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Abstract

Calculatingthe daily changingcompositionof parenterahutrition for small nevborn in-
fantsis troublesomendtime consumingoutinework in neonatalntensve care.Thetask
needsexpertiseand experienceandis proneto inherentcalculationerrors.We designed
VIE-PNN, aknowledge-basedystemin orderto reducedaily routinework andcalculation
errors.VIE-PNN wasredesignedereral timesbecauséhe cliniciansacceptedhe system
only whenit savedtime. Themostrecentversionof VIE-PNN usesa HTML-basedclient-
sener architectureandis integratedinto the intranetof the local patientdatamanagement
system.Sincemorethanthreeyearsall parenterahutrition plansarecalculatedusingVIE-
PNN. Evaluatingthe systems performanceandthe userscontentednessye compareds0
nutrition planscalculatedn parallelusingVIE-PNN or a hand-heldcalculatoy retrospec-
tively analyzedmore than 5000 nutrition plansstoredin VIE-PNNs databasend evalu-
ateda userquestionnaireNutrition planswere calculatedin a meantime of 2.4 vs. 7.1
minutesusingVIE-PNN or the hand-heldcalculator Errorsandomissiondn the nutrition
plansweredetectedn 22 vs. 56% anderrorsin the VIE-PNN’s plansoccurringonly with
interactvely changedralues.Reviews of storedplansshav thata meanof 4 out of 16 pa-
rametersvereinteractively changedVIE-PNN waswell acceptedMostimportantreasons
for the successfubperationof VIE-PNN in the daily routinework weretime savings and
robustnesof the system.
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1 Introduction

The planningand calculationof an adequatenutritional supportfor meetingthe
metabolicrequirement®f sick or prematureneonatess animportantdaily routine
task.lIt is time consuming heedspracticalexpert knowledgeand experienceand
involvesthe risk of introducing possiblyfatal errors[5,7,15,16].The daily time
requiredper patientis approximatelyl0 minutessummingup to morethanone
hour for a eightbedsneonataintensie careunit (NICU). Approximately5-50%
of all parenterainutrition solution (PNS) sheetscontain calculationor omission
errorsrequiring recalculationor even remixture of the nutrition solution. This is
costlyandrequiresadditionaltime of physiciansandnurses.

Computerprogramssupportingthe calculationof parenteralnutrition plansare
availableat a few hospitals.Most of themare designedor adult or pediatricuse
(e.g.,[10,14]) without giving specificconsideratiorto the specificneedsof new-
borninfants.Therearea few pediatricprogramsfor parenterahutrition planning
coveringalsothe groupof newbornandprematurenfants[6,11,12].

Suchprogramshowever, do not cover the specificmetabolicandnutritionalneeds
of extremelow birth-weightnewborninfants(birth-weight500-100Qyrams).Only
a few programswere specificallytailoredto the needsof small nevborn infants:
therearesimplecalculationprogramg2,3,8,11]Jandmorecomple rule-basednd
knowledge-basedystemd4,6]. Both typesof programsreducethe routine work
load,andleadto amoreoptimizednutrition supply Mostsystemsretailoredto the
needsf aspecificneonatalntensve careunit, andtheir portability to otherunitsis
very limited becausef differencesn theclinical approacHpolicy of fluid supply
speedof incrementsjnclusionor exclusionof variousminor nutrients,exactness
of calculationsavailability of varioussolutionsandbrandsetc.)

Wedesigned/IE-PNN (ViennaExpertSystenfor ParenteraNutrition of Neonates)
aiming to createa programfor the routine supportof our NICU combiningstan-
dardtextbook knowledgeaboutneonatahutrition with the practicalknowledgeof
expertneonatologists.

In the year 1991 we startedthe implementationof VIE-PNN with the following
maingoals:

e creatinganinteractve supportsystemfor calculatingthe daily nutritional plans
(PNS,parenterahutrition solution),

e reducingthetime neededor the calculation,

e creatinga systemableto combineparenterahindenteralfeedings,

e providing acontinuousncreasef thedaily nutrition supplyandaforcedchange
from parenterako oral nutrition. This requiresreasoningmethodstaking into
accounthedataof the previousdays,

e outputof a printed PNS scheduleto becomepart of the casehistory The PNS



Tablel
Input andoutputparametersf VIE-PNN.

Input parametes Outputparametes Statisticalmeasuements
Body weight Parenterakupply Enegy rates

Age Enteralsupply Parenteralnfusionrate
Totalfluid allowance Glucose Fatinfusionrate
Enteralproducts Proteing aminoacids

Drugs Electrolytes

Serumvalues Vitamins

Clinical problems Traceelements
Fat

Bypassmedication

schedulas furtherusedby the nurseso composehe daily mixture of the nutri-
tion solution,

e maintainingthe hospitals standardor neonatahutrition managemenandpro-
viding adequateontrolof fluid, electrolyte fat, nitrogen,andcaloricneedsThe
standards definedin termsof rulesof expertneonatologistsand

e enablingthe expertsto keeptherulesup-to-date.

2 TheVIE-PNN system

VIE-PNN consistsof threemain modules:patientadministrationcomputationof
the daily PNSscheduleandmaintenancef the knowledgebase Patientadminis-
trationis neededor addingnew patients(name,sex, dateof birth, venousaccess)
andfor archving thedataof dischagedinfants.The maintenancenodulesupports
editing of nutrition rules, parametetimits, roundingfactors,andupdatingof oral
nutrition preparations.

The main moduleof VIE-PNN interactvely calculateghe daily PNSschedulelt
startswith yesterday'sPNSvaluesof theinfant (or plausibledefault valuesat the
day of hospitaladmission).Thesevaluesdeterminethe input parameterof the
system(seetablel).

VIE-PNN determineshe PNSscheduley

e applyingrulesfor thedaily increaseof nutrition components,

e applyingrulesfor nutrition needsasedntoday’s serumvalues,

e applyingrulesfor adaptingthe nutritionalrequirementso the clinical problems
of theinfant,



e decreasingarenterahutrition component$®y theratio of enteralto total supply
(for componentsvhich arecontainedn oral products),

e checkingfor rangelimits of thecomponents,

e applyingroundingmethodshasedon knowledgeaboutthe precisionneededor
eachcomponent,

e combiningdrugsfor bypasanedication,

e solvingthe problemif the total fluid allowanceis too smallto cover the nutri-
tional requirements.

A samplerule is givenin Figurel. It determineghe daily prescriptionof glucose
basedon age,actualserumglucoseconcentratiorandthe former glucosesupply
VIE-PNN's rulesare appliedin a forward chainingmannerto determinetoday’s
valuesof all outputparameters.

if (Age == 1) {
A ucose nmg/ kg/ mn = 4;
} elsif (New patient eq 'yes') {
A ucose nmg/ kg/ mn = 6;
} else {
if (Serum glucose ng/dl > 200) {
d ucose ng/ kg/ mMn = 4;
} elsif (Serum glucose ng/dl > 150) {
A ucose ng/ kg/ mn = d ucose yesterday - 1.0;
} elsif (Serum glucose ng/dl > 120) {
d ucose ng/ kg/ min = d ucose yesterday;
} elsif (Serum glucose ng/dl >= 60) {
d ucose ng/ kg/ mn = d ucose yesterday + 0.5;
} else {
d ucose ng/ kg/ mMn = d ucose yesterday + 1;

}

Fig. 1. SampleVIE-PNN rule: daily glucoseprescription.

Thefinal PNS scheduleconsistsof the outputparametershown in table 1. VIE-
PNN is interactve allowing the physicianto modify eachof the input and output
parameters.

Thefirst four versionsof VIE-PNN [9] were stand-alond°C versions.The initial
threeversionsvereimplementedisinganexpertsystenshell(“Intelligence/Compiler
(I/C)"). Theseversionsweretoo slow to be usefulin daily routine. Thefourth ver-
sion was a redesignin C++ with a userinterfacewritten in TurboMsion. It was
fast, but inflexible. It was not acceptedoy mostof the cliniciansdueto the rigid
way the userinterfacebehaed. Furthermorejt wasimpossiblefor the expertsto
adaptVIE-PNN'’s decisionrulesto changingnutritional standardsSuchchanges
in the knowledgebaserequiredsourcecodechangedy the knowledgeengineers
andrecompilatiorof thesystemThe systemwasintroducedattheNICU including



someinitial training. It wasevaluatedsuccessfullyfor its correctnes$l] but was
usedby only a few physiciansandthennot on a regular basis.The main reasons
wereits inflexible userinterfaceandits installationon a stand-alond”C: The PC
waslocatedin aroomoff-site andit wasoftenusedfor otherurgenttasks.

3 Integrating VIE-PNN into the clinical intranet

The negative experienceswith the stand-aloneversionof VIE-PNN motivatedus
to try a completelydifferentapproachThe NICU is equippedwith anintranetof
workstations.The workstations(two mirrored seners, a bedsideworkstationfor
eachbed,and several workstationsin the nurses’andthe physicians’rooms)run
the patientdatamanagemengystem(PDMS) Hewlett-PackardCare\Wie 9000.All
patientrecordsarehandledelectronicallyby this PDMS. Our goalwasto integrate
VIE-PNN into this systemUnfortunately HP Care\Weis acompletelyclosedsys-
tem. Therewasno possibilityto integrateknowledge-basedoduleswhich would
be the ideal solutionfor a parenterahutrition supportsystem.\We weretherefore
forcedto choosethe secondbestsolution: usingthe workstationsasa display for
our VIE-PNN system.We addedan additionalsener to the intranetwhich runs
VIE-PNN onrequesbf ary clientworkstation.

The redesignof VIE-PNN (version5) for a client-serer architecturas basedon

the Hypertext Markup Language(HTML). A button in the HP Care\Wue system
allowsto invokeanHTML browseronary of theclientworkstationsThis browser
sendsrequestgo the HTTP sener of the VIE-PNN sener workstation.All the
reasoningandcalculationsare doneby cgi-programsaritten in the programming
languagePERL. Requestdor datainput andresultsof VIE-PNN are sentto the
clientworkstationin theform of HTML pagesThefinal PNSschedulés printed
on the NICU’s laserprinter. The systems knowledgeis codedin PERL-like IF-

THEN rules.It is revisableby the expertsusingthe HTML browser

Using eight HTML pagesVIE-PNN asksfor input and verification of the nutri-
tional parametersMinimal input is requiredfrom the physician.Manualinput is
mandatoryfor serumvaluesfrom the laboratory(if new valuesareavailable),for
changesn the amountor kind of oral feedingandfor changesn drug adminis-
tration (bypassmedication).If thereareno changeghe physicianmay acceptall
pagesby clicking the OK button. The systemrecommendwaluesfor nutritional
componentdasedon its knowledgerules. Figure 2 shavs sucha pagefor elec-
trolyte values.Thephysicianmaychangeavaluein casethenutrition requirements
differ from standardrulesdueto a problemof the neonatewhich is not included
in the knowledgebaseof VIE-PNN. Pressingthe | (nformation)button givesan
in-depthexplanationaboutthe computationof the recommendedalue (including
basicvalues roundingfactors,andrulesused).Thefinal pageshowns the complete
PNS scheduleg(seeFigure 3). The usermay acceptit and print the PNS sheetor
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Fig. 2. Samplepageshaving recommendationsf VIE-PNN for supplyingelectrolytes.
The physicianmay changethe values.The | (nformation)button activatesan explanation
pagewith detailsaboutthe computatiorof electrolytesupply

againmodify singleparameters.

One of the mostimportantfeaturesof knowledge-basedystemsis the easeof

maintenanceExpert neonatologistsnust have good supportto keepthe knowl-

edgeaboutoral products,drugs, plausiblelimits of parametersand prescription
rulesup-to-date VIE-PNN hasa HTML-basedmaintenancenodulewhich allows
the supervisingneonatologisto edit the knowledge.Figure4 shavs the menuof

possiblemaintenanceactionsavailableto the physician(left). Using a rule editor
he/shamayalterprescriptiorrules(right). Suchchangedulesarechecledfor cor

rectsyntaxandconsisteng. If thevalidationsucceedshey arecorvertedto PERL
codeandputin useimmediately

4 Routine use and evaluation of VIE-PNN

We installedthe client-serer intranetsystemof VIE-PNN at the NICU by endof
Junel996. It wasimmediatelyacceptedoy the physiciansof the NICU. Only a
few minutesof initial trainingwererequired.After two yearsof successfubpera-
tion VIE-PNN wasinstalledatasecond\ICU of theUniversityof ViennaMedical



Fig. 3. VIE-PNN’'s HTML pageshaving the final compositionof the parenterahutrition
solution. Thetop partgivesadministratie data.Theleft columnshawvs the component®f
the PNS.Theright columngivesstatisticaimeasuremen@ndtodays serumvalues.

School.VIE-PNN is now in continuousoperationat thesetwo NICUs. It calculates
approximately6000nutrition sheetperyear Thereareno morePNSsheetgalcu-
latedby hand.We have notrecevedary complaintsabouterrorsin the PNSsheets.
Onemaysuspecthatthisis dueto theinteractvenesf the systemthe physician
eliminatesall erroneousomputation®f the system However, we have no reports
aboutchangesequiredon standarccasesWe arecorvincedthatknowledge-based
systemdike VIE-PNN have to be interactve. Thereis no possibility to cover all
possibleextremesituationswhich requirea modificationof the commonnutrition
schedule.

The continuousoperationat two NICUs over yearsunderwritesthat VIE-PNN is



Fig. 4. VIE-PNN maintenance(left) the menuof possiblemaintenancactions(right) the
rule editorwith therule for sodiumprescription.

trustedandusedin thedaily routine.Failure of thecomputersystendisablingVIE-
PNN is hardly toleratedby the clinicians.We neverthelessvantedto examinethe
performancef VIE-PNN moreclosely After two yearsof operationwe performed
aclinical studyto evaluatethe systemandits performance:

e we prospectrely evaluated50 routinePNScalculatedn parallelby usingVIE-
PNN or by the traditionalway using a hand-heldcalculator Both calculations
wereperformedby variousphysiciansn chage,

e weretrospectiely reviewedthe PNSstoredin thesystemslatabaséor two years
(July 1996t0 1998)for thenumberof interactvely changegarameterandnec-
essaryprogramupdatesand

e Wwe evaluateda questionnairalistributedto all neonatologistsvorking with the
system.

For the 50 routine PNSwe comparedhe time neededor calculatinga PNS pre-
scriptionand the differencesn the amountof PNS componentsxceedingmore
thanoneunit (e.g.,1 mmol/kg Na, 0.5 g/kg aminoacids).Both PNS sheetsvere
later reviewed by a seniorneonatologistvho ratederrorsandomissionsaspoten-
tially life threatening(like prescribingdangerousoncentration®f potassiumor
bypasamedication)major(e.g.,prescribingtoo little amountsof calciumwhichis
neededor bonemineralization)or minor or clinically notrelevant(lik e forgetting
to calculatethetotal enegy supply).



Theusersquestionnairaskedfor the frequeng of systemuse,the degreeof con-
tentednessvith the system(on a5 gradescale),variousreasongor usingthe sys-
tem, and for desiredmodifications.The questionnairavas madeavailableto all
attendingphysicianslt wasansweredy all 11 physiciansf the NICU.

We found significant( , pairedt-test)time savings of a meanof 4.7 min-
utesperPNSprescriptionseeFigure5). Themeantime neededo calculatea PNS
was?2.4 minutes(VIE-PNN) vs. 7.1 minutes(hand-heldcalculator).This sumsup
to about- to 1 hourdaily time savingsfor 8—12PNSprescriptions.

Fig. 5. Comparisorof time physiciansneededo calculatea parenterahutrition solution
usinga hand-heldcalculatorversususingVIE-PNN.

Therewereonly little andno systematiaifferencesn thecompositionof the PNS
andno life threateningerrors. Therewere lessmajor (10% vs. 18%) and minor
(12%vs. 66%)errorsandomissionsn the VIE-PNN calculatedprescriptionsMa-
jor errorswererelatedto prescribingglucose(0% vs.10%),electrolytes(10% vs.
6%) or bypassmedication(0% vs. 2%), minor errorsto prescribingglucose(0%
vs. 14%), fat (6% vs. 2%), electrolytes(0% vs. 16%), vitamins (6% vs. 6%) and
to forgettingto calculatethe enegy contentof the PNS (0% vs. 28%). All errors
detectedn the VIE-PNN calculatedorescriptionsvererelatedto valuesthatwere
interactvely changedy the prescribingphysician.

Retrospectie evaluationof the 5593 PNS of 643 patientsstoredin the systems
databaseshaved that in the meanfour out of 16 parameteravere interactvely
modified.Throughouthe studyperiodtherulesfor calculatinga PNSwererevised
or changedor clinical reasonsncluding the rulesfor prescribingmacronutrients
(glucose fat, aminoacids),bypassmedicationandoral nutrition (e.g.addingnew
brands)andthe modificationof roundingfactors.

The overall rating of the systemsperformanceand usability wasgood (meanl.9
onab gradescale,l is best).VIE-PNN wasmainly usedfor its time saving (73%)
andaccuray improving (73%)featuresTheattendingohysiciangequestedeveral



amendmentgthe implementatiorof new rulesfor vitaminsandcalciumprescrip-
tion in extremelow birth-weightinfants,additionof newv bypassnedicationsand
the adaptationof value rangestoleratedand roundingrules. Theserequestshave
beeneasilyfulfilled by useof the maintenancenodule(after discussiorwith the
expertneonatologists.)

5 Discussion

Thesucces®f the HTML-basedsystemhasto be explainedmainly by the easeof
useandthe benefitsin termsof time sasings andaccurag. Similar benefitswere
reportedoy Puangccetal.[13].

Comparinghestand-alon€®Cversionandtheclient-sererversiontherearenoes-
sentialchange®f theprogramflow andtheknowledgeused Eventhefinal printout
of the PNSschedulas the same.ldentifiablefactorsaddingto the succes®f the
HTML-basedversionare:

e VIE-PNN is runin theroutinecomputerervironmentof thelocal PDMS;

e the HTML browseris classifiedasan intuitive userinterface.Without ary spe-
cific trainingit isimmediatelyclearto theusemwhichboxacceptaninput,which
buttonsto pressandwhich links to follow;

e theHTML browserprovidestherequiredflexibility for the user Especiallythe
BACK andFORWARD buttonsallow to review andrevise pages;

e theexplanationfacility (usingthel (nformation)button) addsmuchto the con-
fidencein the conclusionof VIE-PNN. Often a parametetooking unplausible
appearsorrectafterlooking attheexplanationpage An exampleof suchacom-
plicatedcalculationis the proportionalsubtractionof component$rom the par
enteralnutrition which arecontainedn theenteralproduct.Sucha calculationis
usuallynot doneby hand;

e mostimportant,physiciansenefitfrom the time sarzings. This hasbeenverified
by the evaluationstudy From the subjectve physicians’view the sarzings are
dramaticalno onewould calculateary morePNSsheet$y handbecaus®f the
time required.

Theintegrationof VIE-PNN into the intranetof workstationsrunningthe patient
datamanagemendystem(PDMS)wasanimportantstepin bringingaknowledge-
basedsysteminto daily routine use.However, it is far from perfect. We would
like to integratethe PNS schedulecompositionasa moduleinto the HP Care\We
PDMS. At the momentthis is impossibledueto the operationof the PDMS asa
closedsystem.More seriously it is even not possibleto getthe laboratoryvalues
requiredby VIE-PNN from the PDMS at the requiredtime. Thereis an export
facility in the PDMS which we try to use,but it is too rigid to be usefulfor data
exchange The automaticinclusion of the ten serumvaluesinto VIE-PNN would
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be a greatstepforwardin minimizing manualinput. We tried to find solutionsfor
thistaskby interfacinglaboratoryequipment.

The currentdesignof VIE-PNN supportsportability to other hospitals.It is an
encapsulate’dITTP-applicatiorcurrentlyrunningattwo NICUs andata demosite
outsidethe hospital.lt canbe installedat every hospitalrunningan HTTP-sener
(with PERL supportfor CGls)andclinical workstationswith accesgo this sener.
Useof the maintenancenodulesimplifiesthe customizatiorof prescriptionrules,
enteralproductsanddrugsto local requirements.

A further stephasbeena reimplementatiorof VIE-PNN in Java (VIE-PNN 6.0).
The whole PNS schedulas computedat the client side usinga Java applet. This
codeincludesthe currentnutrition rules and the PNS dataof the previous days.
The client appletcommunicatesvith a dedicatedVIE-PNN sener deliveringand
taking overthe PNSdata.This versionlooks promisingandsaveseven moretime
becauselataareenterednly onthreecomparedo formerly eightscreensBecause
thestability of theJava solutionis still questionablethis new versionhas,however,
not beenintroducedinto the daily routine.In addition, the Java implementation
onceagainwill make maintenancatricky issue.

6 Lessonslearned

VIE-PNN is a knowledge-baseaystem(KBS) which solves a time-consuming
problemin daily routine. It is lessthe amountand compleity of the knowledge
coveredwhich makesit a successbut its ability to implementpracticalclinical

knowledgein the daily routine.

Fromthis successtorywe have learnedthe following:

e A systemcontainingtextbook andclinical knowledgemay be a succes®venif
physicianglohave thatknowledgeathand.Ourexperienceshovsthatsuccessful
KBS arenotrestrictedto complex domainsof applicationwith very specialized
knowledge A KBS is valuablein the hecticnes®f theclinical routinebecausé
improvestheaccurag andthe quality of care.

e |t is essentiato implementpracticalknowledge.Two examplesarethe knowl-
edgeaboutthe precisionneededfor eachcomponent(expressedn rounding
rules),andthe coding of supportmethodsfor patientswherethe total fluid al-
lowanceit too small to incorporateall the necessannutritional components.
This problem,normally solved by weak estimationshasbeenvery elegantly
solvedby a manageablstepwiseapproachSuchpracticalsolutionsaccountor
theacceptancanduseof asystem.

e Explanationfacilitiesareessentiafor establishingconfidencan the system es-
peciallyin thefirst trials. VIE-PNN createsexplanationgor all its calculations.
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The explanatorypageswere particularlyofteninspectedoy new userswho also
wantedto verify their knowledge.

It is necessaryo produceprinted output sheetsusableas part of the medical
record.The electronicstorageof all datadoesnot releasefrom the needfor a
printedoutputusedby physiciansandnursesor manualremarks;

The continuouschangeof knowledgeaboutnutritional requirementsequiresa
systemmaintainedoy expertphysiciansA KBS will notbeusedin thelongrun
if maintenancactionsarerestrictedo knowledgeengineersln addition,physi-
cianswill not trust the systemif the knowledgeis hiddenby some(comple)
formalism;

Integration of KBS into clinical software systemg(e.g.,PDMS) is a necessity
for wide-spreadise.Evenlooseintegrationlik e usingthe samehardwareasthe
PDMSis sufficientin thefirst run. However, a strongintegrationof all systems
includingdataexchangss the desirefor thefuture;

Finally, never try to install a systemwhich requiresadditionaltime from physi-
ciansor nursesTimesavingsarethekey issuefor thesuccessf systemsn daily
routineuse.

E-PNN is an example of a successfuKBS in daily routine use.First of all,

it considerablysares physicians’'time. This is achieved by replacinga comple
manualcomputatiorby a supportsystemwhich knows aboutclinical prescription
rules. The knowledgecontainedin VIE-PNN helpsthe physicianto avoid errors
andto maintainthe high quality standard®f neonatalintensve care.
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