prosr .. was correct in 91.8% of c ••• s. 

Furth.nIOre. in 6 of the 7 dilleue cat .. orie. the cOliputer was proved .ore 

--20';;;;'i.dti;. diverticu1itla, perforated ulcu. cholecystitis, ... U 
00.,.1 ob.truction. pancr .. tltia •• Dd DOD-specific abdo.ioal p.iD. 
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likely than the senior cllnici.n in chari. of a c •• e to a •• ian the patient to 

the corr~ct di.e •• e c.telory. Of particulal lnteretllt VaAl the 1'1'01£ •• •• accuracy 

relardlna appendiciti... diaano.i. Which i. often .ade incorrectly. In no 

ca.e. of appendicitis did t~e ct~uter f.ll to .. ka the correct di.lno.i •• al~ 

in only .ix c.... were pati.nt. With non-.pecift~ abda.inal pain incorrectly 

cla •• ified a. havinl .ppendicitia. Based on ;~: .ctual clinical deci.ion •• 

hov.ver. over 2Q patient. with non-.paciflc abda.lnal pain ~r. unn.ce •• arily 

t.ken to .url.ry for .~p.ndlcitl.. a~d In .ix c •••• pati.nr.. with .ppeodicittl 

wre "vatched" for over eilht hour. b.for. th.y wre fiully taun to the 

operatina roOli. 

The.e iove.til.tor •• lso perfor.ed • fa.clnatiac expart.ent in Which they 

co.pared tne prOlra.·. perforaAnce ba.ed on d.ta deri.ed frotl 600 r.el ,atleut •• 

with the accuracy the .yst.. achieved 

probabilities obtained frotl expert. (60)21. 

usiq "e.ti .. t •• " of .:Oftd it iOll.al 

As di.cus.ed abov., the pr~r .. vas 

5ilnificantly .ore eff.ctive than the unaided clinici.n Wh.n r.al-life data wele 

u.ed. How.ver. it perfor.ed .i,nific.ntly !!!! .. 11 thaD clinici&ns When .. pert 

e.ti.ate. vere u •• d. The r •• ult •• upported what •• ver.1 oth.r observer. have 

found. n ... ly th.t ph,stcian. ofteu h.v. very Uttle Id.. of the "true" 

probabilities for .y.pto.-di ••••• ral.tion.hip •• 

ADothar Leed •• tudy of not. va. .n analysis of the eff.ct of tb •• yst .. 

on the perfonaance of cllnir.ia... (13]. nte trllol ... have .... ttoned that 

involved ')04 p.tients va. eventually extended to 552 before t.nalution. 

Althouah the ca.,ut.r'. accuracy r ... ioed io the ra ... of 91t thro ... hout t".11 

p.riod. the perfona&nce of clinici.n. va. noted to t.prove .. rUdly over ti ... 

F .... r n .. atlv. laparot_1e ... re perfor.ed. for ex..,l ...... the n...tMr of acute 

.pp.ndice. th.t perforeted (ruptured) dao .ecl1oed. .....1'. t ..... elata .lowly 

returned toward. b •• ellne .fter the .tudy ... tenainated, ...... tl.. th.t the 

cOIl.tant awarene.. of ca.puter .. ltor1111 .... f .... back r ... rcU.. .,.at .. 

perfor.-ace had t..,ar.rily lanerated a heilhtae ...... rene.. of lDt.11ectual 

proc ••••• .-001 tbe ho~tt.l· •• urleona. 

6.3 Dl.cue.lon ~ lh! M!thodo10ll 

nte ide.l utchiq of the ,rob1. of acut. ""lu1 paiD .ad .. ,..10 

analysl ...... e b ..... h .. i •• d; the techaique caDDOe Dec .... l'lly b. .. .ffectlvely 

are r.f.rr" to •• "eultJecti •• " or ",.r8OIIa1" 
i ..... tll.cora haY. aq ... that tbey .ho.alcl.. .... lD 
for.-lly dar1vPd coiditloaal ,rOb~llitl.. .ce ~t 
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applied in other .edieal doaain. where the follovins limitations of the Bayesian 

approach .. y have a Ireater i.pact. 

(1) The a.aumption of conditional ind.pendence of syaptoas usually does not 

.pply .nd c.n l.ad to .ubst.nti.l errors in c.rtain setting. [72J. This haa 

led .oae inve.ti~ator. to seek nev nua.rical techniques that avoid the 

ind.,.ndence a.IU8Ipt ion [S J • If a pure Baye.ian foraulation is used 

without .. kina the indepeodence a •• uaption, hc~@ver. the nwaber of required 

conditional probabilities beca.es prohibitive for coaplex 

prob l ~ 1108J. 

real world 

(~) The .. Iu.ption of mutual exclu.iven ••• and exhaustivene.s of disease 

catesorle. i. u.ually fal.e. In actual practice concurrent and overlappin~ 

di ••••• c.talolia. are r.~. In daDoabal· •• ,wt .. , for ax .. ple, many of 

the abdoa!".l pain diapo.e •• i.aed vere outside the leven "recosnized" 

po •• iblliti~.; if a prosr.. .tart. with an a •• w.ption tha~ it need only 

c~lsider a ... 11 numb.r of defined likely diapo •••• it viII inevitably .i •• 

thtl rare or lIIla.pected c .... (prect.el, d •• oae. with .tIich the cllnlciao i. 

aost apt to need a •• istance). 

III Ir ~y d~io. It .. y b. iaaccurate to .. au.. that rel .. ant conditional 

probabilities are .table ~er t~ (e •••• the likelihood that a particular 

bacteriua ViII be .eoaltiye to a .,eclflc .. tibiotic). PUrther.ora. 

diaaao.tic catetOrla. aad defialtloa. ara caa.taatly chan.t~~. a. are 

physic 1 ... ' ob .. rYatloeal tee"ic;ua •• thereby lllYallclatiaa data praviously 

acc ... lat .. 22 • A ai.l1ar ,robl .. reeylta fra. Yariationa in ~ priort 

,rob .. i11tl .. d"",l .. .,oa t" po.-lat~ fro. ~l;h a patleat i. drawa 23 • 

So.e ob .. rYera f .. 1 that t .... an _Jor llalt.atlO11. to tbe UN of Jeye.iaa 

tee .. l .... U6]. 

10 .... ral. t ..... 1\ ,.r.1y .. ,. ..... ..,ro.ch c_ _ ~CIII.tralD ,rob1_ 

fo .... latlOll .. to __ a ,.rUcal.ar a"l1catloa _naUaUc &ad bence 

IIDtlDrIralt1.. ...rt ... ~n. ~. ___ .~tlc ,.rfo~e is ate.l1 .. t .uch .. 

in ... .,...al· .... nac:h to ......... 1 ,.18 .... l_tioa. cll.ical w.l-..tatloa aad 

.,.t_ KC .. t .. ce .1.11 .... r.ll' ".Ufle.1t. ro~ of r .. re .. at.Uoo that 

allow .. pla_tlo. of ayet_ ,.rfo~ce III f .... lt.r t.,.. (t.a.. a .. re 

22Alt~1a Int..t c~ III •• Ua1ta.- or oItaer .. tioBal tac"l~a _, 
'- ataUaUcaU, Htec~l. ~, i ....... 1,..111. a .,..ra. aaal,.1a tliat ... 
Mach uta 1a iM'lrl~l, p~ to .nor. 

21 ........ 1 .... -...... -.cia , ... UfltlC'" ,...t.tloa--... "arlatloa. 
1a pro~U1U" ....... r.,.n .. ear , r.,.rta of "'. _1,.1a (14). 
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congenial interface with physician u8ers) will heighten clinical acceptance; it 

is at this level that Bayesian statistic8 and symbolic re380ning technique8 may 

most beneficially interact. 

7 Decision !heoretical Approache8 

7.1 Overview 

Bayes' Theorem i8 only one of several technique8 u8ed in the larger fielQ 

of decision analY8is, and there hal recently been increasing interest in the 

ways in which decision theory misht be applied to medicine and adapted for 

l\utoaation. S,!veral excellent reviews of the field are available in basic 

rcvieva [45], textbooks [84], and medically-oriented journal articles 

(67] ,(94] ,[109]. In aeneral terms, decisi~n analysi8 can be seen as any attempt 

to consider values associated with choices, ~s veIl as ptobabilities, in order 

to analyze the proces.es by which decisions are ~.de or should be made. 

Schwartz identifies the calculation of "expected value" as central to formal 

decision aDAlysis [94]. Ginsbers contrasts medical classificatiQn problems 

(e ••• , dialno.is) With broader decision problems (e.g., "What should I do for 

this patient?"), and ~.erts that aost important aedical decistons fall in the 

latter cateaory and are best approached thrnulh decision anal,.i. [29]. 

!he followiol topics are .. ong the central i8sues in the field: 

(1) D.cisioa l!!!L. The deci.ion .. kinl proce •• can be .een a. a sequence of 

steps in Which the cliaiciaa setects a path throulh a network of plaUSible 

.. eDts and actioas. Rod.s io this tre.-shaped network are of two kinds: 

decision ~, where the clinic!an 8U8t choo.e fro. a set of 

chance ~. where the outcoae 1. not directly controlled by 

action., aDd 

the clinician 

but i. a probabili.tic re.pon.e of the patient to 80 ... action takea. For 

w.r.aple, a phyeiciaa .. y chaose to perfora a certain te.t \deci.ion node) 

but the occurrence or aODoccurrence of ca.plication ... y be larsely a .. tter 

of statistical likelihood (~haac£ aode). By aualy&ina a difficult decl.ion 

proce.. before takina aay actioa., it .. ~ b. po •• ible to deliaeat. in 

advance all ,.~tlneat chance and deci.ion aod ••• all plausible outco.es, 

pIa the patba by which the •• ",coae. 811bt be r.ached. Furthemore. data 

.. y exi.t to allow .pecific probabilities to be ... ociatad with .ach chance 

GOde la the tree. 
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(2) Expected V~~ues. In actual practice physicians .ake sequential decisions 

Dased on ao,·e than the probabilities ass"ciated vith the chance nod .. that 

£0110_. Fot eX&Bq)ie, the best possible outeOile is not necessarily sought 

if the costs .,ssociated vith that "path" far outweigh those along alternate 

pathways (e.a., a definitive dialnolis .. , not be sought if the required 

testing procedure is expensive or ilainful and patient lUna"ellent will be 

unaffected; limilarly, some pacients prefer to "live with" an inquinal 

hernia rather tha'~ undergo a sura leal repair procedure). Thus, anticipated 

"cos ts" (!' inane ia:, ea.plications, discomfort, pactent preference) can b~ 

associated with the decision nodes. Osioa th~ probabilitiel at chance 

nodes, the costs at decision nodes, and the "value" of the various outcomes, 

an "expected val\1e" for each patl-.vay th!'oulh the tree (and in turD each 

node) can be calculate-d. n,e ideal pathway, then, is the one which 

mzxiaizes the expected value. 

(3) Eliciting Values. Obtaining from physicians aDd patients the costs and 

values they associate with various tests and outcoaes can be a foraidable 

probl .. , particularly since formal analysis requires expres.ing the various 

costs in standardized units. Ofte approach has been slmply to ask for value 

rattngs on a hypoth.tical scale, but it can be difficult 

physician or patient to keep the value.24 separate froa their 

the probabilities linked to the a •• ociated chance nude •• 

to let the 

bowledle of 

An altercate 

approach has been the development of lettery .... s. Inferences relarding 

value. can be IUde by identifyi.nl the odds, in a hypothetical lottery, at 

Which the physician or patient is indifferent reaarding takiDl a course of 

act~on vi~h certain outcome and betting Oft a course with preterable outca.e 

but rith a finite chance of si,nificant nea.tt"e co.t. if the ''bet'' is lost. 

In certain .ettin.s this approach aay be accepted and provide important 

guideline. in decision aakina (77]. 

(4) ~ Evaluation. Since the t .. ts 1Ihich Ue at decidon node. are central to 

clinical deci.ion analysi., it is crucial to know the predicti"e value of 

te.t. that are available. Thi. lead. to con.ideration of t.st sensiti"ity, 

specificity, recei"er operator characteri.tic curve., and sensitivity 

analy.is. Such t •• u.. are discus.ed by IDaaroff io this issue of the 

PrOCHcl1y. (57] and ha"e alao been ._,r1&ed ehe.tterft in the clinical 

literature [68]. 

----- ------------- - -------
24a18O ter.ed "utllitl •• " 10 so.. ref~reftce.: hence the ter. "utility 

theory" (84J. 
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Many of the !!!.jor t,tudie. ot clinical deci.ion analy.is have not 

.pecifically involved c~uter impleaentation.. Scnw.ctz et al. exaained th~ 

workup of renal va.cular hyperten.ion, developinl arl~ent. to .hov that for 

certain kind. of case. a purely qualitative theoretical approach va. feasible 

and u •• ful [Q4J. However, they .howed that for more coapte~ clinically 

chaneulin, ca.e. tha decision. could not be adequately sort.9d out vithoui the 

introduction of nuaerical technique.. Sinc. it vas iapractical to a •• ua. that 

clinicians would ever tak. the ttue to carTY out a detailed quantitative 

decision anal,.i. by hand. they pointed out the lOlled role for the c.:r.:ptlter in 

a.si.ting wit.h sucl. tasu and accordinllr de,'eloped the .ystem we discu.. a •• n 

example b~lov [33]. 

Other collealue. of 

.pplyinl decision theory 

Schwartz at Tuft. have been stailarly active in 

to clinical probl.... Pauker and lassirer have 

examined applicat10ns of foraal cost-benefit analysi. to therapy selection 174J 

and Pauker has also looked at po.sible application. of the theory to the 

manal.a.nt of patient. with coronary artery dis~ase [76J. An entire is.ue of 

the!!! !naland Journal 2i Medicine has also been devoted to paper. on this 

aethodololY [46J. 

7.2 Ix .. ph 

Coaputer lapleaefttation. of clinical decision analysi. haYe a"aared with 

lncrea.inl frequency .ince the aid-1960's. Perhaps tne earliest "jor work va. 

that of Gin.berg at Rand Corporation [28], with eor. recent s,wt... reported by 

Pliskin and leck [80] and Safran et ale (91J. 

We will bri.fly describ. here the pro,r .. of Gorry et al., d ... loped tor 

the aanas ... at of acute renal f.IUure (33]. Drawilll upoa Gorry's experience 

with the .. quantial lay •• ian approach previoualy aentlaned (l2J, the 

lave.ti.ator. recOinized the a.ed to incorporate .a.e way of balauclaa the 

danser. .nd dlscoafort. of a procedure alainst the value of the lDforaatlon to 

be salned. "nley divided their proar- iDto two parts: ,ba •• I con.idered only 

tests rith aini .. l risk C.'I" hiatary, ell_iutton. blood te.ts) and ,baH tI 

considered procedure. iavolv'loul aore risk and lacOllVeGleac.. n.. ,baae t 

prolraa considered 14 of the 20St C~ CAuse. of renal failure.ad used a 

•• quential ta.t .election ~rocass ba.ed 

adv.nced deciSion theoreU,.:al tachli.lque. 

on Ia,es' 

{32]. "nle 

Theor .. aDd oaltt1aa aore 

cODditlonal ,r~babilltl .. 

used were subjective estir .. tes obtaiDed fro. an ap.rt aephrolosiac .... wre 
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th~refore potentially a. probl ... tic a. tho •• discu •• ed by Leaper et ~l. [60J 

'R •• Section 6.2~. The rea.archers found that they ~ad ~o Lhoice but to uae 

expert e .. ti .. te •• however. since detailed quantitative data were not avail.abl. .. 

either lu databanks or the lIterature. 

It Is In the pha.e II prolraa that the •• thoda of dect.tnn theory were 

eaployed bee au •• it va. io this !H'rtiOD of tt •• deci.iotl proce •• that the risks 

ot ~rocedure. bec~ t.,ortaat coa.ideratloo.. At each step in the decision 

prnce.. this proal''' coa.ider. Vh.thor it i. be.t to treat the patient 

~~&di.tely or to fir.t carry out an additional dialno.tic teat. To make this 

!ecls1on the prosr .. identifl •• the tr.at .. at vlth the hlah •• t current expected 

value (In the ab.eftc. of furth.r te.tina). aad coapare. this with the expected 

value. of tr •• eaent. that could b. instituted if another dialno.tlc teat were 

perfor.ed. Co.pari.on of the expected values ar ... de in liaht of the risk of 

th. t •• t In ord.r to deteraiae vh~ther the overall _pected value of the te.t 1. 

areater t~~n that o! ~i.t. tr.at..at. Th. rel .. ant value. and probabilities 

of outc~. of treatlleDt "'1'. obtalaed .. .ubjective •• tlaate. trOll 

n.phrol~tl'lta in the __ w,. that .,...ta.-clu .... data had be.n obtained. All 

eatillat •• wre Iruu11y r.fia" .. th.y lalaael _,.rieace u.laa the prOlr-. 

ho ..... r. 

The proar_.. ..aluted ou 11 t_t c .... la "lch the true dlalCO.la 

va. uacflrtain b.st tWD .spert _pbroloaut. wr. vi 11 Ina to .. u .. nal_nt 

de~h!o... 1D 14 of tit. c .... tit. pr.r_ .. lecttid the __ therapeutic plaa or 

di ..... tlc tltet .... cho ... b,. the ewr,.rt.. l!i'or "b,_ .. ! the ~(m" r_lni~ 

c •••• the pr.r_·. claculoa... the pb,.tct ... • .. coed ~hotce aacI ..... they 

felt •• 1' ........ 1. dt.raatl .. pl_ of Ktlaa. fa the l.t ca.. the phytllct ... 

al." ac:c.,t" eM proaree·. cleculon ca reuoaaltle altho-.b it w. aot..oftl 

th.lr ftr.t tWD c~tc ••• 

7.) Duc .... 1.0. !1 .s!!!. !lSh040lcsz 
The .. c.ll.,. perfo.....ac. of t:on ,'. pr .. r_. cl..,tt. It. relia.~e on 

.ubjec:th ••• u .. t •• fr_ ~te. _,. .. ~ to ....... 1 .. the ta,ort .. c. of the 

cltDlcal ... l,.la ~t .... 1'11.. tM .eciaiDa theoretical approach. Th. rea .. l ... t ... fa ... 1 .. eli.leal c......... Me. .uaeet .. 1a .ch •• taU 

that ... 11 error. 1~ tM pr~111t' •• tt.8l.. are .... reatl,. ..eh 1 ... 

bIporuat t .... tlley are for .. .,...1·. ..nl, .. ,..laa .. proach (60). Corr, 

...... t. tllu .., " ... 1, ~a .. tM ~u ......... b, tit. pr.r_ are bMOd 
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on the cOfolbination of large aggregates of such nUlllbers, bill: this argwrent should 

apply equally for a Bayesian system. It seeme to us more likely that 

distillation of the clinical domain in a formal decision tree gives the program 

so ~uch more knowledge of the clinical problem that the quantitative details 

become some~at less critical to overall system operation. The explicit 

de.;1aion network is a powerful knowledge structure; the "knowledge" in 

deDombal's system lies in conditional probabilities alone and there iy Dl larser 

scheme to override the propagation of error as these probabilities are 

mathematically manipulated by the Baye~ian routines. 

The decision theory approach is not without problems, however. Perhaps 

the most difficult problem is aesigning nUlllerical valups (e.g., dollars) to a 

human life or a day of health, etc. Some critics feel this is a najor 

limitation to the methodology [120]. Overlapping or coincident diseases are also 

not well-managed, unless specific6lly included in the analysis, and the Bayesian 

foundation for many of the calculations still assumes mutually exclusive and 

exh~ustive disease categories. Problems of symptom conditional dependence still 

remain, and there is no easy way to include knowledge regarding the time courde 

of diseases. Garry pOints out that his program was also inca~4ble of 

recognizing circumstan~es in which two or more actions should be carried out 

concurrently. Furthermore, decision theory per se does not provide the kind of 

focusins machanins that cUnicians tend 1".0 use when they assume an initial 

diagnostic hypothesis in dealing with a patient and discard it only if 

subsequent data make that hypothesis no longer tenable. Other similar 

stratesies of clinical reas~ning are becoming increasingly well-recognized [531 

and account in large part for the applications of symbolic reasoning techniques 

to be discu •• ed in the next section. 

8 Smoli.: .... ontult ~o.ches 

8.1 Overview 

In the early 1970'. researchers at s.·,eral institutions .i.ultane~·J .. ly 

b~a~ft to investigate potential clinical applications of symbolic ~easoftins 

techDiques eire.,.. 

int_lliaence (AI). 

fra. the branch of coaputer science knoWD a. artificial 

The field is well-reviewed in a recent book by Willston (128]. 

The ten "artificial intellisence" is generally accepted to include those 

ca.,uter .~pllcatiODs that involve symbolic inference rather than strictly 
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numerical calculation.. Exaaple. incl~~ ?r~ra.. that rea.on about .ineral 

~x~loration, organic cheaistry, or .~lecular biology; prOlraaa that converse in 

Enlll1sh ... nd understand spoken sentences; and progra.s that generate eheorie. 

from observ~eion •• 

Such pr<lgra •• gain their 'po'ller fro. qualitative, ellpt!nential judlPof!nts, 

codified in ilia-called" ;·Jle.-of-thlJab" or "heuristics", in contrast to nu.erical 

calculation progra.. Whose pover derive. frca the analytical equations used. 

The heuristi~. focus the attention of the rea.oning progr.. on parts of the 

problem that S2em .a.t critical and parts of the knovledle base that see, aost 

relevant. They a180 guid.. the application of the dOtl8in knovledge to an 

individual case by deletinl itea. fro. con.ideration a. well a. focusinl on 

iteas. The result is that these progra .. pursue a line of reasoning as opposed 

to follovtnl a sequence of steps in a calculation. Aaon, the earlie.t syabolic 

inference proarams in .edicine va. the diaano.tic intervieVinl syst .. of 

Kleinauntz [54]. Other early work included Wort .. o·s inforaation ~rocessinl 

systea, the perforaance of Which was largely activated by a d •• ire to und.rstand 

and simulate the psychololical proc ••••• of n.urololists reachinl diaano.es 

[130] • 

It was a land .. rk paper by Corry 1n 1973, ho .. v.r, that fir.t critically 

analyzed cODventioDal approach •• to ca.puter-ba •• d clinical d.cision .. kina and 

outlined his .otivation for turnins to newer .yabolic t.chaiqu •• [341. Be used 

the acute renal failure prOlr_ dhcus.ed in Section 7.2 (331 as sn a.-ple of 

ehe probl ... ari.in~ when d.eci.ion a-:ualysis is u .. d alone. In 

analyzed sowe of the cases on Which the prOirsa hed failed but 

considering the c.... had perforwed .. 11. 81. conclusion. 

observation. include the follovtna four point •• 

particular, he 

the ph:ys ic la1l11 

fro. tne .. 

(1) Cl1aical jud..-nt is basad 1 ••• on d.tailed taowled.e of pathoph,.lolOlY 

thaa it h on Iro.. cbunb of bowl_.e aDd a load d.al ot deuUed 

experience froa ""ich rule. of thuab are deri"ed. 

(2) Clinicioln. bow fact., of cour .. , but th.ir Ialovl ecI I. 18 a180 laraely 

jud ... ntal. Th. rule. they leana allow t~_ to foea attentioD aDd ._.rate 

hypoth •••• quickly. Sucb heuri.tic. perait thea to a"oid detailed .. arch 

thro~h the entire probl_ .,ace. 

(3) Clinician. r.cOlni •• l .. el. of belief or certaiaty .. .aciated with aaay of 

the rnl •• tbey n •• , but tbey do not routiaely quantitate or u.e th ... 

certainty concepts in .ay foraal atati.tical .... er. 
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(4) It i. eaaier for experts 

misconception. in ot,ers 

criteria ~ ~riori. 

to state their rules in r~9pon.e to perceived 

than it is far them to lenerate such decision 

In the renal failure ~rolr .... dical knowled~. had been .. bedded in the 

atructure of the decision tree. Thi. knowledge vas never explicit, and 

addition. to the experts' judaaental rulea had lenerally required change. to the 

tree itself. 

lased on ob.ervationa auch a. tho.e above, Corry identifierl at lea.t 

three important probl ... for inve5ti,acion: 

(1) ~dical C~ncept •• Clinical deciaion aida had traditionally had no true 

"UDderatandinl" of .4tdlcine. Altt:ouah explicit decision tr.e. had livea the 

deci.ion theory pro,r... a Ireater sena~ of the pertinent associations, 

•• dical knovled,e and the heuristica for problem solvina in the field h~ 

never been expi lctt!y represented nor used. So-called "c~cn sense" va. 

often clearly la~kinl when the prolr .. s failed, and this was often what .ost 

alienated poteatial physician uaer •• 

(2) Conversational Capabilities. Both for capturln, knowled.e fra. 

collaboratina ezperta, and for ca..unicating With phYSician user., Gorry 

arlued that further roesearch on the developlMnt of cOllpllter-based linauistic 

capabilities vas crucial. 

(3) Explanation. Dialnostic proaraes had 

explain the ba.ia for their dp.cl~iona 

physiciaa. Syst.. .ec.~tability vas 

selda. ~h •• ized an abiiity to 

in tera. lI1'derataadable to the 

therefore in,vitably l1ait.d; the 

physician "Duld oft.n have no buis for deci .. Uq ,neth.r to accept the 

procra.' s advic •• aDd silht theire fore reliant '!Iba.: co\:ld be perceived .. AD 

att..,t to dictate the practice of .edteine. 

Gorry'. ,roup at MIT aDd Tufts d'tYelopeci new approaches to a.ini... the reaal 

fallur. probl .. in lilht of the.~ oh .. rvatlona (75J. 

Due to the l1attal1oa. of tIN! older techlli..... it •• perba,. iaevitabl. 

that.o.e ..sical H .. areb.n WlUuld tura to the A.I fil!lcl for a.w t.chaiques. 

"-jor r.s.arch ar ... in A.I laclude kDowledle r.pre .. n~at!oa. h.uri.tic ... rcb. 

natural laeaua.e UDder.taadi ... aad lea.~atioa. aad .odele of tbo .. ht proc .... . 

all topic. clearly pertinent to tbe probl... .'j hn. b .... disc .... l .. . 

further.r •• AI r .... rch.n .. r. It .. !aallll to l~k to.: appl1cati0D8 ~o whicb 

th.y could apply .OM of the t.chDl.... they ~,ad d .... loped ia theor.tical 
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do.ains. Thi~ comaunity of researchers has grown in recent years, and a recent 

issue of Artificial Inte1ligp.nce was devoted ent1re1y to applications of AI to 

b10l~gy, medicine, and che.lstry (105)25. 

Amonl the prolra.8 \Ising symbolic reasonIng techniques are several 

systems that have been particularly novel and successful. At th£ University of 

Plttsburgh, Pople and Myers have developed a system call~d INTERNIST that 

assists with t~st selection for the d1alnosis of!!! 1ise&ses 1n internal 

aedicine [~IJ. This awe~ae task has been remark3bly successful to date, with 

the program (orrectly diagnosing a large percenta~e of complex cases selected 

from clinical pathololic conferences in the .ajor medical journals 26 • The 

program uses a hierarchic disease categorization, an ad hoc scoring sywte. for 

quantify!ng S) .. ptow-dise •. se relationShip., plus Salae clever heuristics for 

focnsinl attention, discri.inating between coapetiDi hypotheses, aDd dialnosing 

concurrent diseases [821. The sy.te. currently has an inadequate human 

int~rface. however, and is not yet i.plemented for clinical trials. 

Wei.s, lulikovskl, aDd ~arel (Rutlers University) and SAfir (Kt. Sinai 

Hospital. Mev York City) have developed a model of rea.ooina r .. ardiol diseas. 

proc •••• s in the .y., .pecifically Zl.ucoaa 1125]. In this .p.ci.lized 

applicatioo are. it ha. be.n pos.ible to .. p relation.hip. betweeo ob •• rvations, 

pathophysiololic st.tes, and disea •• catelorie •• The r •• ulting causal 

a •• ociational network (termed CAS RET) for.a the ba.is for a r ... ooina progr .. 

that liv •• advice r.lardina di •••••• tat.. in Ilaucoaa patient. aDd len.rat •• 

aallq-.nt r.c~adatiOQ.. The syst_ is uad.qoiDt evaluation b, a nationwide 

network of ophtholoaalaai.ts but i. DOt y.t off.red for rout ill. clinic.l g ••• 

'or the AI r .... rch.r. the quo.tion of how b.st to .. D". UDcertainty ln 

..dic.l r ... ollina r ... 1II. • c •• tral i.!oId. Th. praar_ MIltiOlled have 

~ ... loped ad hoc .. ilhtina .,.t.ma aDd avoided foraal .tati.tical .pproach ••• 

Oth.rs h..,. turoed to the writ ..,f .tatlatlciau aDd philoeopll.u of .cienc. 'tho 

h..,. dewlaed theori.. of apprnWat. or ill_act rUSOIliaa. 'or • ..,1., 
Wechsl.r (122) d.acrib .. a proar.. that ,. based upon Zad.h's fuaay .et th.ory 

(1331. aDd SbortUff. aad lucbaaaa (lOll h ••• turnttd to cGafiraet!OIl th_ry for 

th.lr aodel of ioe.act raaaoalaa. 

- 25K;;, of tbe ~t __ ich .... AI t.ctalqu ... for Mdical decidoo _kina 
.. re .... IODM OIl the S1IID-AlII c~tiDi raso",:*. a DaUoaally .hared s,.t. 
d.voted .. tir.l, to applicatiOlla of Al to the bla.edie.l aci .. c... !be SUKIX­
Alii cG!llP'lt.r is ph,.lcaUy located at Stanford HDh.raity but i. u .. d by 
r •••• rch.r. natiOllWid. .i. coaaectloaa to coapat.r n.tworks. The resource i. 
fUDd_ b, tbe Di.lsioc of ..... rch ".ource., .lotec_olaay Brallch, .t100al 
Lutitut •• of .. alth. 

l60au c~ic.ted b, Du. ro,l. aad "'era at the 'ourth AlmUlll A.I.M. 
Vor_hop, .tl.rs 1Jah.r,. tty, .Juae 19 8. 
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8.2 Example. 

'nle symbolic reasoning program selected for discussion 1s the MYCIN 

Systea at Stanford University [102]. The researchers cited a variety of design 

considerations which motivated the selection of A.I techniques for the 

consultation system they were developing [991. They priaarily vanted it to be 

us.ful to phYSicians and therefore emphasized the sel.ction of a problem domaln 

in which physicians h.d be~n .hown to err frequently, namely the selection of 

antibiotics for patients with infectiona. They alao cited huaan issues that 

th.y felt were crucial to mak. the system acceptable to physicians: 

(1) it should be able to explain ita d.cisions in teraa of a line of reasoning 

that a phyDician can UDderstand; 

(2) it .hould be able to j~tify it. performance by re.pondinl to questions 

expr •••• d in staple Eollish; 

(3) it .hould be ab 1e to "learn" new infor.ation rapidly by inurac tinl direc tly 

with experts; 

(4) its kDovledl •• hould be .asily modifiable 80 that perceived errors can ~4 

corrected rapidly before they recur in another case; and 

(5) the intl!~act1on .hould be enlineered with the user ill aind (in ur.. of 

pra.pL., ansvvrs, and information volunteered by the syst .. as well •• by 

the u.,,~s). 

All the.e desiln loals were based Oil the obsa~atlon that previous ccaputer 

deciSion aids had lenerally been poorly accepted by phy.ician •• even when they 

vere shown to perfor. ... 11 on the t.sU for which they ... "e desllned. M1CIM's 

developers felt that barriers to acceptance were larle1y conceptual and could be 

cOUllteracted in l.r,e part if a .,.t .. vere perceived as a clinical .!2.!!l rather 

than. dOS .. tic replac ... nt for the pri .. ry ph,.ician'. ovo rea.oni~l. 

Iaovled,e of infectious di.e .... i. repre.en~ed ~n H1tIN a8 production 

rules. each containins a "packet" of bowledS. obtained frca collabor.tins 

•• perts [102J27. A production rule is aiaply • cooclit1onal .tatnen~ .... ich 

rel.tea obs.rvations to associ.ted inferences that .. y b. drovo. Par .. ..,1 •• a 

!tlCIIl rule ailht stat. that "if a bacteriua 18 • 11'_ positi.,. coccus ,rovi ... in 

chaiae. ~ it 1e apt to b.. .trel'toctlCcua." MlCI.-. power ta derived froa 

~uch rules io a variety of va,.: 

---np;~Ciuction ;;;1 .. -;;;-;--te~b;i;. f;;-~ntly ~loyed in AI re .. arch 
[9] &ad .ffecti.,elyapplied to other .cieotifie probl .. doaaina [6J. 
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(1) it 1s the prograa that deteralnea Which rules to use and how they should be 

c~alned together t~ make decisions about a specific case 28 ; 

(2) the rules can be stored in a IUchine-readable fonaat but translated into 

EnSlish for display to physicians; 

0) by reaovinlJ. altering. or addinll nllea, the syst~ .. 's knowledge structures 

can be rapidly aodified without explicitly restructuring 

knowledse base; and 

the entire 

(4) the rules the .. elves can often fona a coherent explanation of syste. 

'~easoning if the relevant oneil are translated into tnl1ish and displayed in 

response to a user'. question. 

AssociAted with all rules and inferenc.a are nuaerica1 weilht. reflecting 

the degree of certainty a.~iated with thea. These nu.bers. teraed certainty 

factors, fora the baaia for the .,.tea'. inexact reasoninl [lOlJ. They allow the 

judgmental kDowledle of experts to be captured 1n rule fora and then uaed in a 

consistent faahion. 

The M!CIR 5yst .. h .. been evaluated re,ardin, it. perforIL,nce at theTapy 

selection for patient. with either .. ptic .. ia (1321 or .. ninalti. [Ill]. The 

proan. perforaa coapar.bl,. with espert. in th ... tw ta.k dOll&in •• but a. yet 

it h •• no rul •• r .. aretina the oth.r infectious di ..... probl.. are... '~rth.r 

knovledle ba .. ct .. elo,..at will therefor. be r.quired hafor. M1C~ i. aade 

avaUable for clinical uae; beoce que.tion. r .. ar!!!.. it. acc.ot..,l11t,. to 

phy.ician. canDOt ,.t be ...... ed. ao-".r. the r.quired illpl ..... t.tl0. at .... 

ha". b ... d.Ua •• ted [l00] •• tt ... tlon h •• 11 ... paid to .U the d-ll" criteria 

.... tloaad above. .ad the proar .. doe. haY. a ~rful esplaaatioa c.pability 

(95). 

8.1 Dbcuuioa ~ !l!!. llethodololY 

lIber... the cOIIfMItatiOlla __ 117 the other ,.r ... taw; .,.tl7 1.."01,, • 

• tra~htforward .pplic.tion of .. ll ..... loped c-..ti. techalq __ •• rtificlal 

Int.1U .... c. ..thoel. .re 1.111.17 esperi8eDtal; " ... pproache. to beN1ad •• 

r.pr •• aat.tlon. 1 ......... uacl.r.t ... ll11. heuistic search .... the other .JIIbolic 

r ... 0II1. probl_ 1M haYe _U0ee4 an still Deedad. '!hu. the AI prOlr_ 

tead to 11. d".lopad la re ... reh efl'!'ho __ ta wben .1Mftt t.rw pretlc.l n.ult. 

ar •• lib17 to be foUDcl ...... r. out of this r .... reh .n -qua tee .. l .... 
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fJr coping with many of the problema encountered by the other paradigms 

discussed. AI researchers have developed promising methods for 

concurrent diseases (82], [125], assessing the 1:1me cOllrse of disease 

we have 

handling 

[18], and 

acqairing adequate structured knowledge from experts (11). Furthermore, inexact 

reason ins techniques have been developed and Implem'''!nted [101) (although they 

tend to be justified largely on intuitive 8round~). In addition, the techniques 

of artificial intelligence provide a way to respond to many of Gorry's 

observ'tions regardj.ng the three major inadequae.ies of prior paradigma as 

described in Section 8.1: (I) the medical AI programs all tend to stress the 

representation of ~edical knowledge and a sense of understanding 

concepts; (2) many o~ them have conversational capabilities 

lanluale processins research; and (3) exp1anat1on capabilities 

priaary focu. cf .yst~s such as MlCIN. 

the underlying 

which draw on 

have been a 

~~olovits and Pauker have rLcently reviewed soma applications of AI to 

lIIedicine and have attempted to weigh the St'~:cesse9 of this young field against 

lhe very real problews that lie ahead [108). They identify several deficiencies 

(If current systeM. For exaap1e. termination crite"C'ia are still poorly 

understood. Altnouah IRTERNIST can diagnose simultaneous diseases, it a1s~ 

pursues all abnoraal findings to coapletion. even though a clinician often 

18nores .ioor unexplained abnormalities if the rest of a patient's clinical 

status i~ ~ll uDderstood. In addition, although BODle of thes~ programs now 

cleverly.isic the reaaoDina styles observed in experts (17].[53), it is less 

clear how to keep the syat ... frOlll abandC'n.!_"S one hypothesis and turning to 

anoth.r onc as so(m a8 Dew infora3tlon ~U~lcsts another possibility. Programs 

that op.rata this .. y appear to digress f'o. one topic to anothe~ -- a 

characteristic ttult. decidedly alienates a user regardless of the v .. 1idity of the 

final cSialDosis or advice. 

St.ll larl.ly untapped 1s the pover of an Al pro,ralll to 'mde!'!'Irand its 

OVll Itnovlecll. ba ... i ••.• the structure and content: of the reasoning lIochani81lls 

as veIl.. of the aedica1 facts. In effect. AI progr.-s have the ability to 

"know ~at they know". the best vorkinl example of which can be found in the 

prototype s,at .. aa.ed t.ir.sias [10]. Bacaua. such progr ... can reason about 

th.ir OVll kDowledle. they have the power to encode knowledge about atrategies, 

••••• when to us. and when to Ilnore specific it ... of medical knowledge and 

which lead. tn !ollow up on. Such "aeta-l..,.l" bowled,_ offers a new dimension 

to the de.iln of "iDt.lli.ent ... l.tant" proar... which we predict vil1 be 

uplott" in wracal d.cision .. ld.q • .,.t ... of the future. 
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Q Conclusions 

Thi. revi~w has shown that there are two recurring questions regarding 

computer-ba.ed clinical decision making: 

(1) Perforaance: How can we design systems that reach better, more reliabl~ 

decisions in a broad range of applications, and 

(2) Acceptabillty: Row can we m~re effectively encourage the use of such sy~tems 

by physicians or other intended uscrs~ 

lie shall s~rize these points separately by reviewin:;l, many of the 

i!ls"es c~n to all the paradi3" discussed in this paper. 

9.1 Perforaance Is.ue. 

Central to as.uring a progr .. •• adequate perforaAnce is a .atchin~ of the 

most appropriate technique with the problea doaain. We have seec that the 

structured logfc of clinical al,orit~ can be effectively applied to triage 

functiOfts aDd other prt..ry care probl~. but they would be less naturally 

.. tched with ca.pl_ taslta .uch as the diagDo.is lIad _nag_ent of acute renal 

faU'lre. Good .t.tistieal data .. y .upport an effective Bayesian progr_ in 

.ett .L1lI. ""ere diaaDoetic cat .. orie. are ... 11 in nu.ber. non-overlapping. and 

vel;-defined, but tbe iaahility to use qualitative .-dic.l knowledge ltaits the 

effectiv.n ••• of tile Ia,..i.a. approach in .ore difficDlt patient .. nag_eat or 

diagnostic enviro...at.. Siailarly, .. tb ... tlcal 8Udel ... y .upport declsiOft 

.. lr.ina in certain .. U-4leacrlbecl fi.ld. in ""icb observations are typically 

quaatiUed, .... related by f .. etioaa1 ezpr ... iODS, but in "ieh the kDovledge i. 

typically Hatt.. to n __ rieal _e04li... 1b... o:.ples, .ad others. 

de.oaatrate the need for tbo-ahtful cODS1d.ratioa of the technique uo.t 

appropriate for .... Ii.. • e_!aical probl.. Ie .... ral tbe .t.ple.t .ffactive 

approach i. to .. ,r.f.rr .. 2', b.t acc.ptability 1 ..... .ust al.a be con.idered 

.. elisc ... " "'law. 

M r .... reber. have v .. ~ur" in~o .,re ca.plcur t. liDical elaaain.. • ouaMr 

of difficult pro~l... h ... ~ead" to decr". the qaallty of perfor.aoce of 

coaput.r-..... deci.ion a14.. SiaDificaat cllaical ,robl... r.~ir. larae 

kaovlecl.. b.... ~bat e_taia c~l_ lDterrelatloaebip. inelu4iaa t1ae aDd 
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functional dependencies. The knowledge of SlJch do_ios 1s inevitably open-ended 

and incomplete, so the knovledge base must be easily extensible. Not ooly does 

this require a flexible repre.entatio~ of koovledle, but it eocour.,es the 

development of novel techniql1t:>s for thf: a.::qui:sitiofl and iotelratioD of nev facts 

and jw1gments. Similarly, tta", 1l'.exactn~ss of .edical inference .u.t loaehov be 

represented and manipulated within eff~~tive con.ultation .,ste... As we hav~ 

discussed, all these perf~r.ance i~sue. are i_portant knovledl~ enl!~.erinl 

research probleas tor wht.ch artif~ci'Jl intelligence already offers prOllisina nev 

methods. 

It is also important. to consider the extent to which a prolr •• •• 

"understandi,.," of Lts task ciOlUtn vill heighten it. perfonaance, particul.rly 

in settings where knovledge of the field teads to be hiahly jud ... ntal and 

poorly quantified. We u.e the tl~n "under.tandin," here to refer to a pralrs.· s 

ability to reason about... well a. re •• on with, it •• edical koovleda. b .... 

This irIlplies a .ub.t.nti.l UIOunt of juda-ntal or structural ltlovledle (in 

addition to data) contained within the prolra.. Aoal1T.e. of huaan clinicat 

deci.ion aaking [17], [53] .Ulle.t that a. deci.ioo. eove fra. .t.,le to coaplex, 

a physici.n·. re •• oninl .tyle becOlle. Ie •• alKorithaic .nd .are heuristic, with 

qual1tatlve jud ... ntal knovledge and the coaditioo. for iuvalt1aa it cOllioa 

increa.ingly Into pl.y. rurthe~r., the perfor.ance of co.p1ex deci.ion aid. 

vill also be h.ilh~ened by the repre.ent.tion and uCili&ation of h1ch 1 ... 1 

".e~a-knovledl." that pemiu prosr_ to UDder.t.ad their 0WIl l1a1t.t1on •• ad 

rea.onin, .trateI1e.. In ord.r to d •• ian .-dical ~o.putina proar... with the •• 

e"!'A~i~ Hi •• , the d •• ilner. ch .... lv.. will Mve to NCo.e coaaiunt of 

"bo,,]-' J._ enaln •• ri .. " i...... It is e.peci.lly u.ortant that they Had 

eff.ctive we,. to aateh tbe kDovled.e .tructure. th.y use to the c~lea1~, of 

the t .. ks their protr_ are c: .. ilQ'Id to uadert.b. 

9.2 Acc.pt.bility 18.u.. 

A r.currina ob .. rY.tien.. on. reYi.v. the lit.rature of c~te~-bes" 

.edic.l d.ci.10a .. kina i. th.t •• ..ati.lly noae of the .,.t... hea ~ 

eff.ctively UHd ouui.e of. r .... rch f'D.1r~t,!!!!!.!!!!I. !l!. .. do"re .. 

~ ~ ~ .!2. ~ eac.Unt! t'b1a ..... _t. that it b an .rror to 

concentrate r .... rch ,r~rl1y oa .. thode for t.prowl .. the C~C.~·. dect.ioa 

_kina perfor.aac. ..... cltaic.l l .. ect ct ...... oa Khl .. other prattl ... of 

.cceptuace .. _11. 1bera .re __ •• ta (106] to .... ort the .. tr_ .1_ that 



tn. b1.... of ..,Ucal ,ersoMle~ a •• lnat cCJa1tut.rs ar(- '0 Itrol~!It that ,yutee. 

wtl. lnnltably be rejected. r .. ardle.. o~ ~rforwance. However. _ are 

be,lnala, to .. e .s..,l.. of .pptlcatlona In ~lch Initlai re.ittance to 

~uto..ted techniques h.a Iradual1y b •• n oyerc~ throUCh th~ incorporation of 

ad.q~at. ~·fSt .. ben.fit~ !l~ll· 

Perhap. on. of th. lIO.t reveall11e l ••• on. "n this ,lIb!ect ~s all 

-·b.erv.Clon recardlq the .yat_of "'"e1.t a1. ~1(11 de.cribed in Section ~."1. 

De.plte doc~eDted physician re.iataace to cl1n1cal allorit~ in other .. ttinl' 

'~~J. the phy.lcian. in Me •• l" •• tudy accepted the auldance of protocols for the 

3an.l~ent of c~therapy In thetr canc.r pati.ats. It i. likely that the key 

to acee,ta"c. In this la.tance i~ the fact lh't the.e ph"tcla". h.d previou.ly 

'dd no choice but to ref.r their patient. ~th c&oc.r to th. tertiary care 

center In Siralach .. ~ere all c~l •• ch.aotherapy va. .~tQt.t.red. The 

introduction of the prntocoh penitted the_ ,h1"lcl .. lI. to UIIdertake ta.1r.a lh!l 
th.! ~ preyioualy ~ _ebb !.2.~. It .t.aalt.lleoualy Ii 10VPd .atnt~an,.e o~ 

clo .. doctor-patient r.latloeeb!p •• ~ helped ~be patient. avoid frequeut loaa 

trip. to the ceater. '!be _t1.,atl~ for tM ph,.lctan to II •• '-h. '1.t-" 
cl.ar in th .. c:.... It h r .. illiac .. t of 1o .. U. '. aa_rt1oa tha~ ph,.lciAlla 

viII fir.t welca.. c~t.r d~I'IOD ald ..... the, ~a.. AYar. that coll ...... 

vt.o m ... 1 .. thea u.. a cl.ar " .. Mt ... ill theh p1'actln !81~. A hei,ht_ed _rea... of -___ ... t ... rt.... I.... ...,.. -.dlca: 

cOllfuU .. n .. al'chen -Ul alM _Ila ca.p.t.r. _". accept_i. to ,.,.1c1 .. _ by 

.. klq the prOlr_ ... hr aM _n 'l .... "t to..... rOIl baa recently 1' .......... 

thl. fi.ld 18 •• 'ltl 1221. !he ta .... I'~ fr .. the -.ch .. lc. of t.ter.ctloc 

vt~" tile c~t.r ( ••••• '&at.. • ... ley ' .... I .. h with -.ell f •• ture. .. Haht 

peaa •• peetal M~Ne. color. aM ,,,.te., to the h.t.h. of the '1'''''_ 
that ... 1t ......... a .. l1pl.l tool ret_r , .... a c-.Ucact.. ~._. Ueo 

l:IYolY ... fl'. Mth the -.chaalcal ... 11.al ...... • u... 1. tw 4..,e!o,...t 

of fl_~l. lat.rfac .. t'-at tailor t'" .,,1. of the lac.recU_ CP. he ........ 

d .. lr •• of , .. 1.,14 .. 1 ~lcta.a • 

.. -...~t. aU_tloa _t ,.1_ M II" .. to tM .... 1'. t i.- cotUCrahU 

,.rc.'~" ~, ,..,.lcS-. Weau, they ........ 1111.. '"-1'_ to t.1te 80 ..... t'" 
th_ t_, ccn.t1y ........ acc ... llA1IIc t ___ t_1I .. tbelr .,... n.. 

.... acllMd. pu ... ne an alalled, Ubi, to ... 'eta til. Ireat.r n.lataac. to 

_t_ti ____ lat ........ real._U t .... -.. ... teal " .. _u 01' pl'ectlcl .. 

• b,.lcI ... ta ka~'a at")' [106J. 
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The i •• ue of a prolr .. •• "self-knowledle" impacts on the acceptance of 

con.ultation .yatt~ in much the .aae way a. it does upon program performance. 

Decision .. ker. in I.neral. and phy.ician. in particular. will place more truat 

in syat ... that app.ar to understand their own limitation. and cIlpabll.it1es. and 

that know wh.n to adait ilnorance of a problea area or inability to uupport any 

conclusion re.ardiaa an individU41 patient. Moreover. phy.icians will have a 

.. an. fOl checkinl up on the.e autoaated ••• i.tant. if the progr.es have an 

ability to explain not only the r.a.Doina chain leadinl to their decisions but 

also their probl ... olvina .ttatelie.. Rilh-leve~ knowledge. includlnl a senee 

of acope and liaitat1on .... y thus allow a prolra. to know enough about itself 

to prevent iti own aiau ••• Further.ore. since .y.t ... that are not easl1y 

.adiflabl. t.nd not to be acc.pted ... ta-level kn~vledle about representatlon 

and int.rconn.ctiona vithiD the mowledl. ba .... y to'.lp ov.rca.e the proble. of 

prosr ... becoainl tied too clo •• ly to a store of knol,ledle that is reglonally or 

t.-porally .pecific. It i. therefore iaportant tD .tre.. that con.iderations 

.u~h a. tho.e we have Mntioned h.re .. y arlue ill favor of u.ing .,.bolic 

r~a.onlnl technique. even Wh.n a .oaeVhat 1 ••• coaplex approach a11ht have been 

adequate for the 4.ci.ioa ta.k it.elf. 

9.) ~ry 

lis s __ ry, the tr.Dd tovard. incr •••• d 11M ot Imovl_ae .... in_rina 

techniqu" for cHnical deci.ion proar- st_ fra. the tua1 10.h of laprovinl 

the perf o Nanca .!!!l iacr.3i.aa the acc.ptaac. of ~,uch .yst.... Soth 

acc.ptability aad perforaanc:. 1 •• ue • .ust be consid.red fra. the out •• t in a 

syu_·. cI ••• beca.... thay dictat. the choice of _thode loay as auch .. the 

ta.t cI_i. itHlf doe.. M .r .. t.r .. perieac. 1a •• 1aec1 virh the .. t.chnlquee, 

aad •• tll.y bac~ bett.r a.o.a ~hro .. hout the ...tlca1 c.,.,u!':laa c~1t,. it 

1. UM1, tllat va ,,111... iacre_i .. 1, pcNIItrfu1 _loea b.tvaea .,-cUe 

r •• .oai ...... tba alearaau paradta- _ h ... cUsc: .... ed. 0.. le ... oa to b. drawn 

U .. 18 ~be rec:.D1Uoa tbat..eb b_le r .... rch r_i .. to be clone tD ..tical 

c .... ti., .... tbat the U.ld i, .. r. th.. the ... Ucation of •• tabU,hed 

c~tl. techD1 .... to ... lc.1 .r~l .... 

4s!lacp!l ... ..,S· 
~ ",II to tball a. 11_t L. ' ..... J. It ... J ....... Soz .... C. V'''.rhold 
for t""1' t ...... thl ... c. 'a .. ftiew1 .... I'l'.r .nfcs of thia ,.,.1'. ... are 
alto Ira,.f.1 to 11' •• rMl't .. ~... the rew'_ ... for tbelr c •• acr1lCttva ..... _U_. r ..... o. NYlatoae. 
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