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I. lntrodurUon 

niflcial ln1em 0 cncc r-<:s.carch in medical reisi.rn1~making has been 111oli\•atcd b)" '-irst 

is expanding the a a.ilabHh of qm@y health. care. It is becoming increasing? diffku1t for ph:,-rsi ian to 

maim:ai11 expenise. in all the brancbcs of medicine I.hey are tikcly to nm. aero~ in th~ir practic 'l11cy 

mu ;i: rely on the advic:e of con ulting spe iilli ts. of whom there are mo few. xaccrbating the sho ta.ge of 

cxpenisc c a maldisuibmion of what resuurees do exist. Physicians are scarce in mral areas and inner 

cities, panicu!arly spcciaii lS. Practitioners in these localities are often without adequate expert a ice. fl 

is hopoo thal oomputer· ba. cd expert sysiems may be de ·eloped, capable of serving a co s1.dl.ing 

speciali where human experts are unavailable. 

Second is a possible improvement in the teaching of medicine. Designin.g programs rn sirm ate lhe 

bcltavior of c perts wilt require a greater undersumding of the cogniti e processes ia\•olved th n now 

exist . Having better model of th reasoning in me<lkai problem ol ing should a11ow more ffcctive 

teaching of this reasonin,g. 

The third motivation for these efforts is the hop~ or advancing the techniques of 

JnteUigcnce itse1f. 1l1e domain of clinic.al decision-m11king is a cha11enging one, both bee.au " of its 

complexity and its stricl constramcs.: lhe rules go crning the behavior of the human body are fi · d, and 

we cannot alter tl1em to .render tl1c domain more amenable to existing Al techniques. Should m 

lhis field ever be accomplished. it wiU on]_ be through the development of new methods fi .r using 

cornpUEcrs to ,emulate humao l:hought. 

1 .1 Hi rory an.d Over ie, or llle Acid-Ba e and Etc trot e Project 

With these goal in mind, in L977 the Clinical D d ion-Making Group at _ lTs l.abora ory for 

Compmer Science, in cooperation wbh the Tufls . ew England cdical Center. comrncn ed the 

imp!cmcntaLion of an ac:id·hase and ciectroJ_ te con ulmnt s stern [131- This field was chosen bee ltsc it is 

undc-P.>1ood wen enough for there to be detail ed. and s-ophi ticaced models of disease and treatm n~ but 

not so well understood mat me model are complete or easily converted to computmion I Lerm Il is a 

large enough field to pro~·idc an ample tc'Sling gr Lmd for new idea . yet small enough (0 a ow I.be 

construction ofa knowledge base in a reasonable amount of time. 



l 'hc obj ·u ·c of l 1c com pk c con. uhant y. 1c-m i· to m,sisl in the proper u uall managcmclll of e 

patient. he 1.:1s o pacie-11c mwlagemem in lud coll1: ting the n:lcvanl inform tion. identifying 

di ca c proccss(es) r ponsibie far the patient.· illne s, and prcscribiilg lrcmmcm l correct the conditi n. 

·.11tcse components of patient managcmcm do nm ha c clhiefin d chronological bound cs. 

dditional. infon:nalion may be needed to complete the diagno i or because the disease itself I as 

e,•otvcd over time. lncrapy may be u ed 10 pro idc clues to the diagnosis lhrough the patie1u' . rcspo sc. 

nd th patlent's condition. if,sufficiend critical. may require therapeutic intcrvcmion even before he 

diagno i is re oked. The physician tllu fac a large range o · alternative courses of act 

Corresponding.Iy. lhe program must al b _ able to choose among lhe alternatives, maximizing e 

patient's be t 11Hcrests. rom this perspective the cid-Bas.c and Electrolyte Consultant system has b en 

designed wich separate componcots for formiog a diagnosi . suggesting a therapy and deciding w1 ich 

altcrnati e to pursue. odulari:ring !he different componcn fa physician's. knm ledge and expe 

enables us to evaluate our undetStanding about c-ach component and i:heir imerac:tions . 

. schemacic for th entire paticm management system js shown in figure 1. l consists of four m uor 

components; l the Global Decision-Making component, (2) I.he Diagnosi component,(.>) the ·1n,e py 

componem. and , 4 the Patieot·Specific · odd. n1e patient· peci:fic model represen the ta e f the 

patient at an)r gi ·en time. it i the ccmral data tructure with which the other component conduct eir 

reasoning. 

An implementation of the diagnosis component and me paliem-spedfic model was completed by Dr. 

Ramesh Palil. in collaboration wilh Prof. Peter wlovits and Dr. \ iUiami B. Scllw.artt, in 1981 [8]. ' is 

lhcs:i describe an initial imp1crncntation of the ther-ap component, the acid~!!ase and Elec r 

Therapy · dvisor (AB- ) .. The global deci ion-making compone remains to be explored 

1.2 The ·nicrap Component 

Therapy managcrne'm can be divide inw three tep : (a initial therapy recommcndati,on (b) 

therapeutic evaluation and c) ad. plivc rcfon:nulation of the thcrapeulic regimen. We have s · 

concentrated on srcp (a), the initial recommendation, leaving fm later inv ~ ligation me e aluatio of 

prc.•ious inten• ntfon and the refined reformulauion of lherap •. \ e have, however. indud fcatu to 

pr pare the wa_ for I.he addjiion of the latrcr t" o. 



Diagnosrc 
Module 

Decision 
Module 

nt~Spec 
Model 

Therap utic irnervenLions can be further cla ificd along two axes: 

Therapy 
Module· 

acme s. chro fc and 

symptomatic ·• . eliologic. Acute lherap refers to treatment given over a short period from a fl ~ hours 

t-0 se era] days} while chronic therapy refers to treatment which extends over an indefinite pe ·od and 

may require continuou long aerm management of incurable dise.ase. ·rncrapie can also be a.ssified 

along a ymptomatic to criolog.ic scale based on whether lhc therapy i gi en co aUe 

manifc.<;tations of some di ease or to eliminate th underl. ing cause of the disc c itself. 

focus on the acute and symptomatic therapies, le., short cenn ueatmems aimed mainh1 at rdie ing lhe 

ymptom f Lhe patient iUnes _ The scop of the wor reported in this the i is thu .1imite · to the 

initial formulation of acute ymplollllati iliera1n for add·baseand.clectroJyte disorders. 
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Our ohjccti\•c · have been lo t l) md1· and (ormali1.. th lin"ci 1 prattitt t)r acme ;!!Tilplllm Lie 

therapy, (21 e plorc tbc foasjl iHty or using cxistmg J tedrniqu _ to ap~ly lhi formal ization m 

.pccifk field of add-base .ind doclrol;1te disorders., and (3) identify an further mecbaniSrrt'i that ma 

needed for adequate performance i.ll mi domain. Our intent \ a not lo comp1ctc a poii I ed 

highapcrfonmmce c:i:pen sy tcm, but rather to di o er what stands in the way ufbutlding such a ¥Ste . 

2. The Ta 'k Do nain 

This chapter outlines I.be task our program wa de igncd lO accomplish. The fir L ection a 

discu ion of therapy i general induding a fonnali7.ation of ob erved clinical prac tke. The subseq · ent 

sec ion introduces the rcQui ile medical knowledge pccific to the :field of acid-base and cleci:r 

hal ancc. a1 d mention orne parncular charactc riscic of therapy in th is field 

2J Theory or )'mptomatk 1'1mapy 

J n contrast to me open~ended and difficult to define c.as of dia.goosis.. symptomatic the.rap y invo ves 

selection of a pedfic ueatmc11l from the limited array of po ibilities at the plly ician' disposal. Ole 

sel tion criteria are speed and afety. Ing neraJ, aggressiv treatments arc mo t cffe ti e but also ri ky; 

less aggres.si c treatments arc safer. The physidan·s job, then, after identifying which conditions · in 

need of correction, is to ,choose the particular fonn of intervention which best bal nces rapidity nd 

gentleness of effect ext we con idcr how clinician ru;t.ualty pursue this task and pre ent a Formal·· · on. 

of the me:c:bod. 

_J I The CJin'cal Practic ,of Thcrap)' 

Fac-cd with an acucc situation, in emergency room.s. and intensive care u.niLS pby i ians ten 

approach !he patient by organ s;1 tern. 11le functioning of ea h organ system or subsy tern i e ralu 

and if found deficient. each abnormality present is furrher C\'alualcd for the urgency of the nee 

inter ention. 111c dctcnrunatiori of the urgency for an indMduaJ abnonnality · . bas d on the b 

ability to -corrcc I.he disorder wi hout ·i tan e, nd on 1he hazards of a continuation of the condjlioi ; in 

hort,, on the ti ly consequences off. mng to intervene.. ext a !.fcalment modality cun~ ccm wit the 

perceived urge11cy is selected and an estimate is made· of how long it will be bcfofe a notic-eabk r,csp nse 

can be expected. After aU the abnonnalilic have been con idc-rcd. the concction of imcrvcntim i 



cx::iminc<l a a whole tu c,n1rc consi-stcncy. \\ lien some m:'.auncms arc fmmd to ink r ere with olh rb. the 

lower priority u-catmems are modified or drnppcd. coanprchcnsh·c lrt'-,nmcm plan, corrccling · most 

urgem problems first. and indudiag the expected patient respon c For comparison again. t th 

re ponsc as. a test of the treatment's ucc . i adoplcd.. Finally detaifod plan for ro tes of 

admini w.u.ion and follow-up obsen•ation -_ are made. caking imo account c isting fonn of imer ention 

and monitorino, such as central \'cnous. line aaccs':l or on-going rcna] dialysis. A the entire pr ess is 

conducted in an aune seuing, the physician mu l act s~ · IUy. The method· used for galhcring link-a] 

infonnation are l.hcrcforc geared 10ward minimizing unnecessary investigation. 

abnormalitic by ur ency aUows the physician to avoid wasting time and cluttering his/her thh1ki g with 

collecting and weighing unesscmtal informarion; s/he can concencratc on the facts mo t pertioen to the 

siabi1i~_atioo of the patient's cond1tion. 

11.2 ·omrnli1.ntion of he Practice of 1l1crn.py 

The urgency of the need for treatment clear]. plays a central role i11 ilie physician's tbint· 

mu also dominates our fonn liz.ation of I.he therapy process. We metaphorically envision the p 

occupying some point in a space of pos ibk patient !ates ( ee figure 2).. According lo this me 

particu1ar patient is located wilhin lhe space by mapping rrom a description of bis/her condition 

axes of the pace. The space is dMded into regions representing different degrees of tahility. ging 

from stable in the center (i.e., cates which call for no tberape1,11:ic intervention), to critical on the 

periphery. Fu11 defining the relationship between the description of the patient's condition · nd the 

pace of pat.km states is, of course, impossible_ We are limited w heuristics assigning regions o estate 

pace rn pcci fie pauems of clinical conditions. These heuri tics are. in a dtff crcnt language 

gujde! ines an examining p h~itsician u.ses to relate obscrvab le symptom to cone usion about a 

stability. 

Once the region oootaining the patient state i identified, we have an eva1uatlan of tlle 

stability which bears directly on U1c urgenc or therapeutic intervention. The worse me 

condition is, lhe mor quickly we need lO induce an improvement. The:goal ofam, intervemion i 

lessen the urgenc, bring the stability up) one Je el (see figure 2 . The calculatod urgency iliu pr vide a 

cont xt for aJ] larer decisions. Specifically including the chukc of ireatmcnt Adhering to the goal of 

muving up one lcvc-1 guarantro a good balance bcLwce11 peed and fcty for the therapy ul 1matcly 



pH .. 7.4-8 

K - 5.5 

EKGl'lormal 

Mitd renal !a.Jiu re 

4 Crilical 

3 Very unstable 

2 Moderately uns.tabr c:::-- -+-
1 MIidiy u nslable 

O Stable 

recommended, for it ens.urcs that the recommendation will be sufficientl. aggressi e to induc a 

s.ignificant unprovcmem in U1e patient's condition while also being no more risky lhan it need b • to 

achieve such an effect 

The next step is to within the context of the perceived urgency, idenci fy the appropriate trearm m:s. 

from a much larger list of po ibiliti and evaluate each of lhem. Eac'b llas associac.ed whh it risk · nd 

beoefit measures. The particuJar option with the b L combination of risks and benefits, with resp to 

me goal of reducing the urgency, is chosen. 

fter this procedure has been completed for each abnmmality requiring attemion. all me indi i uru. 

recommendations are compared. !f any connicts are discovered. lhe oonflicling recommendaEions are 

adju sled to .arri e al a resolution. if arall possible. 

It should be noted that .in the course of fonnulating rncse recommendation me dosages sped 1ed 

need not be precise because the patient. can be reevaluatc.d during the admjnistratioo of me~ py. 

Further chc initial rnc::ommendations often cannm be preci e hccause of missing parameters, so · is 

necessary to adapt lherapy 10 Ille individual patient by chocr ing an initial do e and 1.hcn observing the 

actu 1 response. If the respo-niie i~ noL as cxpetl-Cd lhc df.scrcpmicy provides the most. useful informa ion 
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for pl;mnin a c rr ·tcd tr ·,nm nt For exam 'l)('. in admimstcrin bi rhon,1lc 81crapy. a physici n mus 

cslimalc the pace of di tribution f bicarbonate in a given patient (bka_rbonalc di tribu es thmu hou a 

substantial fraction of th total body atcr). The total body atcr. how ver. ~,arics significan y from 

p. li.ent Lo palic-nt and i often difficult ro , s pre is.ely. lf th clcctrnlytc arc checked after th inittal 

dose ha been given, the pl1ysician can ea ii. limare b extrapolation how mu h more w u?d be 

required ca a hieve th<! l.hcrapcutic goals. An;, program Lhat recommends thcrap must be awar · of lhi 

ery important a: pccc of clinical practice: i1 ought lo detennine no onl tl1e doc required bu t lso lhe 

waiting time before a rcc,1a1uation and p ible correction. 

The e are the principle upon which our\ urk i. based. Using lhem we ha e been able to co truct a 

program capable of dea1iog with oompl x clectml. re disorders, incl1.1ding interacL1ons et eeo 

physiological sy: cems in a simple yec general and po erful manner. 1t i expected lhal these p 'ndple:s 

may he applicable to other therapy s:i ations. such as acute management of cardiac arrh lhmia 

cardio ascular co11apse:, scb.ure management and neurological carastrophe. acute respiratory i.nsu tciency 

and shorM.erm ventilator ma11agcmem. gastroimestinai hemorrhage, multis;'Stcm trauma. and im edfa.Ie 

poi 011:·control re. ommcndation , 

Speclficall.. excluded from the domain of d1i kind of program as rasks for which our l odcl of 

dinical practice i inapplicable, would be diagno i , intermediate and long·range tr,eacmc t plan 

inv lving sopbi tic ed modeling (e . .g,., phanna ologk) of patiem rcspon e. and 

i part of the diagno tic procedure .. Olher projects which have addressed the c i u . inclu e the igitalis 

Therapy Advisor [3], CASNET i[l5]. and the · entricular rrh. thmia - anagcr [9]. 

2 2 Panku ar on ideration for '\cid· Ra e :ind. Electro]J't,e Therap 

The following brief discussion oftlte c]eclm)yte and acid-base disorders should ufficc for th . reader 

to undcrsmn.d the description of the progrom and the example presented later. ·n1i pUfied 

explamuion o erloo s man~ of the imponant subtleties [ ]. and is nol m be taken as a d finiti e 

exposition. IL hauld nonethclc be adequate for our purpo es. 

The ac.crcontem of the body. approximately 50 to 60 pcrce1u by weight. j- di tributcd et een the 

i1r11:raccUular (within the cells) and excraccllular (oucsid cett ) compartrn n • ilh 'the cxtr cellular 

compartmcm ic 1f being di idcd into the imc1, ifod s:pac . and the plasma. Water moves free , aero · 



c II hounc.larics. rnaituaining osmotic cql' ilibrillm b tv,•ccn the comp:m.mcnt . The eke tr( 1: tes. he WC\ r 

due to diffi renc:es i11 pcrmc-abilily a11d ,'!Clive ion pumps, 1m: di"tributcd a ymctrically. 

fluid contains mostly sodimn chl.oridc and bicarbonate, while pot.I. ium cmd organic anions prcdomin uc: 

in lhe imrac.el! ular fluid. 

Tiw pH of extracellular fluid is normally between 7.35 and .45, and is maintained wilhiri I.hi ra gc 

by three mechanisms: (l) the body buffers, 2) pulmonary regtilation of CO2 conceruration. and (3) r 

(kidney) excretion of acids and a.1kalL AIJ lhrec act together lo handle !.he norma1 dail_ acid l 

maintaining a steady- talc acid-base equilibrium. · food is oxidized both carbon dioxide (cru-bonic a id 

and no,wolaliie adds are added LO I.he c:m ceUular fluid. lmmcdiale buffori11g minimiu: the 1oc:a1 

change, and pennirs transportation of i:hese adds w the h.rngs and kidney for excrclion. Carbon dioxid 

excreted almost entirely by the lungs, and the nonvolatile adds are excreted. sold_ 

Bicarbonate is regeneraEed by me kidney as it eliminates the excess add. rcplcrushin 

srores that were originally depleted by the buffering of dietary acid. 

The essemial carbonic acid - bicarbonate buffer pair is governed by the Henderson-; assclb 

equation (see figure 3). Thi equation shows clearly h.al changes can be expected from both me:Eab 

and respiratory disturbances of acid-base equilibrium. A reduction in bicarbonaEe concem:racion 

cause the r-eact.ion to hi.ft to the righl. thus increasing hydrogen ion concentration (metabolic acido is}. 

whereas an ck ation in bicarbonate c:oncc.ntration will cause the reaction to hi~ to the left, 

decreasing hydrogea ion 0011cemratioo (me1aholir: alkalosis). Si.milarly, a rise in pC02 inc-re.ascs e 

hydrogen ion conc.encration by shifting che react.ion m the righr (respirawry acidosis). and a fall ha.s e 

rcwerse cffuct ( respiratory olkalosis}. 

A sodium i the ion present in highe t oonce,mation in t11e exuace11ular fluid. 

primary dctC'rminant of 1he osmolality of the e tracc11ular comparunenl. 

concentnrcion co,uequerul. have a mi!jor influence on the distribulton of water beLween the intracell lar 

and extracc11ular space . Serum sodium is normally stabilized a£ approximately 140 mEq/L by change in 

ater balance that occur in response lO variations in plasma osmotic pressure .. A slight increase jn od 1 m 

concentration, and i11 osrn mic: pr u re. lead to the release of antid iu re tic ho rmon,, and to a rctcrnio1 of 

water I.hat then rcsto.rcs uonn. I tonicity. Convers.el , a sUght rcducdon in scrum sodium concemra 

and osmotic prcssu re inhibira the rel ease oflmnno:ne and perm.its any excess w ntcr to be cxcmcd. 



fio. . 11, nd r on·I la. sdhakh • IJ• 'il.tion 

Acid Base Regulation 

Hco· 
pH = 6.1 + log 3 

CO2· + H 0 
2 

li 
Lungs. 

0:0301 X pC02 

H + HC03 

li 
Kidneys 

GvD 
Regulation of Carbonic Acid/ Bicarbonate buffer pair 

Henderson• Hasselba.!cll Equation 

As me major intracellular cation, pota ium also plays a significant part in control of smotic 

pres.sure. Additionall;·. lhe potass'um concentration or bod. fluids has an important inRuence o 

cxdtability. Ext:rac:e11ular fluid normally contains 3.8 to 5 m· q of pota ium per 1i r, and intr· cellular 

fluid apprnximatc1y 150 rnEq/ · : chu nly a maU fraclion of the 2500 to 30(}0 mEq of powsiu ·• in the 

body i c mained iII lb.c exr.racelhdar pace. ·m.crcforc rcJatively srnalJ absolute changes in extr ccil Jlar 

concentration, b. producing large differenc in th.e ratio of intracellu ar to extracellular potassil m. may 

have important effec on neuromuscular :activity. 

Th.c pu as ium distribution i partI dclcrmincd by the pH. Hydrogen ions move freely a 

membrane , and are thu . e\' nly distributed tl roughm.ll me body fluid . 

blond cream' H concentration (decrease in scmm·pH i accompanied by an identical chan 

intracellular uid. A H+ cntc the cells, to prevent a net positlvc charge within the cell an 

amounL of K+ musl be dumped om, incrca ing tl1c scrum-k. Similarly. a drop in th scrum 
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rn11c.Tlllraliun of 11+ ri .c in pll). ,mcl th1. rnni:omlL.m drop in intracdh1l.ir llui · , I . c,m c.- a ~hi tlf 

K + into the cell . c.u avoid net n gativc charge. h never H + moves, ncr. s the cdl mcmbran . , · + 

mo cs across in the opposite dirccli( n in order to pre cm a charge imbalance. Since the bo :y· 

pota ium stores arc conccnm1tcd ·n lhe intra cllular fluid. with much kiwcr levels present in lhe 

bl dstream. mo 1cmcnt of a mall ponion of th mtal bod pomssium in or uut f th lls can ha ca 

dramatic effccL on crum· . So any chang 1n scrum-pH i -ccompanicd by a igni 1cant chang • in 

crum·k: at nonnal level every increase of 0.1 in pli reduction of H bj• a factor of 1. 5 cau . a 

reduction of approximately 0.6 m q/ in scrum-k as H+ leaves the ceU and K is pulled in to riep ace 

iL 

Should abnormal distributions occui for an of these eloctrol_ t • a full correcl.ion. while an 

appropriate ]ong-L"nn objective, is generaU not an appropriate hon·tcnn goat lliis is because tile b y 

v.ril] have partiall.y adjusted co lhe imbalance and a rapid return to normal. 1 vels :may result in adv rse 

effocts due to me exce -ive train it. would impo e on the body's regulatory median.isms. TI1c shon-t: m1 

objective is therefore almost always to bring the 1cvcls back Lo normaJ as gradually as is consistent 

lhe need to keep the patient out of immedi ce danger, aJJm ing the body's homco tatk mechani 

adjust as chan.11cs occur aI!d to take over a soon a it safely can. Our fonnalism i well-su ited to 

de idcratum, as the con Lra.tnt of .reducing th.e urgency one step at a lime en ure that ao. imerven 

recommended ould be only a abrupt as they needed t,o be co improve the p tiellE's condition . 

. The. lgorithm 

The formalism pre entcd abo• e for formulation of a . mptomatic lher py recommendation ca be• 

divided into three cc-p : (a) making independent rocommendaition for eacb aibnonnal condition. (b) 

resolving any conflicts due to interactions among ·these recommendations by revising some or aU of tl m, 

and finally (c) co,mbining au the indiYidual therapy recommendations into a compr hen lve trea · 

plan including the modaiil)' of trca1mem. the c rung time and a time for rce\'a uacion of Lhe treat 

and possible corr,cction. (Figure 4 illuscrates the three step ,) For our purpose "abnormal con ·uo1 ' i 

taken to refer lO an imbalance in a single ,electrolyte. so the individual recommendations are ach 

concerned with one electrolyte. 
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.1 Tnil i~11 Recommcn.dat ions for IndMdual . lmormaHtii:s: 

Arriving at a rc~ommcndation for an individual abnormality (t:itc.p a) abon,o:) i itself a lhree-. tep 

proce : determination or urgcnc . inilial ueatment s loct.ion and determination of recheck lime. ch 

of the three sleps is desc,ibed below. All three invohc some son of initial estimate basod on a c de 

characteriz.adon of the patienf condition. which i tMn re iscd fO take into account the spocific feat res 

of me case. This division into subtasks allows corresponding di~·i ion of the production-rule k.nowl dgc 

ba e ( cc lmplemenloli011 chapter for details) i1Ho Iargcl indcpcndcm ·egmcncs. with wen-defined p ·. tb.s. 

of oommunicalion. e have for inscance. a dear!;' dcl.incared body of knowledge rdaled to determi ing 

the urgency of potasSium disorde , another for se]ecting a. specific treatment for such d.i orders. a d a 

third for deu:nnining the recheck times. Three m re distil!ct bodie of koo ledge are relate to 

perfonning lhe same tasks for pH disorders. and so on. 

3.1 .1 Ot!tcnni1:1atio:11 or Urgucy 

The urgency of the need for Iherapeutic intervention pro ide the comcxt for all later cons:iderat 

Based <.1n OLU' obsen·ation •Of dinkian • we chose [O have five l.evels of urgency, ranging from s 

(rati11g of 0) to critical (rating of 4}. A patiem i said to be tab1e when it is within the power of hi er 

body tt) canlm1 the siruaUon, although some miJd assistance ma;i be in order. A critical patiecn: s in 

immediate danger and requires substantial istanc.e without delay. 

Toe derermination of urgenc consisi:s af two ~leps, approximation and refinement. 

app roximalion of the urgency for treaunem of a given symprnm is o burined solely on the bas:i 

se erity. In our case, this refers to the concentration in Ute bloodstre.run of the electrolyte u 

con iderntion. This estimate is tlle11 adju ted, through application of the produclion ru1es to reflec 

specific circumstances of Ehe c.asc. These rul rcprcscm the heuristics mentioned above for assig g 

region· of the patiem state· space to patterns of c inic-al condition . For example. a. palient with mod rate 

bypokalemia (low serum potassium} may start with a 10\ urgency rating, but if the pati.em is al o u 

treatment with a digjtali preparation. the rating wHl be revised substantlaUy upward, becaus.e o 

gre.ater usccpcibitit of a digitaUs treated heart m hypokalemia·induccd arrhytllmias. 

adjusted according m the experlis.e of me knowledge base spcciali:dng in this LJJ:sk, lhe urgency rad g rs 

finalized and made avai1abie for its role in rreatment selection. 



.U. U •termination oflnili:il l ca ru nl Re mmcudatioo 

The fim l p in lrcmmcnt determination i the election. from the program' r pcrtnirc. of those 

tre.atmcn which are appJic;a le I me current case. 'lncs.c actfre treatme,m are chosen on the ba ·s. of the 

diagnosis and the urgenc ra ·ng. Again Lhe diagnosis and urgcnc_ rating arc with r pect ti a single 

cleccrolyw.. as rocommcndation are made for each eleclrol_ te independently before I c1ng combi ·ed.) A 

it. become active. each Lreauncnt i given initial r: ling_ for :ri · and benefit ·n1c c ratin 

dependent n the diagno i and urgcnc · a gl\'cn lf"Catmcnt win have different jn_itial ri k/bcnc t ratings 

for the different contexts in which it can be aclivatcd, The urgcnc~ thus affoc1s treatment sclcc ion both 

through the choice ofacti u-catmcms and through their inirial r:i k/b neflt ratings. 

Once activat.ed and initialized, lhe plausible treaunents ha"e their rating 

characteri tics o the particular we. Much in the d cennination of ur-:g<:ncy. th adju unent is 

accomplished tb rough pplication of a cl of production ru1es specializing in the task. 

electrolytes whose treatments arc a]most completcl y determined. by the dfag110sis and urg ncy. the 

change to initial ratings are minor. or others, with more variation in trcatmen according to th . pecific 

dini a1 c:mH xt, th changes. may be ex[ nsive. Potassium j an example of lhc latter. with ma: .y factors 

in vol ed in the choice of treaanen.t, and consequently lhe potential for pronounced departure . om the 

initial ratings. \ h.h pl-:1, on the other hand. the dcci ion to treat i based almost exdus.lve1y on 1e ex em 

of the imooJa.nce, and once made. c.an be unplement.ed in very few wa s: the initial ratings ace rding o 

urgency and diagnosis are tl1ercfore gencra11y adequate and undergo lin1e change du ing rule 

application. 

fkr all the rule hav~ compl tcd their adju tmen the active treatments are rank-order· d by the 

difference between their benefit and risk rating 'Jne treatme11 with me highe t score largest 

benefi'c ver risk) i then recommended . the treatment of hoice. Should there be a i.ic. trean 

J!e_ risk are preferred; Jf me second highe t ranking rreatmem has a score comparab]e to that the first 

choice, that treatment is aJ o recommended as an a1tcrnatc. Thi safegua.rds ag;dn t lhe imprecis n of the 

coring mcchani m: lhc clinically appropriate treatment would have lo b gro sly misscored m n iss being 

brought co the attention of 1:hc physician at least as an alternate. 



.I. } termination of Re hctk Time 

An initi.al estimate of the rcchcc . time is based on me choice of trcaLmcn and 011 how qu ckly 

mca urable effects are like to appear. "11,e more quick y change is. expected. the sooner a rccvalua[i n is 

in order. 

c.t of rul 

s above, me iniLi.al estimac is modilied to fit the detail ofche current case via applicatio 

de igncd peciftc Uy fur mat. purpose. 111c rul _ are ooncemed wilb factors that 

incre. sc the dangers of allowing the patfont" state 10 develop unmonitored. 1l1cse co11sidcration 

include the cverity of lhe condition, and 1he magnitude of th.c p ible i 1 effi cts of m1e~homi 

undershooting in the attcmpuo remrn m nonnal levels. . he su,gge tcd recheck time added to the cl en 

form ofrrca1mcm. completes the set of recommendations for a ingle clccrro)yte. 

3. 2 Resolution. of Cro trcatm.ent Co me 

1 ny inherent conflictS among lh indi idual treatment recommendations must be resolved b fore 

they can be combined im a single comprehen ive recommendation package. TI1is process. is mitiat d by 

the individual trca.1.mem formulalion module for each ,c octrolyte. whi h may ha:v concerns about __ y of 

rhe recommendations for o her clectr-ol es. A concern is a lisc of conditions which. if pr ent. 

inrerfere with the therapy planned by me modu1e h.a,,ing the concern, i.e., would con titute a co .fiict 

Ancr a] the independent treatment moduJe hav run, the condition are evaluated; tho whic are 

violated by rerommendacions for other electrol tes are activated as objerlions. 

Objection are settled by modifying the recommendation whkh a11e in conflict. The module 1hkl1 

raised the objection a a concern) and tllc one s) whkh iolated it are identified and requested lO vi e 

clleir recommendations to• resolve th conflict. pon rccei ing such .a rcque t, a module will most 

chang lts recommendation. [f, howevcl", th req e ted modification wou1d adversely affect its atte 

regulate a criucal abnonnality me module may refuse. If none of the conflicting modules an? a 

accommodace the objection remains outsta_nding. 11 outstanding objectioos are reported 10 lhe 

unresolved conflicts. In such a c-ase the plly ician ha to choo from among a set of alternatives n 

which arc entirely sacisfacoor . /he mu l decide which asp t of the paci nr's condition i to have 

priority. 
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I l i. hopctl t.hal th i method of resolvi ng, ton.mets among independent rcco1 un n 

applicable tooth r branch . of medicine. a ell. IL ommonly occurs th:u mca ur . to .orrccl <l ffer·c11t 

aspect of a patitnt s condition imcrrcrc \\ llh each otl1er. lf more than one requires immediate a •ntion. 

some sort of cornpromi i n c sary mu h as in the treatment of cl ctrol_ tc disorders. Thi di , 1cu!t 

c-an arise. for example. during 1c use of a mechanical vemibuor. The ventilator provides 'brca 

pre-specified oxygen coment. at a prcrspccifi:cd olume and rate. to patients with poorly run 
rcspi.mcory t m ·. The o umc • nd rate mu riot be t too high, or I.he pre ure will interfe , wiLh 

blood flow imo lhe hean. and pcrhap even rupture the lungs. Ma.in aining a ·ufficiem upply of 

may therefore require a fair] bigh concentration in whac volume is allowable. but mo high an 

concentration i toxic. foan11 hile the p I, hich is influen<:ed b. the rate of ciimiTiati,on of CO • must 

a1so be k.ept \ ilhin narrow bounds. One way to resolve th"' c comp]rcations might be to have 

modul.cs respon ibk for the pr1; ure, 0 2 concentration, and pH. Each c-0uld recommend 

settings tha would be tisfactocy with respect co its own. paramet · r. and rais objection to the 

favored by tlle other modules. A long as ea.ch could predict the impact of any partic11.dar v 

· eu.ing on it . own parameter, and could de[ermine to hat ,extent th patient's srn.bili.t. depend 

aiue of that parameter., they could conduct lhe same mt of ne0 otiacion use.d in the presenc pr ,, 

3.3 Pina] U1tific.ition or R 1.:omn1, ndations 

Finally. after conflic ctwcen treatmen . have been re oh•ed to whatever extent · possible all the 

individual rccomrnendalirms. are c.ombined into a single comprehensive therapy package. This acl:ag•e 

designares pecific therapeutic intervention a ~ ell as wbcn an.d what fallmv-up examinations to crform 

in preparalion for reevaluati,on. 

3.J.l Unific~tion of Therapy Mod a if es. 

The combining of ther.p~· modalilies involves consideration of c.01wenience, chemical ·me· 

and availability of standard so]utions. The main facror in com·cnicncc i minimization of the nu 

distinct romc and tim · of intcrven'ti-on. Existing IV Jines are taken advamagc of. and any 

solutions arc combined a much as p0ssible. The exislencc oF [V Unc(s) may also be reason for 

an oral therapy to an imravcnous additive. 



hc.·mical imcracLion: play a limiting rnk in lhc comhinat.ion of solution . Ca re mu l be La .en to 

avoid po~sible im r. tions among lhc dfffcrent preparations. for example Nal-lC03 an CaCI n ay 

precipitate if gi en simul1.t1ncou ly. 

An attempt is made LO use stand. rd olution because pedal formulation of sollltion not routi1 lJ 

a,1ailablc im:roduccs cbe possibility of error. and also mean~ a pmc:ru.iaUy harmfo! delay. 

3 . .,.z. Unification of Red1eck Timcs 

The oc-0nd half of the c.ompriehcnsive package i [J1c foHow~up recommendation. The indcpcn nt 

recheck requirements for each e1ecrro1y1e are translated into a series of bedside examir1a1ioos nd 

laboratory testS designed m galher an the iofonnation that wil1 be needed rn reevaluate the tre-aon nL 

Convenience consider-a ions similar to those memioned for choo in~ therapy modalities are also irn•o1 ed 

here. It is desirable, rrom both the patient's and the physicians points of view, to minimize !he takin 

blood samples and ocher forms of examination. Consequent] the mcas-urcrnents for each elecuo1 te e 

combined into a minimal number of lab re, LS selected frnm the randard repertoire, subject to the ti ng 

con train ts imp sed by the differem recheck rc.quireme,nts. 

The final uggcsti.on for when to rcconsuh i:hc promm for evaluaLi.on of the palient s progress nd 

the appropriaten of the treatment i taken to be the tirne of the earUest lab tes~ as this is based o e 

recheck requiremems or the elecuolyle(s) being measured. Once the t:1nitication is completed. e 

recommendations are p.resen tcd lO the physician. 

4. The Imp l m entalio.n 

ABET has been implemc:med in a.clisp [7] (using the SB [l] and Bra:ndX [14] extensions w the 

language) at the IT Labora~ory for Computer cicnce. lnc program· knowledge o medicin is. 

encoded in production rules. But unlike other ruJc~based ex pen s stem [2, 6, 12] An r does not se 

goal-directed backward~ o:r fon ard-chaining m identify applicable rule secs. Instead. as discussed a 

(section 3.1) we have divided the ,overall task into a number of relatively imp?e and isolated ubta ks, 

and hm1e relied on this partitioning or lhc probkm ro select the appropriate rules.. The mies dcafing ith 

each subtask are pad::a1ed logcth~r. and the mies wichin an~ package may be execmcd in any or er. 

\Vhen a package of rules is ca.Hcd to pcrf orm ilS u hr.ask. each rule in it ITicd exactly once. f[hc c ·,re 



pac:bgc ma! he called ;1guin ir Lh dee rnl; Le ic Jc: · h. wilh i im llhcd in a con fli tJ Tli our . urp isc, 11 

run.her organization of rule wa found necessary. Shou1d further i:h~\ ll?pmcnl prmrc lh is sm.ictu · to bc

inadcquaw, however. ihe program could easily be modified m intmduci::: nc\ rule·. ekctlon l chni 

There are lh~ kind of rules. one each for lhe three function of the inde ndent 

elcctrolyre·specific modules: c:le[ermining lhe urgc11cy, the initial trcacment recommendation , nd the 

recheck times. Tock fom1ats are imi1ar. F..ach rule cmdsts ofan id~Dtiner id), a Usl of prcdicat s, a li t 

of action • and optionally a me age. TI1e id, an imeger. is used. for keeping a rocord of whkh ru1 ~ have 

fired. The predicate portion h lhe same fcmnat for each kfod of rule. and is described in 

section, on patiem&spccific knowle<lge. The acdons are different for each kind of rule,. and arc d 

in the ubsequem section. The message is simply a text string wh[ch is p:rintod if the ru1e fires. mostly 

u ed to a:1erL the physician to the presence of a condition \1 hich calls for some precaution. 

4.1 Rfprescntation of. .and cccs to, P tient· p,ccitk KDowfod e 

faC"tltualJy as the comp]ew patient management '!i}'Stem for atid&base and electrolyte disorde takes 

!,ape, the therapy component { ll 1, Lhc diagno tic campo11cm (ABEL). and me mp leliel 'ecision 

module will all use the cenlralized Pa1iem~ pedfic Afodel EO .represem what is known about the tate of 

the patient This muhi-Je~·et cau al description of the patient'·s condition. discussed in [S] was d signed 

for cxattly such uses. BuL for ease or de\·e:lopment. AB has been given i c n temporary - an much 

impfor • representation of tile patient ta.Ee. 'Ini allow u to defer the d:iifficultics of workin 

opera(tal'lal interfac.<: and instead concc~rra[e on the ma:re immediate problems intrinsic m the erapy 

c.omponem itself. lore details on bow we expect to use ABEL's Padem·Specific odc:1 can be 

~ccti n 6.3 (Suggestions ror Further Work). 

\ c simply consider the state of th patient to be ummarizcd by a collcctio11 of de: 

characteri tics. Each characteristic is associated with a value, which may be a number, an English ord or 

phrase. or u-ue or false. The comple[e catalog of pa.Liem chara<::teri tic i hown in figure 5. Nos rucmre 

L impo cd on thi set~ there are no explicit relatio1.1ship between c:haractcri Eic •1 The on]_ op rations 

l. There are imp! iciL r-el alionships in lhal the al ues of smne charnct.eristks are calrul11ted rrom others (sc lilelow~ 
and an: thus most.rained to meel some rnatliernal.ira! relation. hip. Bul be)1ond the original deri mlom of e value 
lhese \ink are not present or exploited in any explicil mauner. 



1n ihinn 1.hes clHW Lcri~ti1.: · . Lhat cat:h 111al be gh 11 a value (t;pic,il\y through the u~er anS\'.Crin a 

quesLi.on). and each may be a·kcd its \1ah.1c lypiodl~ for c aluaLinn oh rule·s.prcdicate). 

query for the value of some charnctcri tic wi11 be handled in on nr three a. . J f the valu 

a1ready known. it is simply returned. Jf it is not known but ca11 b . in erred mm 

queries arc generared for their valnes, the inference is made from the answcvs. and the inferred wifo 

both rcwmed and stor d for J,ner reference so the infarenoc wilt not need lo be r~pealed . llc third 

J, ig. 5. 111e patient cha ractcri tks 

C .~ nctgristk 
rum~k 

serum~ a 
pH 
Sl!rnm-g1 u.wse 
K.dillgmosi 
N Ldiagnosi 
pH_diagnos.is 

K._lenlpcha.r 
a_lempc:har 

pH_lempc:lmr 
EK:G 

renaLfunction 
dig_lherapy 
IV 
npo• 
hospil.alized 
s-eizures 
respirator 
body_ weigh L 
CHF 
tluid_outs 
dehydration 
K_excess 
ECF_deficii 

~ 
<a number> 
<a number> 
<a number) 
<a number> 
low_K. nom1al..K. lligh_K 
I ~ _ a, nomi.al_ a, high_ a 
normal pH. .respiratory alk.alosiis, 
mei.aboJic al l:alosls ~ chloride responsive~ 
m La belie alht · • clltoiidc unresponsive. 
respiratory a.ddosis. metabolic acidosis ~ acu.te, 
mcuibo! ic ac:idosfs ~ ohronk, 
meuibol ic aciclosis - RT A type: L 
melabolic acidosis - RT A type Il, 
melabolic acidosis - RT A type IV 
acute, cllronic, neither 
acute. rnronie, neither 
aane, chronic, nei[her 
nonnal, abnonnrn. wideoed-QRS, 
pe 1:ed·T-w.w , U-wa 
non mild, moderate. -vere 
<yesorno> 
(yesarno) 
<yes or no> 
<yes or no> 
(yes or no> 
(yes or no> 
(a 111m1ber> 
none. mild. rnodern:te, severe 
<a number> 
none, mild, moderate, severe 
<a numbei:> 
< number> 

Source 
asked 
asted 
iilS'ed 
asked 
inforr Kl from scrum-k and dig_therapy 
infe['l'led from serum~ a 
asl:ed 

asked 
asked 
asked 
asked 

asked. 
asked 
asked 
asked 
asked 
asked 
asked 
asl:ed 
asked 
asked 
asked 
inferred from serum-k. pH and body_w ght 
inferred from s.erum_ a and weigh 

"in the case ofrenaI function, what is a 1ually ia1Sked for is !he er :all.nine el >ai!"',UlC , rrom wl'lfch one of the lisled ,rds 
is chosen to describe !he degree offenal failure 

11011 per orum, tmable ro Lake medic.nio:n by mo1.11h 
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when a va uc I. mil kt10\ n and c,mn t be infcrr d. hen lhc user i. 1skl'tl [o ~uppl ; the inf rm, i m. It 

returned and . lor d for lalcr rdcrcnce. 

V hem asking question of phy ician h t importa11l m conform to common me kal imc ogat.i\• 

cylc; hould the program appear to be prescndng question in a random w:· incohesive man er, che 

phy ician v.rill assume it ha no c:oh(.' ivc idea of whac jt's looking for. Evemuall . when I BPT i 

com1cctcd to the diagnostic c-omponem B . que 1ions will be directed through BEL" info ation 

acquisition module, which will collcc the inquiries and r1 ure that they appear in an a cptabi 

Currently quc tion are ju tasked as the;r come up,, but it should be noted that the_ tiU do tend E 

in a coh rem and medicaJl;1 appropriate order as a re.suit of the organization of rules into sepa 

concepluatl. oohesi e groups. 

lost queries occur in I.he cou~ of the e\1aluation of the pred:icaLes in rules. The predicate portion 

of each ru.le is a li t of on or more inruvidual predicates, all of which mu t. be true for the rule co ire (i.e .• 

for the act.ion specified in the ruk to be carried out). A single predkatc i a triplet, consis ng of a 

relation, 1.he object being fes1ed (th patient de cription or a particular aspect of it} and a value [16]. A 

predica{e may be negated by pr,cc,eoing it with 'not" rr the re1ation i one of lhe charac: risti used t • 

r-epresenc the patient uue, the meaning of lhe predicate is · Does I.he object ha e a value, for mis 

characleri tic equal to tha:t specified as the third part o the triple1?" An exampt.e of lhi kind of, ,edicate 

is [dehydra ion patient_state severe ], which a k whel.her the "dehydr-ationi'' characte istic for 

me paciem has a value of •severe. · 

The relation may a1so be ·•greater" or "le.fil ," appearing with an object referring to 

characleri Lie of a patient descliption, in [less [ se um- pat i en _state] 3. O . The r 

relation ·' . .. pr cnt." Pred.ka e u ing the ••presem" relation have a. I.heir third part the n 

charac cri tic who e only possible alu~ are Jrue and false. For one of these characteristics. ra . 

asking the awkward question of whetherit value i equal to ·•m.ie," one simply ask if the charac 

present: [present patient_state hospital 1.ud). 

ingle 



4 . .2 Acti n or Rule 

·nu: diffcr~nr,; in t:hc acliuns f tile three ind if rule reilcct rh d!ffcircncc in cbc data struct 

used to represent the urgency. the 1:rc-a1:mcm choices. and the rochcc rccommcridatitm. All three in 

me sort of scoring. Wilh each, ome initial rating is adju':ited by whichever ruk appty to Lhc case. A 

hiswry records a!I changes made to th c ratings ~ whenc\0er a mlc modil'ic 

to a li. t of rules~ •hi h ha e changed dm rating. 

This history is specifically designed 10 allow us, in the fumrc to pro,·ide c~lana1ion of 1e 

programs decisions. If c cry rule natl associa[ed with Ha s,entencc or two giving the ratioriale behin 

actions, then a.justification of the rating ' initial \'aJues followed by the rationales for each of the rule at 

bad cha11gcd lhcm would c..onstirute a fairl;r comple.1.e account of the process by which the program ad 

ar.r1ved at its re.commendations. 11 that would be m.isslllg is an explanation of the deci ions made by the 

objection handier and the funnel. 

The following section describe the action of cl1e three kinds of rules and the data structures · ey 

affect. 

4.2J Urgenc. Ru1cs 

ln tll,e detennjnation of urgency, the urgencies corre ponding to all possible values of the el.ectro I re 

under consideration are calculated snm.1ltane-0us1y. The relevant data trurrure is the urgtnt}I <ettot see 

figure 6). Each element of the urgenc0 vect0r hold the urgenc_ rating for a pre-defined rang 

e1cccrol;rtc serum fo\·cls, with the complete ecoor covering the entire rang,e of possible values. 

pmassium. for instru1ce, the lowest range is for s.erum-k less than 2.0 mEq/L the next i for scru 

between 2.0 and 2. , and so fol.th to the highest, which is for scrum·k greater than. 6.7S. AU the elem nr:s 

are initialized M pre-set values w itb high urgencies at the extremes and low ones in the center. :"he 

action of an urgency rule i to modify any or a11 of the ah.1cs in the vector. A wide ·ariecy of operat ns 

m do so were initially implemented. e have found, however. that tl1c only one we till use are 



ubtniccion. the · lllng t rn or-;. and ceping of U1c lll \ 1uc ll]1c null upcnitiun). 

l}pical put.a ium rule and ils action arc hown in figur 6. As ca11 be ccn from its prcdi 

rulC' i in 1okcd if the patient i ta kin a digitali pr paration. hs aclion arc to sel floors on lhc 

rating corr ponding to ?ow le els of pow ium and to lc.·we unchanged those corr ·ponding 

levels. This rule mbodies the medical foct that digitali tr atmcnt incrca: c the h art· su epti · iHcy to 

hypol<alemia-induced arrhythmi . n one n. e, thi . rule can be aid to cncompa three di tin t rules 

a mchange to urgency ratings for three different ranges ofserum-k. (under 2.4. 2.4 - 3.5. ".S ~ 4. ). Our 

u e of the u:rgcncy vector m calculate urgencies for all ranges imu1tancous1 thus anow u to c bine 

"·eral similar nd imo one, ma.king me knowledge ba e more compac1 and more undcrstandabl 

Once all the rules hav,c been tried,, the element of the urgency vector corrc ponding to the 

scrum level of the efoctrolytc under con ide-ratio11 · taken to be me urgency for trcatmcm witll re pect to 

!hat electml te. 

4.2.2 r,eatmen Rules 

ln ttea.un,ent eleclion on the basis of che diagno is and the previousfy d Lermi.ned urgcnc., et of 

specific interventions is activated. Each lrea ment has i own name. and .as each is activated it 

initial risk and benefit rating al o on the ba is of the diagnosis and urgency. The trcaunent rul 

·these rating The actions Ii ted in a treaunenl rule designate hich tre.atmen ·s rau.ngs lO rn 

unlike the format of urgency rules. in which null opcr.ation.s mu t be retain d as place-keepers. on y those 

treatments which are affected must be 1ncludcd, and they may be li 1ed in any order. Eae,h action onsi ts 

of the name ofche treatment and instrucllons. for modifying the ri k rating and the benefit rating Many 

kind of modifications were con idered but we again found ii sufficient Lo allow subttactio11 nd me 

cuing of floo · . f the creaunent is not active, nothing is done; if it i active. its rating are up ated as 

2. Th array actuill y used to represent !he urgency oclOr bas two enufos for each one oflhe ranges describ d in lhe 
le.xt Thi is LO pr ven ambiguili in lh rating for a range~ hkh has been subLracted from by on ml a d llad a 
floor l o il b,• anoUm. Th convention i.·e use · l.haL n..>gardless of lhe real c:hro11ological o:rd r of I.he rute 
11pp1ica1ions. !be rating for . ch a ran e is as !hough all o:f I.he setting.s of floors had o,xurrcd l:JeJor.e a of the. 
· ubu-.iction . On enu-y is used lo keep track of each kind or opemtion: one for Lil sLncte l (biih ' t) floor and one 
or th 1.0t.11 o an sublf".t lion . W nonclhel speak of a . ingle urgeru:::y rating for I.his range becau · an Lime its 

rating is rcque led. the o ,set is a1.1wmaucall sublrnCted from I.he lloor. Similar hidden mechilllisms ru: 1.1sed in 
scodng for I.be ueauneoL and recbeck re~mmendations. 
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(add_urgencj_rule '([present patiant_state ~ g_therapy]) 
'{(atleast 4) (atleast 4) (atleast 3) (atleast 3) 

(atleast 2) (keep) (keep) (keep) (keep) (keep ))) 

Range Serum•K Urgency ve.cto Rule applied Urgency vector 

(initlal) (dig lueapy present} (alter rule application) 

0 < 2:0, 4 2.. 4 4 

1 < 2.4 3 1... 4 4 

2 (3.0 2' l. 3 3 

3 <3.5 2.. s 3 

4 <4.0 0 ) 2 2 

5 <5.5 0 0 

6 <5.85 1 1 

7 (6.45 2 2 

8 <6.75 .'.! 3 

9 )6.75 4 4 

indicated in the action. For notational c:ompactne we use a posiri,te number for tting a fl 

negative number for ubtracting. and a O for speciffng no change. 

A t pk.al treatment rule and its effects are hown in figure 7. This mle from the sodium mo le, 

fires if the serum· a is 125 m .~q/L or le and 1h patient i uffenn,g from seizures. tlli would b an 

extremc_y critical iruation. I.he role' act.ion i to fa or the mo 1 agg:re:ssi. e intervention for low sodi .m. 

It sets me tienefii:. rating for 3% aC] (" r a low-rapid JV'') co a least 5 . .and makes urc thi trea 

i known to be slightly risk. b. secling a floor of 1 on its risk rating. Meanwhile the ru1c ubtracts 4 

the benefit rating for the second mos I aggressive trcatmcn for h }'PonatTCmja, •· a, low· tow JV " d 

)ea: es its risk racing unchanged. 

described ill tion 3.1.2. the acth•e 1.rea:iment wirh the greatest difference between i benefit nd. 

risk ratings afler all lhe rules have been 1ried is considered the treatment of choice. and if the next est 

treatment has a score comparable to l.hal of the firs.t choic • ic i recom m nded an hernate. 
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Fig. . !\ Lr ·• Ln. t-nl rule t nd ii apl)lic:ili.on 

(add_trea.tment_rule '([less [serum- a patient_state] 126] 
[present pet ient_s . ate sei zuresJ} 

' ((I .a, low-rapid rv :1 t 5) ( I Na low-slow lVI a -4))) 

-

lreab"nenl 

!'lame 

Na, none 

Na. low-slew oral 

Na, low,mod oral 

Na, low-raptd oral. 

Na. low•slow· 1v• 
Na, low-rapid 1V• 

Na. NS• 

Na, 05hailf 

Na, half NS 

Na, h;gt..oral 

Na; high- IV 

Initial scores 

ris.l\ benefil 

0 0 

0 0 

0 0 

0 0 

after rule app1icatlon 

risk benelil rlsl ber.erl 

0 0 

0 0 

1 5, 1 5 

0 0 

AL urgency = 3 veiy uastabk ), and with a diagnosis of hypon aLremia. I.tie starred •) Lreatments are activ · 

4.2.3 Recft ck Rules 

The format of rhe ac tion for recheck ru?es is simpler since only one variab1e i a.ffocte . The 

recommend d recheck time. wi11 be a \'a:lue betwee11 0 and '6. Zero indicates a. reoom.mcnd tion to 

reconsull in an hour or wo; fl 'C indicate a waiting time of one co two week and i indi ates no 

follow-up i needed (for the clcctrol;-te under con~idenuion). The imcrmcdiatc tcp vary by ough]y 

two-fold per step. TI1e initial vaJue for recheck time i ba don how quickly ihc 1:rcauncnt of mice is 

expected lo produce. noticeable effects. Thi c timate is men adjusted by application of the rech 

which are concerned w'th lhc imponancc of monitoring the development of the patient Each ccheck 

rule may add to or subtract from lh.e existing value, or set a ccili11g. A t. pic;:al recheck rule can b seen in 

figure 8. This rule slates tlrnt if the patient' pH is k than 7.2. a ceiling sho1.1ld be placed on the recheck 

recomm udalion of one tot o hours (recheck time "0"), and am age printed for the user. re •"nd·ng 

him/he r of th c ricy uf 1.hc situation. 
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Fig, 8. A r ·ch •cl.. ml 

(add_recheck_rule ' ([less (pH patien _state] 7 2]) 
' (nolon9erthan 0) 
'!Severe ac1dosis requires rec heck every houri) 

4. . onmc · Resolution(' :11.c 'Objcctio111 Ha:11dfof') 

s discussed in section 3 .. conflict. resolution begins with the rai ing of concern by the in depend nl 

module re ponsiible for each electrol y Le. concern ls rai cd when the potential cxLts for anot er 

module to rcrommcnd treatment which would interfere ith that planned b the m ule having e 

concern. The modul each have a concem generator which runs aftci:- the module has reached its 

initial rooom.mendatioa. The concerns it raises depend on the pa1iem' condition and on the pr 

module's recommendation. As the other rccornmc11datio11s are not~ el nece sarily availab1c. it canno be 

kno11 n whether I.he prcdktcd interference will actually arise. Consequently a concern must includes e 

test, o be performed after all the ini "al recommendations have been made, for r,ccogni?Jng whether , e 

potential conflkt actually arose as foreseen. A concem conststs of (a) a name. m identlfy the confli :t it 

addre ~. (b) a description of the condii:ion under which the potential interference~ ould arise, and ( ) a 

1ist of which modules can resolve the conflict by r vising their ree-onunendaLtons, typical1. 

having the concern and the om: responsible for the interference. 

After an me independem modules have given their initia1 rccornmendalions. the objecetion han 1er 

considers whatc er concerns have been raised. Each one whose test conditions (_part (b), above) are 

present. becomes an active objection. The objection handler lhen as_ks ca h module in !he Ii of 

diSputants (part (c), abO\'C) how willing it wou1d be m settle Lhc objeccion by rcvi ing its rccommendat on. 

The· modu1c respond with a number from O to 4, wfth 4 indicating absolulc refusal. If e ·ery m 

asked refuses absolutely, the conflict i considered kreconcil ble and i reported to the u er who 

mu t decide wllich module (which aspect o.f d1e patient' condition) to fa or. 0Lhcnvir c lh~ m 

which responded a being most y,-, ling is instructed to carry out. the necessary modifications 

3. This method for resolving oonmcts i imifar lO I.he '"goal protection'" scheme usoo by acerdoli (]OJ to preven the 
planning process for achi .,,ing one goal from imerR ring whfl lhc p'lannln lbr anmher goal. 



rernmmendatiun.4 p.in frnm rai i11g i u\ n con cm· cacl1 module is thu. cx1uipped tu decide 1n Lhc 

basis of the current clinical situation how witling it i · lo ch::rnge its r~ommcridacion lO rcsolv some 

contlLcL, a wen as actually proceed with the modifications. 

To clarify Lhc operations involved in connict :resolution. let us con idcr one example. the inte ctian 

bc[ween serum·k and pH. Recall that an incmi. c in pH causes a substarulal drop in serum·k. and a 

decrease in pH causes serum·k to rise. 

ht its initial recommendations, the potassium module- assumes a conslant crum·pH. On of ics 

concerns will be that ff s.crum~p l is abnormal, U1e pH modul.e may recommend treatment to ch nge iL 

\ hct1 the objection handler considers this concern. it chocks lhe pH recomrncndation; i the pH 

ex:p-cctcd oo change because of the recommended intervention or for some uscr~rupplied reason 

the program' domain} the coocem is made imo an acti e objection. The potassium and pH mod ks are 

idenli Red in the concern as capabte of settling the objection h. re ising tllei.r recommendations. so each is 

men asked how willing it would he [0 do so. 

The respons<: from the pH module i imp y the pr~·ious.]y dclermincd urgency for pH. 

one exception: acidotic conditions wim urgency 3 respond wii.h a 4.) Sa che less srable the patt or, the 

less wining the pl-1 module is ro accommud;ue:. The response from tlle potassium module depend on the 

direction of ibc e;;pcctcd change. If the shfft wou Id tend to alleviate the potassium problem (bring 

erum·k closer to norm.al). the answer is0: the K~module would be more man happy to ha e an a 

the shift, ou]d push. erum·k further from normal. the re ponse is the urgency rating for the p · icted 

serum·k, which wil1 be greater tllan or c.qua1 w tb.c current rating. 

Jfbotb re pon are 4, the conflict is reported lo the u ~r as unresolved. Jf not. the more wilUnc 

module i i1tsm1tted to modify its rocommcndatio . 5 bou]d this be the pH moduk. it will Cllt ack its 

recommended intervention to pre cm aggravaling the pOlassium disorder. Jfit is the pmassium odule 

il will in mo t c.ases prescribe a new treatment based on the p rcdictcd blood chemistry. 1l1e exec ,tion is 

4. h1 case of a Lie, the modul~ wh icll comes firsl on Lfle I ist is chooen. 
5. Currently. one moo11 e · chosen 3.lld in trucu:d LO change ils recommendation enough lo reso]\le lhe., nflk.t. 

Although it h~n t ;·et berome aec~ry. we e;i;pect. we wjll e\lenmally need Lhe capability w have SC\'eral 11odules 
each modify Lheir recommenduUons I~ drdSlically, aud Ou.1.s ~Ive Ill conflict by cooperathrdy meeling p lway, 



that when the patient i currcml_ critical (urgency = 4), ic will not lessen the a__ggre ·j\•eoc o it 

recommendation e,,en iftbc prediction is for an improved crumak; we c;:m.11 t afford to wait. 

4.4 · iin::11 11ificatiOll (l'fie' unn:cJ") 

111ere arc two parts to the final combining of lhe independem recommendations: unificatio of 

therapy modalities, and unificatio11 of follow-up rccommendalions. 'The emphflsis m unificatio · of 

therapy modaH,tics is on combining multiPle l ' solutio11 into a single carrier with additives. By ca 

w mean solution uf aCI and/or dexl:l'ose with rnnicily dose to tllal of tlie blood tre m. 

· dmk1istralion of such solutions has little effi:::ct on blood chemisi:ry, so dissol ing smrul quantitie of 

more potent substanc in carriers is a good· ay men re safe coacemrations of the additives. 

The first step i to identify a carrier. The treatments for pH or for sodium and water balanoe ay 

.already iovol •ea uitab1e sohuion, and if owe just use thin. Otherwise we choose a carrier. Th.e de 

is ·· .□5\lil," an isotonic 5% (by weight} olurion of dextrose. Ilm ff blood sugar is alr"ady high, we .ins ad 

u e "½ S" (''half~nonnaI· a!inc' ). a aCI solution with tonicit.y ha1ft:ha:t of the bloodstream. 

Once settled on a carrier, the additives required by the arious rreaunent recommendations mus . be 

considered. Some can simply be mixed in (e.g. moderate amoun , o.f pow.sium chloride for 

h;rpokalcmia); some require their oY.rn line (e.g.. i monic hydrochloric acid for se ere meta 

alkalosi ): a few require pccia] co11sjderation. Bicarbonate supplementation, to aJJe,~ate acidosis, i in 

the form of aHC03. 'Thi i added to me c..anier. but the presence of the accumpan_ ing sodium • ay 

necessilate switching to a carrier wich lower sodium contem. nd when large amounts of potass um 

chloride are needed immediately, mixing. h wilh lhe c.an:ier ma be mo -slow - a pecial arrange eot 

k now:n as a "piggyback" is used inste:ad. 6 

6. Piggybacking refers lO rm infusion Lhrou_tll an established inuarenou calhel r ronneoted lO anolh r bout A 
Y-slrnped piece of tubing is inserted imo me main tubing; ilie p.iggybacked solution is run in one branch or I.he ·Y" 
Blilcl the main solution il'llo the oilier. The mix.tlllre llows out the bottom of I.he ••y .. ,111d into lhe patient Piggyb cks 
aie used when mm1y d iffcrcnl sol mion: ha\·e 10 be inf used o\1er a shon peri.od of lime.. when u.rgenl 1.reaunents ust 
preempl ongoi.ng Jess urgent ones. or when highly concelllrnted solulions musl be used. 
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11lfication of foUow-up rttnmmendaliuns invt)h:I! chmsincr :mc11 of h cJ idc '1nd la nalury 

tests to galhcr the in fonnrition thaL wiU be needed l . evah ate the lrc. um:lll when the pro ram · 

rec on ul tcd. c lcclion of b cdsidc cxlnli n a1ions i q u ilC! simple: each of the p h ysica1 te ·ts the 

knows about is associated with a prcdic-ate. 1 f Lhc prcdica1e is true. lhe test is suggested. · · 

dchyd.ratcd patient., iL is suggested mat urine output be monirnrcd: patient suftering from · ddosis 

should have their r pinuory rate wacched~ e.tc. 

Choosing labor.nor~• tesrs is a matter of minimizing the taking of blood sampk 

availability of timely daw. Each of me independent modules will ha,·c decided 011 a recheck tim for its 

clectrol. le. ny two of these which are within one rep of each ther recall that each step re resents 

roughly a doubling of the waiting time) are combined into a ingle blood sampling. Then the act al te: ts 

to be perfo11ncd are chosen. For pH, there are no deci ion • an an.eriai blood gas is rc.commc , decl at 

whate,H!r lime lhe information is needed. But for other semm eiectroiyte.s, any of several test · ay be 

spocifled. They var. in how long they take. and in how broad a raJ1gc of clectJolyres are repone If the 

potassium module had asked for a recheck in two hours, and no other electrolyte need be kno 

so soon the recommended test is the /K determination, which doesn't take Jong bUl only re orts on 

sodium and potassium. 011 chc other hand, if the potassium module wanced a recheck in 24 hour , and at 

that cime in fmmation on calcium wou 1d also be needed. dle suggesred Lesr 

which reponson ii electrolytes and ra es the lab about half a day m process. 

S. An EJ ample 

The case description for our example is sho\!in in figure 9. Whb respect to acid~base and el trolyle 

balance, the patiem s most pre sing problem is severe acidosis.. Toe potassium level is slightly l w. and 

c-an be cxpecled co worsen considerably as lhe acidosi is corrected. Treatment is a1s.o nee y for 

moderate dehydration (and its attendant hypernatremia . Obviously me undedying diab es and 

pneumonia. require attcnlion as well. but that is wen be. ond the domain of 0111 program. 

The exampk is presented and commemcd on step by u~p. Underlined Leu indicates user riput in 

response to que dons; anything not underlined is program output As discu ed above (in sect n 4.1) 

although we ultimately c:i:pect ABETs interrog llon to work: through an informaLion acquisition odu]e, 

for no, ir simply asks for lnfonmuion as. it I1eeds it. 
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Fi . 9. · ·,15 • Ile crip i n 

A 65 year old man wi.th a liistory of diabetes, mellitus controlled 
wit diet, hypertension trea.ted ith a diuretic, and mild conges ive 
h·ea rt fa i 1 u re pres.en ts to the emergency ward with pneumonia 
i;omplicated by diabe 1c etoacidosis of two days ' tluration. 
Phys'lca.1 examination reveals moderate dehydra.ti 011, rapid breathing, 
fever, and s,1gns o,f pneumonia. X-ray examina i 011 of the chest and 
.sputu e.:(a.minati:on are i:::o sisteot with pneu cnia. Urine and blood 
studies a.re cons is ent ,dth diabetic k.etoacidosis. He , s admi te,d 
to the hospi al for fur her treatment. 

The fim s-tep, 1s the formulation or independent recommendation for each eleclfol;rt.c. Figu 

how U1e a<:ti icy of lhe p module. The low pH of 7.15 cla sifics tb patient as '',,ery un rable,.' an 

urgency rating of . Given ·mat le el ofstabilit • and the dfagno i of actlle metabolic acidosis, there i 

choke but intravenous administration of bicarbona{e. i.e., I.he active 1reatme11ts consist or only 

possibility .. Thi treatment. · pH I _HCO3_fast,' need to have i , rate ofadmini.stration compu[ed.. 

do so, d1e program first ask for 1thc patica s pCO2 and bod. ,..,,eight then calculate a crum·bicarbo 

of mEq/ 1 · hon. of the ideal 2 mEq/ . ulliplicd into the bi arbanate 

f approximatel 0 of body weight , thi lmpltes a weal deficit of 80 mEq. Our injtial goal is to rep ce 

half of that. or · 40 mEq. At 44 mEq p r ampou]e, 51.,1.! ampoutcs wou1d be needed but tll.ree is the 

maximum we can afel. add to a one liter solut1011. The recommendation i therefore to di 

ampoul . of aHCO3 in a liter of DSV . Tlle presence of mild congcsth•e heart r; ilure triggers a mes - e 

to the user abou1 the hazardous possibility of O\lerloading the circulamry ystcm. Finally, lhe mini , al 

recheck time of one to tw,o hour- i rcc.ommended, due lo th s vere acid 

in the Comments" area i from I.he appropriate recheck rule. 

Figure 11 hows the formulation of the sodium reconune11cl1.uion . The UghU~t high crum scxtiu of 

148 causes an initial ur11,cncy rating of '( 'mild!· un cable" . The EKG information i needed toe al ate 

dlc predicate of a rule which ~ -- most rann lo .. c:ritica1" if th~ KG is a nurmat Crhe cooditio , of 

silius rachycardi.a, while refiecting an elevined pul e rate js considered normal ror our purpo cs.} . e 

next question is for a rule which ubtracts. one from lhc ur'"'enry ratings for · evcral ranges if the diso dcr 

is chronic (and ff the EKG is nonna1 and there arc no sciz-ur . ),. 1el.ther of these rules applies i our c . e. 
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fi . 10. hadepcntlcnl Rccommcndati n.s: pH 

ormulat·on of Independent Reco -mendat1ons 

•• considering electrolyte PH••• 

A. Urgency Determination 

pH: 7.15 

Regarding electrolyte PH. the patient is classified as: very unstable (grade 3 of 4) 

B. Treatment Selection 

What is the pH di agn cs is? rpJ!,:t.abo l iic ac"il dos is - acu:te 

recommended: 
IV bicarbonate as 1.26% solut on ovsr 3- ~ hours 
pH,IV_HC03_fast 
benefit rating: 5.0 
risk rating: 4.0 
score: 1.0 

pC02: 20 

DO Cy weight ( K,g}: 1.Q. 

Cale ated serum bicarbonate 1s 7.0 
Base deficit is 17.a mEq/liter. 
To al base d~ficit is 480.0 Eq. 
Initial dose is 3 ampoules of sodium bicarbonate 
Ad inister as 7.5% solution over 5 minu es if the patiant is coding. 

Otherwise add to one liter of 05W and administer over 3-4 hours . 

Comments: 
on1 or carefully for congestive heat fa lure from salt overload. 

C. Recheck. Recommeridati on 

recummenda recheck t·me: one to two hours 

Com ents: 
Severe acidosis requires recheck every ~our 

Th.e dehydration qu cstioo iUustraccs one of the program' con enience f eaturcs. 

has associa1ed \ "th it a rst of possible values. [f the an wer to a question does not match any 

v Im: , the Ii t of choices is displa cd and the question i a ked again. Beside catching . ping er rs, of 

feature mak ic · for the user lo get a list of acceptable re ponsc A all /he need do is enter so 1ct11ing 

whith won'c mateh any oft.hem, such as the questi.on mark in the example. 



Fig. I l. hidr]l ·ndcat l,t • 01mTic11dalioru: ndium 

• 0 considering e l e,ctrolJte NA •n . 

A. Urgency Determination 

Na: ill 

EKG: sinus tachycardia 

h the sod i urn di so r de r "ac ute''. "ch r<10 i c" or 'neither"? ~ 

Degree of dehydrat i on: 1 

Please enter one of the following: ONE, MILO, MODERATE, SEVERE 
DeQr1H1 of d ehydr at 1 on ; m_pd rah 

Regarding e 1 ectro 1 yte NA, the pat i en is cl ass-\ r i ed as: moderately unstable ( gr de 2 of 4) 

B. Treatment Selection 

ls the patient unable to take eclicat1on orally? a 

ser m-91ucose: 50D 

recomm.ended .: 
0. 5 normal sa1in B - rate to be ca lcu lated 
Na, half NS 
benefit ra ting · 5 .0 
ris rating: 1.01 
score: . O 

Deg r ee of coni]'est iv e heart fa 41 ure: mild 

c real in in e c 1 earanc,e: 1!lQ. 

Estimated deg ree of clehyd rat fon i s MODER A E 
CHF "' MILO 
nm a 1 f uoct ion - NORMAL 

IV rate is slowed by f actor of 1.5 
Cilculated opt ima l IV rate is 400.0 cc/hour . 

C. Recheck Re commendation 

recommended recheck time : one tot o ho urs 

Comments~ 
Moder ate dahydratio~ reduces recheck time 50 per cent 
mild CHF reduces recheck t ime 50 pe r cent 
Mo~erate illness requires recheck in 8 hours 



The eventual re pons of umnde le"' dch. dr.11iun Lri.gcrs a rule which '.eL, the urgcnc_ lO ait 

Hie moder tc dch. dration im.l.ica{{' mat even t.hougl1 Lhc c-rum sodium is hi h. Lhc paliema tuaI 

sodium d.cfi ir mer i little nough fluid for a I .. ithan nomrn.l amoum of • dium to yield a lligh r than 

nonnal concentration. 

o th _ rruJ are applicable. and the fl na l u rgc ncy rating is 2. 

For treacment election. apart from what we al.read_ know. there arc question about scrum lucose, 

and about whecher the patient is able ro take mcdtca1inn by mouth. Had the patient been unable £Otake 

medication orally, pe-rhaps due m persistent omiting, all therapies which depend on that rout would 

have been tricdy ru]ed ouL ll e scrum gluco e influence th c.hoicc of carrier. The high t sc ring of 

lhe active tfeaunents bi half nonnal saline. Before c.alcuJating its rate of administraLion. the 

need co know about the prcscnc-e of renal failure (measured by crcatinine clearance) or congesti c hean 

failure. With moderate deh. dration we ouid like m administer 500 cc/hour. bu the presence f mild 

conge ti ·c hcan failure fo~es us to lo do, n to 400.. 

The rechcc · recommendation i again the minimal one to two hour. can be recn fl m the 

commen in the example. the urgency of 2 moderate illness} c · a maximum of 8 hours; this 

cut in half by the presence of mild congestive hean failure and again bean: se of the 

dehydration. 

derate 

Formulation of the pota ium m::ammend. tion i shown in figure 12. The serum· of 3. 1• being 

lighlly low. giv u an initial urgenc. rating of I. The urgency rules for potassium are concer with 

heart fu11ction and whether rhe disorder i acute or chronic. ince the patient is not taking digitali· . and is 

already kno n lo have a no:m1aJ EKG, we are not as worried as we might be about hypokalemia- nduced 

arrh thmi . Oo the other hand we are more conccmcd than we ouJd be if lhc condition were hronic 

because in chroni.c slruations the body gcneraU. has had a chance m partiall compcnsal.e for an 

abnormaJ electrolyte level. 1l1c final urgcnc. rating i .just, hat, e tarted with: m·!dly un table. 

For treatment of mHd hypokalcmia, u1ere are several oral and inttavcnou mcll .ods of 

supplcmemal:ion. wjth varyiug rates of effect The fact that the padem docs not currently ha . an IV 

gi a slight dge 10 the le intrus.i c oral t11crnpics. fibe funnel will realiz _ that the odium nd pH 

,nodule m: recommending intr.:nrcnou treatments, so if the pow ium module cho e an oral rhcrapy 



• ~ considering alee rolyte K • • 

A. Urgency Determination 

ls the pat i ent on digitalis? n 

Is the potassium di sor ae r •• acute" , '' ch ron 1 c '' or ''neither"? ~ 

Regarding electrolyte K the patient is classified as: mildly unstable (grade 1 of 4) 

B. Treatment Selection 

Does the patien have an IV? R 

Is t~e patient hospitalized? x 

Estimated potassium excess~ -630 

recommended: 
KCl tabs, 80 mEq po qD 
K,1ow-rapid oral 
benefit rating: 5.0 
risk rating: 0.3 
score: 4.7 

al so consider: 
KCl, 40 mEq TV over 24 hours 
K, low-slow IV 
benef1t rating: 5.0 
risk rating: 1.0 
score: 4,. a 

C. Recheck Recommendation 

recommended recheck time: one to two weeks 

hersc. the funnel would probably switch it to an l additive anyway.) ere the patient suffering f m 

rcnaJ failu~e. aggres. i e trealmenlS would be very risky. bm we alrcad is 

normal. T11e lat coa idemi.on is the mag,nirude o the pma ium deftcit. Ahhough the serum-I< is no rar 
from normal the ~ry low pH indicares a large actual honage of potassium. fa oring 
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im rvcntion.7 ii these factors combined make the most aggressive or the or, 1 therapies the u-cat cnt of 

choice. with lh low t fth IV th rnpies a dose ccond. 

he recheck r-ocornmcndation i a rather leisurely one lo cwo week de pitc lhe ad.minim·- ion of 

potas ium supplements.. bccau the urgcnc raling is stilJ onl. a one, and no drastic chain 

expccled.. This picture wm be dramatically altered \ hen the objection hanc:Ucr considers the cffcc 

recommended rreauncnt for pH. 

Figure 1 show" the efforts of the objection handler lo 

and pH module o er the scrnm-pH. The potassium module. as a mauer of routine, had raised a. oncem 

called "K HIFT DUf.._TO_pH:·· just in case the pH hould change enough to shift significam a ounts 

of potassium in or out of the cell . o evaluate thi concern·s. activation conditions a i 

potassium hift . it was necessary to pred.iC't the p t TI1e program made i own prediction by 

lhat lhc r,ecommendcd pH treatment would bring the pH halfura_ back to the nonnal 7. from its 

value of 7.15. The user concurred wi1h Ihis e-sci.mate. which was then used m predict a new e 

2.22. Thi is inde d a ignif:icant shif~ and the concern became an objection. 

The objection handler then a ed the pH and pota ium modules how w1Uing each wou[ 

revi e irs recom.m ndations. s discussed in ection 4.3, l:hc pH module. whct1 i · fa ing an acid 

an urgcnc of 3 or greater, f sponds with 4. meaning 'absolutely not." Toe pora ium module, . acing a 

pl change tl1at ,.~n worsen tl c scrum~k situation (push it further from normal), an wers with the irgency 

rating 1.hat would c.orrespcmd to me predicted serum-k. In thi case. that is a 3. incc the p 

response was lower than tl.ie pH response. the potaSSium modu1e is directed to re ise its rccomm · 

in light oflhe fi ct that ·the pH recommendation wiU be allowed to stand. 

ium 

7. This consideration of Lhe pH ought not be tollfused wi Ill lhe ki lild of t:ross·modu le c:on fllclS lh t are deal witll by 
the objection li.andier. There we me cxmcemed willl imeracliv em c ca~d by I.bl? interi.•ention reromm nded by 
anolher rn dul - bj lion· are rais cho pi1• .nt c:hang fr m hap 11ing b hind the :urreril modute·s baC: • clue to 
th action or olller modul~ Here. n lll~ oll'I r hi!lld.. e are cone m \\1th th· tati m ting effect or p -I on I.he 
body's lot.al s1011 · or Potassium. V e arc simply a q1.1iring a more complete pictur of th . currenL pola5Si11m litmnion 
than is po ·ible fruro 0011 ldcmlion sole1y uriJ-1 serum-k. 



Fig. I • Connict n, olution 

Objectio Handler 

predicted pH (estimated at 7.28 based on pH teat ent recommen~ation): 1.2-8 

concern K_SHHT_DUE_fO_Ptl activated as an objection 

pH ~11lingness o revise: 4 
K willingness to revise: a 

Re cons i oe ,r i ng 1K 

predicted K: 2.22 
new urQency rating: 3 

Worsen·n9 of sar m-k is expected on the basis of the predicted pH 
charigie. Correction of K disorder s.hou1d be delayed until th ,e expacU-d 
pH change occurs. 

8. Treatment Selection 

Estimated potassi rn excess K -630 

recommended: 
KCl, ta mEq IV over one hour times three doses 
K,low-slow crash 
benef1t ratiog: 5,0 
risk rating: 2.0 
score: 3. ll 

Comments: 
•n WARNING: This level of llypokalem1a. may be 1i a-threatening! 
The patient should ave an electrocardiogram done now and serially 
to evaluate the degree of physiologic hypokalemia. 

C. Recheck Recommenda:t 1 on 

recommended recheck time: 4 to 6 hours 

\Vhat foHows is a rerun of the potassium module a: umin° chc predi.ctcd serurn·k. 1bis time a · ry 

aggressive I lherapy is chosen. With aa urg ncy of 3 the recheck .recommendation i . dropped ro 

hours, and the user is cautioned um ta start until the prcdicccd change aci:uaUy occur, le l we pump 1 rge 

quamiti of I Cl into a patient whose erum-k. is a1ready near normal. 

O11c tep remain : the unification of recommendations. Figure 14 hows. the fimne1 in operat on. 

The p(i recommendation i pa .d through un.changed. On consideration o I.he od um 

recommendation ( 00 cc/hr of 1h . to aUc iat•e volume depletion and odium deficit). it i disco 

Lhat. the bicarbonate olution already planned for addosi ill al:so atis y the sodium uea ent 



o ~ccti\'C . Ill me of -3 0 cc/hr · lo c n 1.hc 4 ) cc/hr recommended for olurnc depict.ion. nd the 

sodium in aHCO3 wrn utli icml. rcdu c lhc . odium dcfici inc,c llhe bicarbonate i fusion 

ad .quuely serves the trc .. 1Lmcn objectiv. of bmh Ehe: pH and sodium recommendation. th ~ 1 

oJution i ·imply dropped. And the pma ium suppl.ement, becau it require rapid ad.minis tion of 

cone nmted KC!. become a piggyback on lhe bicarbonate lution. 

1ext come the fo11ow·up recommcndatio1r . The prescn~ of dehydration, h_rpok.alern a, and 

acidosJs can for the c - ide examinatinns shown. for laboram ce ts, the odium and pH · odulcs 

ha e askc-d for rccon u]tation IO one [J ·two bours. and the potaSSium module in four to ix hou , I Since 

the pot~ imn requ.e t is on1y one 1.cp longer than the others. rather Lhan ta e blo Lwice the . rogram 

recommend ch.ed:ing aU three in one m o hours. lt ugges · the a/K dctcnnination for odi m and 

pocassium, and an aneriai blood gas for pH. al] from on blood sample. llrn condud-c lhe case. 

F i_u. 14. un·fkation ,or RecOllUmrndations. 

------- ------ Final Unifi cation------ - - - - -

Comb · n ed tre at111e nt r ec ,ommen d,at ions: 

IV Solut1on1 flt.: 
NaHC03, 150 rnEq (three a pooles in 05W, one liter) to run ove 3-4 ho r s 

IV Solution #2 : (piggyback onto IV Line #1) 
KCl, 10 mEq in 50 cc 05W, torn over one hour (three doses). 

Recommended bedside exami~at1ons: 

F o-r dehydr a: t fo : vi ta l s i Q4lS, 1 u ngs, heart, urine outi:iut 
For hypokalemia: wea ness, electrocardiogram 
For acidosis : respiratory rate (watch for fatigue) 

Recommended laboratory tests: 

For potassium and sodium: Na/K determination in one to two hours 
For pH: arterial blood gas in one to two hou rs 

END-Of-CAS'E 



6. Discu sion and Conclu ioH 

6.'I · ur ey of · he rap, Programs 

Paarlicr alt mpts m prescribe thcrapJ· , ith I tcclrnique~ have often b n subsumed in more gen ral 

consultalion programs that also conduc[cd diagnosis. Two such program 

written for diagnosi and treatmem of infectious disease ( Cl [12]). and of eye dise s 

{CA N ~T/GJaucorna [J SD. Two other projecrs have concentrated entirety on treatmem: lhe Digi 

Therapy Ad ·sen [3]. for management of patients receiving digitalis preparations. and · M [2], for 

ma nagcmcnt of paticms on vcnti1ators. 

6J.1 , yci.n 

MYCJ specializes in diagnosi and rrear.meot of bacterial infoction of the blood tteam. It ses 

associauv<: triples to represent me palient-specific k.nm ledge. aod production rule..s for its med cal 

knowledge, Each rule consists of a se[ of premises and a conclusion. The imcrpretation is that if 

prernis.csare known to be true, the condusion is raken to be partly conflm1edwith a numerical m.easu 

ce:rtaint . ·The same ru]es also direct the f1011 of control through goal-directed backward-chaining. ' e 

highest level goal is Eo dctcnnine i the patient i suffering from a :significant infection ~ hich shout be 

o-eatcd. and if so, ro selecl the appropriate cherapy. Th.is goal. lik.e an others. is pursued by first rerri.e, · ng 

aU me rules which sr.aie the goal as their conclusion. SequenUally for each rule in thi set, fYCIN 

attempts to confinn the goaJ by evaluating the premises of the ndc. lf the vaJidity of a premise is 

already available in the data base. then d tcm1ination of the premise's vaiidHy itself becomes a goal e 

program recursively pursues this new goal in the same manner. applying another set of rules. 

resulting tree structure of hierarchical goals eventuall, rea hes the level of primitive fa<:cs. If tr;1ing all lhe 

app1kablc rule for a particular goaJ F; ils to either conclusively confirm or deny it. MYC[ 

for the dinic.ai infonnalion l:hal wm esrabUsh lhe validjty of the goal. 

TI1is backward·chaiDing goal strucmre aJJow effidenc problem solving, but il also diminishes the 

modularity of me kno ledge base, as ic. becomes. necessary m consider tlle intcraccions between r Jes 

during problem sohring Rules must be wrin n whh an eye to ards their role in dynamic 0011structio •af 

I.he goal structure as en as lllci r role ju representation of mcdica 1 know ledge. 



6.t.2 NET/Glaucoma 

TI1e Glaucoma program u e the C S ET lhcory of representation of causal k.no ledge to · rform 

diagnosis and therapy of c. e diseases. cdical knowledge is represented as a neLwork nodes 

corresponding w physiological tam linked togel:her by transition probabilities. tates 

associated w hh supp art valu~· indicarrng how trongly c nain m,c J1esults v,crff: the presence or 
The traJ11 ition probabiiiti a.re used m d~.cidc which tatc would be mo t fruitful to i.nvesti 

while the support \'aluc are used to score states for confumatio11 or denial Diseases are rccog ized by 

comparing the pattern of confinncd and denied stale to tho . of known disorders. The therapy 

ahernative arc then eval uatcd through the same technique used for diagnosis. · n.ew causal n :work. i 

constructed around 11odcs represcm:ing the variou therapies, and the.ir effects are pr-obab · i tically 

propagated lhrough the network to determine which of th riginal disorders wouJd remain. 

CAS Ers explicit reliance on causality is ad,rantageous. People sc-cm co prefer know ng why 

omctlling happerrs to knowing merely thaE. under the circumstance it does. A program that · arks in 

these familiar tenn i more like1y to appear sufficieiuly reasonable to be accepted by ph stcians. 

Moreover, perfecting the performance of such .a program is a plau.sible goal, because any errors t makes 

in classifying a patiem musl uhimacely be relared ma t1aw in the causal model. The misraike 

correctable by adding more tests to distinguish the erroneous. case or cl.is.aggregating ome . ta in i:he 

ne·twork mto several 1:0 give a more detailed model of some aspect a the disease. lo a more s ' istlall 

oriented approach such loca] refinement wou1d be difficult 

6.1.3 Digitar Thernp 1h isor 

The drug digitalis is commonly us.ea to, uengthen and/or stabiliz.e the hcanheat Unfo 

even stiglll overdooe have lOXic effects. ince parieiu sensitivities vary and the signs of to 

subtle, digitalis is difficult to administer safely. Toxicity occurs in 20 per cent of all patients rcce 1,ring the 

drug [4]. Although experienced cardiologists often achieve a Far lower incidence of toxici . other 

physicians having less familiarity with the drug and the igns of its effects may encounter more 

of to:dcky. The Digicali: . Therapy Advisor was dcvdopcd "iLh hopes of prcading more w· eJy dle 

knowledge of cxpen cardiologists regarding digitalis use. thus helping less cxpcricnc~d physician use me 
drug cffectivc}y. 



"111c program build a palicmTs.pocil1c model invoh1ing both a rom1aI, qllantitalhc ph nnacoki. 

model, and qualiuuivc. clinical dam. ll men uses. [he padem mod I 1~ fonnulat.e < n iniiial d 

regimen. specifying a goal for total body stores, and loading and maintenance do cs calcu1atcd wad icve 

and maimain that go L ln a conlinumg series of consultations\ ith the ph ·ician. lbc program car 11y 

monitors Lhc patient' clinical responses for sign botb of tox.ic and U1 rnpeutic eff'ccrs. 1 patient n 

and de age ., ommendalion5 are updated through a feedback proce s. The patient' actual re 

provides increasingly cxacl guidance as rn his/her drug sensilivity and rate or absorption. ano an 

increasing!. accurate paLient model and dosage recommendation 

The program·s main improvements over earlier attcmpc.s in this field are t ofo]d. Fi in 

furnm1ating its initial dos.age recommendations. it takes into account paticnt·spcciflc: factors that I ight 

increase digita]i:s en itil'it)1
• through the patient pecific model. Second, in the feedback process that 

refines its patient modd tie program makes use of cUnical as wen as quantitative data. The 

nonquantitative clinical information, although harder for a :program to c:odify aoa work wi • if 

interpreted properly acwaily provides.a more rele ant portrayal of the patient's condiuon. 

6J .4 M 

Mi a program for the management of patients receiving vemilation as isra.nce. Such patieors eed 

to be weaned off th ir \'Cntilators, gradua.Uy increasing the demands made on their own rcspu mry 

systems. V uses MYC[N-Hkc producaon rules for both k.nowlcdge rcpre entation and contr 1 of 

program flow. TI1e main difference i that VM u e. forward-chaining instead of 

backward-chaining mechanism. That is. the rules to be nied next are sclect:ed on the ba · 

premises wh.ich have just been confirmed, rather than on the basi of having goa] wl1ich would co 

lhe premises of rl1e role which has just been trie<l. The strategy .is "What can we prove with mis?," r mer 

than "Ho1 can we prove mi ?" 

Ukc I.he DigitaUs Therapy Advisor M mode] the de clopment of tlle patient through time. The 

inclusion of time is its ma.in improvement on tllc MYCI -s.tyle rules. Premises oflcn ask how 1 g a 

certain condition has h!:Cn mcL But VM's model of dc\lclopmenc i limited b · its low lev I of 

differentiation among patients. It attempts IO guide each p:uiem along a fixed path of improvc1 <:m, 

which varies only according to the type of ventilation a sistance and a handfu I uf patient characteri tics. 



Wi.thout more ncxibHit . . il j dimculc. m be rcpared for LhC" emir r ng of ii cl nuati,on Thc.e 

imitalion re not. howc er. intrinsic LO VM . fondamcmal approach agan' thesis doC!S mention 

pos ib le ext nsions to p rnv idc more patient sped fici lY. 

6.l valuation 

'I hat B .. [ mbodic is the first genera] approach to therapy of aculc s. mptomalic prob m . lo 

panicular. thi task ha been accomplished for the domain of acid·b e and electrolyte diso dcrs via 

dccompo. ition of me problem inm m mber of conccptua1ty imp le step, . ABETs pcrfomian e, while 

,adequate for an exploratory demon tratioo project, could certainly be impro ed throu 0 h ad µtion of 

mne of the· mchnjques developed for the other therapy programs. Use of causality, whether in e fonn 

of the CAS TE'f representalion or in tl1c form of DEL' . cau al link could. lend our program de per 

unde randing of i domain. Its ·11owledge · now targel_ phenomenological, withom explici · 

g:h1en for lhe c-orrcspondcnces between clinical condilicms and prefe.renccs for certain urgency 

or specific treaLments or rcchtt times. The rule expressing these correspondences are often id ntifi.able 

with particular piece of tandard causal mcdica reasoning, but the caus.al reasoning itsclf is n 

exploited - iI h been transfom1.ed tnco Ebe rule set and i pr nt on1y implicitly. Explicit in 

the medical reasoning behind BET' action wou1d enhance th.e program's clarity and a]low i[ handle 

unanticipated interactions in a principled manner. as wen as easin the dcve1opmeril of ex hmation 

facilities. 

Mycin· backward-chaining mechanism gi e it an effecti e: goal structure far more tlcx bl than 

BET's control mcchan· m. We had ori 0 inally anticipated needing sorn thing siinilar. Ho -ever, as 

discussed earlier,. the <:Hnical practice of acute symptomatic therapy has a natural decomposJti 

aUows us to perform the task without an elaborate scheme for sequencing of operations. I uld our 

program prove unabl.e to d pt D lmfo:rescen dinicaJ comple ·itics, a ocw method for rule select on could 

easily be in erred. 

A weakness of the pmg;ram as it stand is the absenc of quantitativ reasoning. ulations 

are performed. bm on1y in th.e peripheral matter of ascertaining the va1u of ccm1i patient 

characleristic.. 1o quantitative modeling i perfonncd to pre.di.ct the effects of thcrap· • s under 

consideration. nor to analyze the efficac of pre1tlou y admini rer l:hcmpj . Much could b learned, 
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in thi respect. from ihc Digitalis ·mcrapy Atlrisnr and i pl:rn.nna kinetic modeHng. 

And BJ--:-r needs a conccpcion or time something It· c those of lhc Digitali ·111crapy dvi ur nd 

VM. ln the ori ina1 proposa1 or the cid-Basc and · h:cuolytc Con ulrnnt System [13] initial tbcr ·py 

formulation is viewed as only the first of three steps in tlllc treatment procedure. lt mu t be followed by 

an evaluation of the p dent's response and an 1111 p rD\'Cd reforrnufa.lion of the original therapc tic 

regimen. Before it can he an effccti e pan of an overall patient management sysLem. I.he ther p:y 

component wil1 h.ave to understand the paderu progrc through time. perceive the inadequacic o its 

own rocommendacions. and know how [O adjus[. The Digitalis Therapy Advisor, in partiC1.Jlar, has b co 

very soc,ec ful at u:-acking the patient through time, because its patient model is He:dbJe enoug lO 

represent the subtleties of a specific patient's development 

In one sense, however. these criticisms .are irrele\•anL TI1e completion of a s, 1cm capabl of 

e:itpcn·Jeve1 performance was nut the intent or thi prajec:E. We v/ hed co explore the feasibHil) of 

applying A I techniques and particularly a cenain domain·independem model ,of me therapy pr ess 

(that outlined in the Task Domair1 chap[cr) to the field of acid-base and electrolyte balance. What we 

have found is promi ing, The program itself ha achie cd a basic ]e el of competence. using sbnp]e 'nd 

hopefull;• gcneraliz..ahle melhodalogy The field of acid·base and c1cc-tri ]ytc balance has been prep 

for further work. and our model of the therapy process has shown itselfapplicable to at 1ea tone dom in. 

The raCI that other projects. aimed specifically at high-ieveJ performance in a ingle fie Id of medic ne, 

have been ucc fuJ with tcchnlq ucs we have failed to use is an mdicmion of how we might impr e 

BE:r's performance. il does nm:, however bear directly on the successfulness ofour m n project. 

6. · uggcs.dons [oli Further '1 101'! 

The current program's continuing uscfulnes.s as an exploratory research tool requires a \lariet 

improvements, some minor and ome ral.her ambidous. A Few of tllese have been discussed above, in e 

cou r c of comparing BET to other Lhcrap y projects: use of causal and q uan tit.a ti c model , adoplio 

a more fiexiblc. goal trucwre, and incorporation of some sense of the palient . dc v lopmenL thro gh 

time. ·111ere are also a number of other po sibilitles. 



few dirccl :ncn ion lo whaf h en dune. irnplc bm nun 1hclc likely lo i Id interesting c·ulis, 

, ouJd be Ille addition of mor ct tru!yc [o AB -:. rcpcnaire, and uial of the obj lion han er on 

more cxlcn ive interactive dlbcts. 'lncse would allm a more thorough lria.l of me pr 1gram•s 

pcrfonnance in its targe[ domain. Other <:xlensions. requiring new facilities but little change 10 the 

exi ting program wo~11d include an explanation generator and an inforrnalion a.cquisilion module These 

improvcm:cn . although having little impact on ABET's performance capabiUties per se, ~ 1d be 

essential prerequishes m the program's acceptarice in 1.hc clinkaJ setting . .Physicians would re:fu , quite 

reasonably. ta heed the ad ice ofa program which could not explain its reasoning in their tcmis. er ' which 

did n.ot appear LO go abou1 the task ofinfonnation gathe_ring in a famUiar or convcnlional scy1e. 

ModificaEions of a more fundamental namre are needed io help AB ,- more c]osely irnu 

cogni. ivc prncess ofactual clinical practice. Some art of verificatioP or con istency·C'hocl: oug t to be 

done on syrnptomauc findings. The program ought m notice and question further wheo ondiuoo. which 

don'l genera.Uy coincide seem to be simultaneously present in the description of the padem s -e. To 

recognize this son of situation reliably may well require a deeper functional understan 
1

mg of 

ph ysio1ogical mechanisms than the program now ha . It is perhaps possible that the deeper kn · ledge 

embedded in tlle diagnostic comp-0nent, ABEL, could be utilized to determine the plau ibilit.; Io the 

patient srare presented m A BET. 

It \\1]1 also be nocessary tu exlend AB s eicpertis~ lo etiological treatments. We currenlly ision 

doing 'o by lm•ing B L provjde a simple causal network dcscrjbing che mcchanl$m unde:rl 

patient's disorder, distilled from J~1 's more elaborate Palient~Spt>eific Model [8]. We would ti: n srep 

through I.he nelwork and select the ~arlicst point at \ hich we could intervene, whecher it be I node 

r-cprcsenting a dysfunctional tate or a link connocting two suc-b states.8 After choo ing an app 

mean of interi,.enlion, we pred.icr: how the acute siwation '-I ill evolve in light cf our tre.11unenc, arl 

the s_ mptomatic portion of ABET to the di fficuitic- that arc expected to remain. 

8. A similar rnelhod for isolating and lreating Ille cause of a disorder is used in I.he Cong ti e ttean Failure 
program [S]. 



Ma11y of lhc-sc impmvcmcnts. will uccur as a consequence 1f oupling ABEf rn Lhe re L of e 

• dd~IJas.e and Elecrrulycc Cons.ult.ant } tern. \Ve could then employ the fo_dlitic alre.ady present in _ e 

B diagnostic component hs inform,uion acquisition module could ensure a mcdican appropr 

ty1e for our qucslioniag. se of its quandtm:i e modeling capabilities could improve AB 

understanding of the effec of therapies. - oth those projected and Lhosc actually administered, 

acce. co ABEL' sophi ticatcd causal models would be multiply advanrageou . lt ould facilitate .c 

extensions described abo,1e inm etiological treatment, oonsistcncy-chcckfog, and generation 

explanations, as weU as a11owing a principled appmach lo unanticipated situations and e:nhandng 

o erall clarity of the program 

A BET ha been an cxplorato.11• ITort into lhe feasibiH[-y of using ·· 1 techniques in the dom.ai 

lherap y for acid-base and e 1ectro1ytc disorders. The pcrfonmmce of the program. while far from lbat 

human expert, is sufficie1 tly good lo establish !he possibilit of achic ing genuine expertise. gi en e 

improvements oul11ned above. 'More importantly, we ha,•c devised a genera] approach to the fornmla 

of acute symptomatic therapy and demonstrated its appiicabil ity cc at least one area. Whether 

fonnalizati on 'Will he as widely applicable as we hap~ remains to be seen. 
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