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ABSTRACT

Despite the plethora of electronic devices and monitoring systems that exists today in the
Cardiovascular Intensive Care Unit (CVICU), most hemodynamic management decisions are still
intuitive and manually driven. Unfortunately, the massive volume of physiologic data from these
post-oporative cardiac patients can create information overoad, impgiring effective decision-
making. At the same time, practice variations among CVICU physicians have rendered it difficult to
assess the effactiveness of the therapeutic interventions.

This dissenation describes the development and validation of a8 decision-support system
prototype that can help manage hypotension associated with hypovolemia in CVICU patients. The
hypothesis was: expertise in hemodynamic management can be formalized as computer-based
protacols that can provide therapautic recommendations significantly more consistent with clinical
management goals than occurs with current practice. Limited resources constrained the research
fo hypovolemic-hypotension, and 1o retrospective analysis of historical cases, also to maodeling
rather than a real-time system.

The prototype uses physiologic pattem-matching, therapeutic protocols, computational drug-
dosage response modeling and expert reasoning heuristics in the selection of intervention
strategies and choices. The protacols were formalized through consensus by four expert CVICU
physicians. Other knowledge sources were textbooks and detailed critical review by two of the
physicians of 13 historical CVICU cases with 410 interventions. The prototype used a monitoring
approach, simulating real-time operation by processing the historical physiologic and intervention
data on a patient sequentially, generating alerts on questionable data, critiques of interventions
institiited and racommendations on preferred interventions. Bench-testing used another 13
historical cases with 390 inter/entions, each case critically raviewed to identify the preferred
intervantions reflactive of clinical management goals. The testing, applied equally to the prototype's
proposals and to the aciual history, showad the therapies for bleeding and fluid replacemnent
praposed by the prototype were gignificantly betier (p<0.0001) than those as instituted by tha staff
(80% consistent varsus 44%, respsctively).

This study has demonstrated the feasibility of formalizing hemodynamic management of
CVICU patients in a mannar that may be implemented in a clinical sefting. The intraduction of this
type of computer-based decision-support tool is timely, as there has been an increasing effort from
the medical community to establish standards for the delivery and assessment of patient care to
improve its quality and outcome. Such effort can be aided by this type of system, which can
provide the necessary patient data and practice guidelines to conduct formal scientific evaluations
in a systematic fashion.



ACKNOWLEDGMENTS

I am much indebted to Drs. Donald Fenna, Randy Goebel, Daniel Vincent and Dennis Modry
for their unselfish effort to help me complete my studies, and their great faith in my abilities, which
had managed to pull me through many "low" moments during the past few years. | am also grateful
for Dr. Reed Gardner's guidance and critical review of my work, which had given it the much-
needed credibility within the medical informatics community.

I would also like to thank Drs. Bill McBlain, Peter Allen and Zoly Koles for their role in helping
me through the many review processes, inciuding those from the PhD Committee in Medical
Sciences, which had finally led to the general acceptance and recognition of my effort in this field.

Most of all, | would like to dedicate this work to my wife, Helena, and my daughters Melanie
and Amanda. Their sacrifices over the last four years on my behalf and their deprival of the family
life others had taken for granted will be forever bome in my heart and soul.

Funding of this research was provided by the Departments of Applied Sciences in Medicine
and of Computing Science (by the Network of Centres of Excellence Institute for Robatics and
Intelligent Systems project) of the University of Alberta, the Division of Cardiovascular & Thoracic
Surgery and the Department of Anaesthesia of the University of Alberta Hospitals, and the Albena
Heritage Foundation for Medical Research (Technology Commercialization Grant Phase ).



TABLE OF CONTENTS

1. INTRODUGTION .ottt s et s st es st ns e rtsmeseneenssten semseereesnenen 1
11 SYNOPSIS ...ttt ettt sttt eeas et sae e e enenen 1
1.2 SCOP@ Of PIOJECE ..ottt bbb e st ssnens 3
1.3 Outling Of DISSOMANON..........c.ccvorreieieueice ettt et ve e essneroneseasssaesonenes 4
2. LITERATURE REVIEW. .......oiiier ettt sttt eenstss e see et e neneaes 6
2.1 Review of [CU COMPULBRZALION .........c.cocvrriiriririreiretsrssi st resss s e sasanens 6
2.1.1 Patient Data Management SYSIBmMS ...........c.ccceveurrrennrnrnrerernnierenserenns 6
2.1.2 AUIOMALBA AIBIS ...ttt r e bo s ens 7
2.1.3 Progictive INAICOS ........ccc.ceeeerrreereeeee e et sereoresas s et anneas 9
2.1.4 Ventilatory Management .............ccocccrieenvrnesieneeresereseesesesssesnsessesonees 11
2.1.5 Drug Therapy Manageament ..o rnenrerensiessesesnsrensssesesees 15
2.1.6 Closad-Loop COMIOL ...t ease s essens 16
2.2 System Evaluation MethodologiBs..............ccveurerririveenereninsiese st eseseressesns 17
2.2.1 General APPrOACNES ...........cccoiricineieneireeieemecsensesensanse s srenssinesenns 18
2.2.2 Validation APProaChes ...t reerstscsisesesssssssesssssnes 20
2.3 ReSEACR DIfBCHONS ........cco et sesnerssrerese e ressrebesassensanesssones 24
2.3.1 PrOBIBMS ...ttt aen s e st benes 24
2.3.2 I88UBS ...ttt ettt ettt s e a et b et sraresenens 26
2.3.3 OPPORUNIBS ..ot s seseseterresseseroseresssnsrororessotesenssnensrons 27
3. THE SCIENTIFIC HYPOTHESIS .....coooeorcreerteee ettt v nsess e ssssssssnsne s notsnonens 29
3.1 SCIBNUAIC BASIS -.....eovvvieeieee ettt ettt sas et ene e e s ssmeennenssenennas 20
3.2 ROSBAMCN ISSUBS ........ooeeierreririeveec st strste ettt sa st s s e eaes 29
3.3 HYPOINGBSIS ......oooineie et bbb vt esb bbbt 31
3.4 ReSEAICH ODJECHVES........cooceeeciiriteie s ettt ss s s nse e s moes 31
4. THE CARDIOVASCULAR ICU DOMAIN ...ttt enesenessssssesesstesssesssasssenssessnen 33
4.1 CardiovasCular PRYSIOIOY .........covverrriiirrieniesesee et cesnesneesesesee s eneseeseeesens 33
4.2 Physiologic Monitoring in the CVICU ..........cc....... et ettt e ns 37
4.2.1 HBAM RALB.......cooiieeee ettt bt 37
4.2.2 ABMIAl PIESSUIBS .......oocoeeveieceerernicinsnee sttt se s s assessesssaons 37
4.2.3 TOMPBIAIUTE .....c..ooivereirerere ettt seee e b eresesenensesssssesesssessessnns 38
4.2.4 Contral VONOUS PraSSUIB........c...occovrverieceeieesesresetrieriserenasesssssssssssssessees 38
4.2.5 Pulmonary Arterial Wedge PraSSUre ...........ccoveevrevevereeereevesnereresssessenenes 39
4.2.6 Cardiac Output and Derived Parameters .............c..coveverererrrererenseriesensenn. 39
4.2.7 Anerial BIOOG GASES .........ccoevrvieriirernrieienrinesssrsensssensensisssesseresesssassosseenes 4
4.2.8 LaDOTAtONY VAIUBS ...........eoveeeecrcirec et sses e resenenas 41
4.2.9 Fluid Input @nd QUIPUL.......ccocoovmeierrririe e reeresereressnsrensesenen 42
4.3 Hemodynamic Management After Cardiac SUTGery ..........cccoeuvviierrnvcnerverencierennes 42
4.4 Use Of TherapeutiC AQBNIS ............cceurevivivceirnreesteeseeeeseeseseetseseseserssssseesesssenennes 45

4.5 Pharmacologic EHBCIS .........ccoovuoiiciieeceeecrceee ettt esee s eeeneseesens 46



5. MANAGING THE CLINICAL PROBLEM - AN EXAMPLE ..........ccooooovoooooomooooesooooeoeo) 51

5.1 AN {IUSIFAtIVE CASE -........oocrvvieeeeitecee e 51
5.2 Expert SUmmMary of the Cas@ ............ccoueemeeeeeeeeeeeeeeeoeeoeeeeeeeeeoeoeeoeoooo 54
5.3 Concepts of DECISION-SUPPOM..................ovieeeeeeemeeeee oo 56
5.4 DecCiSION-SUPPOM EXAMPIES .............overieeeeeeeeeee e 58
6. KNOWLEDGE ENGINEERING .....cco.oouimmeotececeeeeee oot eees oo 72
B.1 ADPIOACN ....oooiinien ittt et 72
B-1.1 CONSIUCT FTAMBWOIK ........oovrvevreeitecieeieeecee e, 74
6.1.2 Collect Hemodynamic Data ...............o.ouevveeeceeeeeceeeeeeee oo 74
6.1.3 Collect Clinical DAt .........cocovvverieieieceeecice e, 74
B.1.4 CrtIQUE CASES ... ceoveeeeeeieeeeece ettt eee e 74
B.1.5 Sratify 26 CASOS ..ottt e, 75
8.1.6 Formalize Knowledge. ..............ccooueiuemieiiiiecteeeeeeeeeeeee e 75
6.1.7 Seek Clinician CONSONSUS ............covevieeeeeeeeeeee e 75
6.1.8 CONSINUCE PrOIOIYPE ..ottt 76
B.1.8 ANAlYZE TSt CASAS -......oooveeeeeeceeeteeeee e 76
6.1.10 Validate PerfOrmMance.............cccooveueviueueeeeeeeeeeeeeeeeeee e 76
6.2 HiStOrCAl CVICU CASBS............ecvreerreirriieieteeeeeeeieeeee e e eeos oo re e 77
6.2.1 Pre-, Intra- and Immediate Post-operative Data ..................c........c......... 77
6.2.2 Nursing Care and Doctors Order Sheets ................ocoeoovevevoemeeeeceeern 79
6.2.3 Post-operative Laboratory RESUNS ..........ccccoeeerueirieirieeeeeeev 81
6.2.4 Ventilation, Blood Gases, !0, and Actual Interventions............................. 83
B.2.5 HIMOAYNAMIC DAIA........coovevereieiceeeeiee et 85
B.3 EXPOM CHIlIQUBS ......oooveiereciee ettt et e a7
7. THE PROTOTYPRE .....oovmiiiiminccnennsssnssas e ssas s sses s ssses st ees s s e s eseseee e 89
7.1 SYSIBM OVBIVIBW ...ttt eeee e sees s 89
7.1.1 Model and VAnables. ...........cco.couerereuriieieeeeeeeeeeee e 89
7.1.2 Concapiual FTAMEBWOMK ...........oocovverereeceeeees et 90
7.2 KNOWIBAQE BASE .....oveevereveeceeereceeteee et e, Q3
7.2.1 Reference and Target RaNQes ............ccovovvevereeeerreceeeeeeeeeeeeeeeeeee . 93
7.2.2 PhySIOIOgiC PAtBIMS........c.ouevveeeirreetereeeerer et 94
7.2.3 CliniCal CONGItIONS ......c..ooveveeeieiieieieteee e Q8
7.2.4 IMervention SIAtaGIeS ........cccovrreeunecee e 99
7.2.5 IMErvention ChOICES..........ccov et 102
7.2.6 Therapeutic AQeNS ............occoerurmreeinereeee e e 103
7.2.7 Drug-Dosage Response Tables ... 106
7.2.8 REVOrS® ProtOCOIS .............ocevrviireerii et 108
7.3 Reasoning and COMrOl ..ot 109
7.3.1 Intempreting the Data...........coeriieeeeeeeeee e e 109
7.3.2 PragiClion ..........ocvieeriieeeininnere ettt 109
7.3.3 Net-Difference Scoring and Ranking...........cccoervererermerrenries e 110
7.3.4 Adjustment of DOSAGe LBVEIS ............c.c.couvivreerirerieeeieree e 112
7.3.5 Combining Effects of Multiz'e AGBNIS..........cc..oeoivivrreiieice e 113
7.3.6 PlIanning the INtBIVENNONS . .....c.oveeeeeeeeieeeeeece e es e 114
7.3.7 REASONING OVBI TiMB c.....ecveeeeeceeee et 116
7.3.8 Weaning Patients from Medications..........c..cc.oooeiniiiioieeieeseeees 118
7.3.9 Redefining Target Ranges ............coccoeviorierininiirnees e 119

7.3.10 Updating the Drug-Dosage Response Tables................coc.cververivenrrnnn. 120



7.4.1 SyS1em AICHIIACILNE .............oooirinrie et eee e e 121

7.4.2 Historical Data Files...............cccoomiieiieeceeee et 122

7.4.3 Mode Of OPBIAON..........o.ooiiiiiiicreeeeeeceee e ee e e saone 124

7.4.4 TYPBS Of QUIPUL ... e ees 126

8. PERFORMANCE VALIDATION ......ocoiiieimiinieeieeeeeeeseieeeseee et eeseesvesse s ees oo s s se oo oo 131
B.1 MEIhOGOIOQY ...ttt st 131

BY T ADDIOACR. ...ttt 131

8.1.2 Validation GUIdEIINGS.............cooeueeireeerecceeetseer et ees s seseseos 133

8.1.3 Validation MethOAS ................cccovmieireicece et eesee s e s seran 135

B.2 Validation RBSUMS ............cc.coimiiiiee et e s s e e s e 136

8.2.1 Characteristics of HiSt0rCal CAS8S............c..ovevvereerereenreeeeeeese e seenne 135

B.2.2 Siz8 Of the PrOtOIYPO ........ooueieeieeeee e 136

8.2.3 Run-Time ChAracleriSlics...............ccovvevvevereeeieececeeceseeceveneeseeeseeses e sessons 137

B.24 TaSEROSUMS ...t ees e e er e 138

8.2.5 Det@iled FINAINGS............coveierriererieii e e sesseseeeseerssesseaes 141

B.2.6 SubjECHVE JUAGMBNIS ...t ee et en s senen 146

9. DISCUSSION...........ooirieeeineietie et oo es s se e eseersse st sssss s s s s s e e sssens 148
9.1 Overall Performance of the PIOIOIYPE ...........cc.ccoueeieeierieeeeeeeeerrersessesseeeesseessessssessenes 148

9.2 Knowledge Representation and RSASONING .............c..couewrerervreemeeseoeieeeeseesereseesenes 150

9.3 Technical Design CONSIABIANONS. ... ............cc.ovveeveieeiererersreeereeseneesssessesesessessssssesseees 162

9.4 Use of Formalized Therapeutic ProtOCOIS.....................eevvececeeerieerseeseresesessssesssones 154

9.5 OUISIANAING ISSUBS ..........cvvvmicirrmreeieeee st cseectees e eeeereeseesses s es s seseses 156

9.6 FUIIB WOMK PIAN ..o et sens st 1687

10. SUMMARY AND CONCLUSIONS ...t eeseeaesseessssesseessess s, 160
GLOSSARY ..ottt e e s e es e ee oeoeessoeseasssseeses s s e oo seons 162
REFERENCES ...ttt eses s oraee e sess e sesssesseessst e s ss e s esensseoon 164



LIST OF FIGURES

Figure 1. Determinants of cardiac output and organ flow ................cc.ccoovvovomvieeeeeereeereree. 33
Figure 2. PressSure VOIUME CUIVES ...........o.oviiie oot e oo oo 34
Figure 3. Ventricular fUNCHON CUIVES............covuiim vt 34
Figure 4. The relationship between EDV and EDP .............oooveiieeeeeeeeeeeeeeeee oo 35
Figure 5. (a) Normal circulatory dimensions with pressure, flow, volume and function ............... 36
Figure §&. (b) Circulatory dimensions in compensated septic Shock .............ccocovovvriveeererienn. 36
Figure 6. The thermal dilution method for cardiac OUIPUL..................covemveeerereeeeeeeeeee e, 40
Figure 7. Strategies for assessment and management of hypotension after CV surgery............ 43
Figure 8. Interrelationships of pharmacokinetics and pharmacodynamics...............c.cc..c........... 48
Figure 9. Drug doSage r@SPONSE CUIVE. ...............coveeeeeeeieeeeeeeeeeeeeeese oo eeseseeeee e 49
Figure 10. Logarithmic drug dosage concentration effect relationship...............ccoooevioceivreceiennn, 49
Figure 11. Computer outPUL 8t 18168 NOUTS ............oveee e 60
Figure 12. Computer output a 1846 hOUS .............c.ovueuii e, 62
Figure 13. Computer OUIPUL @ 1856 MOUIMS ..........c..oooiieeeee e 64
Figure 14. Computer output at 1944 ROUS .............ccoiimimiieieieceeeeecee e, 66
Figure 15. Computer output at 2102 hOUFS ..o 68
Figure 16. Computer output @t 0119 NOUMS .......coooiriimieececee e, 70
Figure 17. SUmMmary of the STUAY ABSIGM ... .....vcvreeeee e, 73
Figure 18. The conceptual deciSion frAMEWONK. ............cccc.rriiiieereeeeeees e 90
Figure 19. Examples of hemodynamic pattemns mapped to clinical conditions ............................. 98
Figure 20. Examples of dosage effects as a result of changes in dosage levels.................... 112
Figure 21. The process of planning an iMtervention ...... ..., 115
Figure 22. A S1ate-transition MOGB! ..............cveeevrieeeeeiteieieeeeee e et 117
Figure 23. Dosage effect for PAD at 1 mcg/min of nitraglyCcenne. .. ... 121
Figure 24. The five major components of the PrototyPe..............c.ooevriirenrniceieic e 122
Figure 25. The studio 1aYout of ARTIM ...t 125
Figure 26. Typical output of a pattern-matching analySis ................ococoveeereiireree e, 127
Figure 27. An example of the detailed OUIPUL ..ot 128
Figure 28. An example of the SUMMANY FBPOM ..............covv v, 129
Figure 29. An example of an ASSBSSMBNt TBPOM............cccovrerereieeieeinerireeees e, 130

Figure 30. Summary of the validation apProaCRH............coccouiirueieeeeeeeeeec s e, ... 132



LIST OF TABLES

Tahle 1. The builders/USer's fSK MK ............cc.cvovuemieeeeeeeeeeeee e ee oo ee e 21

Table 2. Effects of common vasoactive agents on hemodynamic parameters.......................... 48

Table 3. A CVICU flowsheet with 9 hours of data on a given patient.................co.eveveeeerrvrcen., 53

Table 4. Examples of hemodynamiC S1aIIS PAMBMS ...............c.vwveueevvuereerereceeceesees e eesseren, 95

Table 5. lilustrations of thrae types of hemodynamic trend pattems ............coo..coveeereeeveevrerrvn, 96

Table 6.(2) COAQUIANON PAMEIMS ............cocoevererirerreeeeee oo eee e es e eesee s 97

Table 6. (D) FIUId 0 PAMBIMS ............o...oovireeeieeeeeee et eeee e 97

Table 6.(C) BIOOD GAS PAMBIMS ..ottt ees e e eseessees s ses s ses s 97

Table 6. (d) LADOTAIOTY PANEINS .............coovvrererereeia e eeoeeeseeseeeseses e sessess st ssessses s eessees 97

Table 7. Examples of the intervention SIategies ...............c........coomevereroreorsreereesscsosossesosoenes 89

Table 8. Examples of intervention Strategy ProtoCOIS .............cc.......eerveereeneeereeeesosecreeeess s 100
Table 9. Examples of intervention strategies in pSeudo-rule fOrmM...........cooveovvvereervceeeereer 101
Table 10. Examples of therapeutic PrOIOCOIS -.................rvveeveeeeeceereeeseeressceeeessseeesssssesssses oo 102
Table 11. Alist of therapeutic agents and teIr COUBS .......................ccovereevecrrreereeosreeeesrssessrons. 104
Tahle 12. Examples of empiric drug-dosage response tables ...................ooweerveeeemveorveorrerreerson., 105
Table 13. Computational drug-dosage response tables for albumin and nipride .......................... 106
Table 14. A complete list of therapeutic agents with their dosage 18VelS...........c..ooeweevrvereeevrren, 107
Table 15. Examples of 16Verse ProtoCoIS .............ccoewreeieerercveoneeesseseresssssessessssenesssessssssens 108
Table 16. The anticipated effects of adding nitroglycering at 1 MEE/MiN ..........eovcevveerrveeervrnrrronn, m
Table 17. The anticipated effects of instituting dobutamine and nitroglycering ...............coo.......... 113
Table 18. Examples of the interpretation of the impact of iNterVentions.......................ccccevveeeenn.. 118
Table 19. Sample input data files M @ CASE -........cc...coveeverereeeeereeeesessseeesssessssesesssesss s seesees 123
Table 20. Characteristics of the NISIONCAI 18S CASES -.........................covvveeermerereersseresserersseresssessees 136
Table 21. (a) Types and counts of ARTIM @NttIBS: TUIBS .................ccoveeeeevrreeeercereeeeressesreesss e 136
Table 21. (b) Types and counts of ARTIM entities: schemas, facts, functions, 81C. ..................... 137
Table 22. (8) RUN-ME SIANSHCS...............coveereeeeeceeeeeceeeee e seeeeeeesseeseeessessesess s oe s s e oo 137
Table 22. (b) Unknown phySiologic PAMBIMS. .............cocveeeeeereeeeeeessesesesesseesssessssessessssesss s ssssesns 138
Table 23. An example of the tabulated 1Ot BSUIS ..................veevveeereereereersesreees e sreseeees s 138
Table 24. (a) Aggregate frequency counts, as proposed by the (10010147 o 1 O 139
Table 24. (b) Aggregate frequency counts, as instituted By the S1aMH. .............cooovvvevveevveererern, 139
Table 25. A summary table of the five interVention GIOUPS................coww.ceeemveeerrsreverressresre s 140
Table 26. A detailed breakdown of fiuid by intervention type and validation categony .....cvuennn. 141
Table 27. A detailed breakdown of the bleeding intervention Qroup ...............oeo..ceovrreereerssnn. 142
Table 28. A detailed breakdown of the inotrope intervention {41 (o117 SOOI 144
Table 29. A detailed breakdown of the vasoactive intervention group...............................coeo.. 144
Table 30. A detailed breakdown of the electrolyte intervention QrOUP..covecrtirrecet e 145

Table 31. Frequencies of diagnostic intervention produced by the Prototype .......cccvevreeerennnrnens 145



CHAPTER 1
INTRODUCTION

A synopsis of the dissertation is provided in this chapter. Also included are the scope of the
research project and an outline of the dissertation.

1.1 Synopsis

For the past two decades, cardiovascular disease (CVD) has been the leading cause of death
in Canada, accounting for approximately 100,000 deaths each year. Of those patients who are
seriously ill and not responsive to medical treatment, cardioavscular (CV) surgery is the treatment
of choice. With increasingly sophisticated CV surgicai techniques and expertise over the years, the
number ot CV surgeries in Canada had increased irom under 50,000 cases in 1976 o over
100,000 by 1985 (Health 1976 & 1985). At the University of Alberta Hospitals (UAH). over 700 CV
surgeries are now performed annually, versus under 500 cases five years ago.

The immediate post-operative care of CV patients in the CVICU is critical, requiring constant
24-hour support by a team of specially trained staff 1o stabilize the patient and prevant the onset of
complications. Recent advances in sophisticated physiologic monitoring have improved the
methods for data acquisition and assessment, but have created a dramatic increase in the volume
of data that must be stored, managed and interpreted. For instance, the CVICU flowsheet used at
UAH (see Appendix A) tracks over 60 physiologic parameters at intervals of 15 minutes to a few
hours. Such a large volume of data easily overloads the staff and impairs effective decisian-
making. In fact, the two CVICU physicians (Dennis Modry, Daniel Vincent) participating in this
research speculated that up to half of the post-operative complications might have been due to
simple clinical events that were not detected, interpreted or treated in adequate time.

The practice variations among CVICL physicians cause complications. For example, written
CVICU therapy guidelines (see Appendix B) are available on the setting of patient-specific
physiologic target ranges and the use of therapeutic agents, However, the management of CVICU
patients, while appropriately and necessarily at the discretion of the individual physicians, is tnn
often inconsistent with the clinical management goals. Such practice renders it difficult to assess
the effectiveness of therapeutic choices, since the management approach to a problem can he
much different depending on the physician.

This dissertation describes the development and validation of a decision-suppart system
prototype to help manage hypovolemic hypotension, by providing alers, critigues and therapeutic
recommendations. The hypothesis was that expertise in hemodynamic management of CVICU
patients can be formalized as computer-based protocols, which can provide therapeutic



recommendations significantly more consistent with clinical management goals than occurs with
current practice. Limited resources constrained the research to hypovolemic-hypotension, and to
retrospective analysis of historicat cases, also to modeling rather than a real-time system.

The therapeutic protocols were formalized through consensus by four expert CVICU
physicians. Also included was knowledge on pattern-matching, drug-dosage response, reasoning
heuristics from textbooks and management of 13 historical CVICU cases. These cases involving
410 actual interventions were reviewed by two of the physicians to provide critiqued versions that
accorded with official management goals. The critiques were then used as the knowledge source.
The prototype was to provide background monitoring of a patient's condition, therefrom generating
alerts on questionable data, critiques of therapies instituted and recommendations on preferred
therapeutic interventions. At present, the prototype only operates in a stand-alone fashion,
simulating real-time operation by processing the historical physiologic and intervention data on a
patient sequentially, and generating critiques and recommendations on the need for volume
therapy. Major features of the prototype are:

* Use of physiologic pattems to classify clinical conditions, such as hypovolemic hypotension,
and to propose the cmrespohding intervention strategies;

* Use of therapeutic protocols to select the preferred therapeutic agents and reverse protocols to
determine the consistency of the agents instituted;

* Use of a computational dmig-dosage response model tc deiermine the magnitude of
hemodynamic responses to altemative therapeutic agents at different dosage levels;

* Use of the net-difference scoring and ranking algorithms to determine the expected therapeutic
effects among alternative agents/dosages and selecting the one with the best score;

* Automatic updating of the general drug-dosage response tables with the actual hemodynamic
responses from the patient during case analysis to render the tables patient-specific;

¢ Ability to reason over time by taking into account the patient's past and current conditions, as
well as active and inactive interventions instituted or proposed.

Prototype validation was done with another comparable 13 historical CVICU cases reserved
for testing, but subject to the same review by the two experts to give critiqued versions (again citing
over 400 interventions). Both the interventions proposed by the prototype and those instituted by
the staft were compared against the critiqued versions. The interventions were grouped into fluid
therapies, treatments-for-bleeding, inotropes, vasoactive agents and electrolyte replacements. The
grouped interventions were rated as consistent or inconsistent according to the expert critiques,
which reflected management goals. Contingency tables containing the frequencies of consistent
versus inconsistent interventions proposed and instituted were constructed and tested with the chi-



square statistic for homogeneity at 1% significance level (Ingelfinder 1983). Also included were
subjective comments on the prototype in its design and performance.

Validation results on the historical test cases showed the frequencies of consistent therapies
for fluid replacement and bleeding from the prototype were significantly different from those
instituted by the staff (p<0.0001). Specifically, 71% of the proposed interventions from the
prototype for fluid replacement were consistent versus 40% from the staff. For bleeding. 89% of the
proposed interventions were consistent versus 47% that were instituted. The findings suggested
the prototype performed significantly better than the staff in proposing therapies for fluid
replacement and bleeding. On the other hand, the use of inotropes and vasoactive agents was
found not to be significantly different (both at 50% consistency), suggesting the prototype did no
better than the staff. The use of electrolyte therapies between the protolype and staff was
statistically different (p<0.0001), but with the iatter being 75% consistent versus those proposed at
§0%. Unavailable laboratory results and software errors were the causes of inconsistency in
bleeding treatment and fluid replacement. The heuristics used to determine drug-dosage response,
net-scoring and ranking, and their encoding were the main causes for inconsistency in the
profotype's proposed inotropic and vasoactive interventions. For electrolyte replacements, the
erors were mostly due to undefined pattems in the prototype to match the abnormal physiologic
data encountered.

This study has demonstrated the feasibility of formalizing therapeutic management of CVICU
patients that may be implemented in a clinical setting. The introduction of this type of computer-
based decision-suppon tool is timely, as there has been an increasing effort from the medical
community to establish standards for the delivery and assessment of patient care to improve its
quality and outcome (IOM 1892). The conceptual framework and technical design of this system
are both sound, allowing it to be expanded to include other clinical problems within the ICU
domain. The system is also a potential foundation to assessing the quality and outcome of care,
since it can provide the necessary patient data and practice guidelines to conduct formal scientific
evaluations in a systematic fashion.

1.2 8cope of Project

The scope of this research project included the development of a conceptual decision-suppaort
framework to manage post-oparative hypovolemic hypotension, collection of physiologic data and
interventions instituted on 26 historical CVICU cases for leaming and testing purpases (13 aach),
formalization of the therapeutic protacols and management strategies, construction of a functional
prototype and validation of its performance against 13 of the critiqued historical cases. The
problems and issues identified also served as a guide for the eventual implementation of
computer-based therapautic protocoals in the clinical CVICU setting.



1.3 Qutline of Dissertation
This dicsentation is organized into ten chapters. The following nine being as follows:

2

3)

4)

5)

6)

4]

8)

9)

A review of ICU computerization, system evaluation methods and future research directions.
Since a vast amount of work on the use and evaluation of computers and decision-support
systems has taken place over this period, only areas relevant to the ICU setting are
emphasized.

The rationale for developing the scientific hypothesis; it consists of the scientific basis, the
research issues, the hypothesis and the research objectives.

Pertinent areas within the domain of cardiovascular intensive care. Hypovolemic hypotension
as a post-operative CVICU problem and its therapeutic management are discussed, as the
basis for the protatype.

Examples from a historical CVICU case, illustrating the scenarios that occur during a patient's
stay in the CVICU and critiques from the expert CVICU physician of the therapies instituted.
Also included are sample computer outputs of what the decision-support system prototype
offered in facilitating the decision-making process. These illustrations provide an overall
appreciation of the objeclive of our research withou! requiring an undarstanding of the
prolotype.

The knowledge engineering to acquire, formalize, encade and validate the expert knowledge; it
includes the study design, the approach to collecting the historical cases and a chronicle of the
knowledge acquisition to critique a case.

The dacision-support system prototype constructed; it consists of an overview, the knowledge
base, the reasoning process and the technical design.

Bench-testing results from the prototype validation using historical cases reserved for testing.
Both statistical and subjective evaluations were included to provide a rational explanation of
the level of performance observed.

A discussion on the overall performance of the prototype. the knowledge representation and
reasoning approach used, the prototype's technical design, the need for formalized therapeutic
protocols in the clinical setting, the outstanding issues, and the future worl plan.

10) The major lessons from this rasearch, in the larger context of decision-support systems within

the ICU. Also included are the key topics for further work ahead in providing knowledge-based
decision-suppor for the ICU.



A glossary is included to cover abbreviations used. Articles cited throughout the dissertation
are in the reference saction. Eight appendices cover the CVICU therapy guidelines, CVICU
flowsheet, criteria for data collection, therapeutic protocols. empirical and computational drnug-
dosage tables, reverse protocols and selected ARTIM program codes on the prototype.




CHAPTER 2
LITERATURE REVIEW

The advancement of computer and information technology over the last 25 years has resulted
in much research and development effort to computerize the ICU. According to Gardner (1980a),
the types of computers for the ICU can be those thal: assist in data collection; provide
computational capability; assist in data communications and imegration of data; improve record-
keeping; enhance report generation; assist in medical decision-making. At the same time, the
increased use of computers in the clinical setting has raised the issue on the need 10 judge the
cost-effectiveness of such technologies through formal system evaluation. Despite the effort spent
fo computerize the ICU, many chalienges and opportunities remain. In this chapter, the ICU
computerization effort, the system evaluation methodologies and the future research directions are
reviewed.

2.1 Review of ICU Computerization

A raview of the ICU computarization effort that spanned the last 25 years is provided in this
section. The review covers patient data management systems, automated alens, predictive
indices, ventilatory management and drug therapy management.

2.1.1 Patient Data Management Systems (PDMS's)

PDMS's are primarily concemed with the recording, integration, interpretation and reporting of
the ICU patient's physiological condition and therapautic maneuvers based on clinical data, such
as laboratory tests, blood gas data, ECG's, vita! signs, X-rays, clinical history and medication
recoris. The data may originate from manual entriss, automated bsdside monitors or clinical
information systems aver distributed computer networks. Two such systems in the United States
that have raceived much afieriton over the years are the HELP ICU system (Qardner 1986) at the
LDS Hospital in Sakt Lake City, and the Hewlsh-Packard PDMS (Leyerde 1900) at Cedars-Sinai
Madical Cerira in Los Angales. Although both PDMS's are similar in their functional capabilities,
ihay represent two differert approaches 1o devaloping and implemanting PDMS's in haspHals. The
unique features of thase two systems are summarized balow.

The Haalth Evalustion through Laglesl Pracessing System (HELP)

HELP has baen developsd in-house over the last two decades as & cooperative research
sffort among the staff of the LDS Hospita! and ihe Depariment of Medical Informatics at the
University of Litah (Kuparman 1981). Many of tha HELP modules, such as the Medical Information
Bus, hemadynamic monitoring and Acute Physiologic and Chronic Health Evaluation scoring, are



used aimost exclusively within the ICU setting. The system offers on-line charting of nursing and
respiratory care, as well as integrated reporting of clinical data such as laboratory results, blood
oas data, and continuous hemodynamic monitoring and medications. A unique HELP feature is the
madical logic modules (MLM's), the basic mechanism of knowledge representation, which forms
the basis of all decision-support facilities implemented - alerting, interpratation, critiquing, assisting,
diagnosis and management (Pryor 1980). Features of the alenting and therapy management
components are described in sections 2.1.2 and 2.1.4, respectively.

The Cedare-Sinai PDMS System

This is a commarcially available system by Hewlett-Packard (HP), which has been customized
1o meet the needs of the Cedars-Sinai surgical ICU. The system has electronic data links that
automatically coliect urine volume measurements, core bladder temperatures from urimeters,
laboratory test results and blood gas data. Extensive on-line displays and repons are available,
including Iaboratory data, fluid intake/output, nutrition and electrolyte summaries. Graphical data
can be displayed to help identify abnormal trends. An example is the display of the patient's left
ventricular stroke work index against the pulmonary wedge pressure over time. The PDMS
provides decision-support capabilities through automated alents, which are described in section
2.1.2. The PDMS is also connected to a network of computers to provide linkages batween clinical,
administrative and outcome data for #is surgical patients. The linkages aliow the analyses of
montality by severity of illness, severity by surgical service, the relationship between critically
abnormal laboratory data and patient outcome, and the incremental cost of ICU staffing (Leyerie
1900).

For many of the critically ill patients in the ICLI, any sudden change in their physiologic states
may indicate a deterioration of their clinical condition that can be life-threatening. On the ather
hand, the widespread use of complex electronic monitoring devices has increased the frequencies
of disruptive false slarms. Thus, it is important for the starf 1o distinguish genuine alam signals
from ariifacts to respond 1o critical situations promptly and praperty.

Early automated alarm systems were based on datsction of abnormal waveform patiams from
analag manilors, such as tha ECG manitor. Simple range limits based on amplilude and fraquency
wera ofien used s the criteria for distinguishing electranic signals that may or may not be
physiolagic in niture. Mathamatical madels have also baan used in mare sophisticatad waveform
analysis algoithms that included Fourier transform and digita!l filtaring for fraquency domain
analysis (Rampil 1987).

With the introduction of powerful microcomputers, artificial intelligence (Al) technology and
intsgrated PDMS's, it has become possible to incorporate more sophisticated alarn systems
capable of detecting ditferent abnommal physiologic data. Three such systems are reviewed: the



decision-support system at Codars-Sinai Medical Centre (Shabot 1980); the alert system at LDS
Hospital (Bradshaw 1988); the smart respiratory alarm system at Pacific Medical Centre (Rennels
1988). Although all of these systems provide automatic alerts on abnormal physiclogical values
and trends, their approaches are sufficiently different to warant special attention. These systems
are summarized below.

The ALERTS Dstection System

This subsystem, developed for the surgical ICU at Cedars-Sinai Medical Centrs as part of the
PDMS, is an automatic program triggered by the receipt of new laboratory data. The subsystem is
written in the programming language C and is networked to the clinical laboratory information
system and a blood gas computer system. The subsystem analyzes all incoming laboratory and
biood gas data for critically abnormal values and trends.

Three types of alerts are detected: high and low critical values; calculation-adjusted critical
values; critical trends. Once detected, a spacific alert message is displayed at the bottom of the
patient's bedside PDMS terminal and at the central station. The inferencing strategy for the high
and low critical values is for those laboratory resulis that indicate Iife-threatening situations # they
reach a critical leve! beyond the normal range. The calculation-adjusted critical value strategy
examines laboratory resuls that wamant alert only when other criteria are met. An example is the
decraase in calcium level that is only dangerous when associated with a corresponding change in
the levels of serum pH and albumin. The trend alerts are the most complex inferencing schames
that invalve the detection of critically adverse iaboratory data trands through the time span batween
samplas, magnitude and rate of change, and proximity of the current values 1o a critical value limit.

It was reporied that, over an eight-month test period, a total of 1,615 alents were detected
amongst approximately 115,000 laboratory resulis transmitted to the PDMS for 1,474 patients in
the surgical ICLI, constituting about 19 of the tota! results. Over half of the alerts were generated
for abnormal blaod gas data; other fraquent alerts included those for hamoglobin, hematoorit,
calcium and serum creatine kinase. While many of the alerts were due to the type of therapy
applied, over ona-third rapresenied senous canditions that required immadiste action.

This system was developed at the LDS Hospital to monitor and alert for the presence of certain
lfe-threatening conditions in patients within the ICU. While its purpose is similar to the ALERTS
systam usad at Cadars-Sinai, CLAS is unigue in that # was developed using the HELP MLM
methodolagy. Specilically, CLAS used siandsrd decision-logic frames to store clinical knowledge
on alert criteria such as those for falling sodium and potassium, metabolic acidosis, falling
hematocrii, hyponatramia, hypematramia, hypokalemia and hyperikalemia. The system is data-
driven in that the appropriate frames are automatically activated when pertinent laboratory data are
entered into the HEL P patient database.



OF particular interest were the methods of notifying the ICU staff investigated. which were:
display of an alert message at the bottom of the patient's bedside terminal; use of flashing yeliow
light on the terminal; incomoration of the alert message into the iaboratory result review module. Of
the three approaches, the flashing yeliow waming light was able 1o produce response within one
hour but with some annoyance to the staff. The imegrated laboratory result review module was
reviewed by the staff within an average of 3.4 hours. The worst case was with the message display
&t the bottom of the terminal, which 1ook the staff in excess of 30 hours to respond. The best result
was found with & combined approach where the yeliow light flashed i the laboratory resull review
module was not examined within 20 minutes. Since the implementation of CLAS in the ICU and
other units, the acknowledgment of the alerts within an acceptable time lim#t of 4 hours had been
ciose 1o 100%, with over 509% by the nurses and 30% by the physicians.

A Smart Respirstory Alarm System

A system that monitors the signals generated by a bedside ventilator was developed at the
Pacific Medical Centre in San Francisco. The system's knowledge was expressed in the IF-THEN
rule form, and it could recognize 23 separate alarms belonging to one of three categories:
monitoring aquipment maliunctions; ventilator related-alarms; patient-related alarms.

Ventilator signals were obtained from a gas sampling system connected to the patient. The
signais consisted of flow, pressure, and oxygen and carbon dioxide tensions at the outlet of the
endotracheal tube. These signals were then used 1o derive other variables such as positive end-
expiratory pressure, tida! volume expired, raspiratory rate.

The respiratory alarm system is unique in its use of production rules to distinguish and
catsgorize the types of alarms present. An evaluation of the system over a 6-manth pericd on 157
post-cardiac surgery patients showed the system 1o be useful with those alarms on problems that
oecumed most infrequently, thus relieving the staff from thase monitoning tasks.

2.13 Predictive Indices

Extensive rasearch had been underaken fo develop pradictive or severity indices for ICL
patianis over the years. Such indices ara based on the patient's clinical condition and are used 10
ﬁﬁ the ssverly of illness and trestment outcome. Ofien, the indices are used as a
managemant and planning ool for ICU resource uiilization. With the increasing awareness in cost
sificiency and efiectiveness of ICL services, it is important to provide accurate and preferably
aulomated methods of quantitying the dagree of patient illness and have an objective basis for
classilying patianis scconding to tha nead for inensive care services.

The two major approaches of measuring severity indices are the numerical scoring systems
and multivariate statistical models. Examplas of the first approach include the Acute Physiolagy
and Chronic Health Evaluation (APACHE) system (Knaus 1885), Therapeutic intervention Scoring
System (Cullen 1974), Trauma Score (Deane 1986), and Glasgow Coma Scale (Teasdale 1974).




Examples of the multivariste models are the Admission Model and 24-hour Mode! that are vanants
of the Montality Prediction Models (Teres 1987).

Many scoring systems described are manual methods requiring careful review of the patient
chart and entry of numaerous clinical measurements on scoring forms, which are then tabulated. An
sxample is the APACHE system that uses point scores of 0 10 4 for progressive derangement for
over 30 physiologic and chemical variables taken during the first 24 hours of ICU stay. The scores
are combined with a letter designation from A" 1o "D" for previously heakhy to severaly disabled,
respactively, which is aiso assigned 1o each patient. High APACHE scores have been found to
comelate well with high hospital montaliity rates. A subsequent revision of the system has reduced it
10 using 12 variables in APACHE II.

A major deficiancy with any manual method for evaluating severity of iliness is that it can be
time-consuming, and the resulls are often not available for real-time use. An example of an
automated system that can overcoms such problams is the Computerized Intensity-irtervantion
Scoring (CIIS) system at Cedars-Sinai Medical Centre (Shabat 1987). A predictive outcome
system was aiso described by Shoamaker (1970a, 197a8b, 1982s, 1982b, 1983). The two systems
are summarized below.

Computerized Imtensity-Intervention Scores (CIIS)

CIIS was developed on the Cedars-Sinai PDMS to automatically record service intensity and
severity of iliness for their surgical ICU patients. The method is an adaptation of the Therapeutic
Intervention Sconing System where 31 types of patient care interventions with scores of one 1o four
points are assigned to each patient to evaluate resource utilization. In addition, severity of iliness is
assessed through 14 physiologic vanables with zem 1o four points indicating normal to
pragressively abnormal conditions. The physiolagy and intervention scores are than summed up 10
produce the final CIIS score.

Shoamaler (1987 & 1080) dascribsd the use of pradictive indicas as tharapy goals for ertically
ill patisnts in the surical ICL &t the UCLA Medical Cantre. The hypothesis was based on the
pramises that: (8) the cardiorespiratory patiems of surviving patients are distinctly differsnt from
those of nonsurvivors, despite the wide spsctrum of elinical diagnoses and therapsutic practices;
(b) the monitorad cardioraspiratory patiem of survivors of life-threatening iliness provides cbjsctive
physiologic critaria that may ba used 1o develop goals of tharapy for the crticslly ill patiant; ()
these operationally defined goals may also be used to develop a coharent systematic protocol for
tharapy of critically ill postoperative patients.

The pradictive indices separated patients into successive stages by saverity and time course,
and computed the mean values of each variable from each stage. These variables were weighted
according 1o their sensitivity in predicting accurate outcome. Severity scores were then calculated
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and combined into a single, global severity index. The index was interpreted as the likelihood of
survival based on the overall cardiorespiratory status in patients with shock of the same etiology
and stage. A value of +1 indicated maximal likelihood of survival, and a value of -1 indicated
maximal likslihood of nonsurvival; values between the two indicated lesser dagrees of certainty in
predicting outcome, with a value of 0 indicating equal likelihood of survival and nonsurvival.

To facilitate clinical management of the patient, median values of the physiological vanables
from survivors were used as the optimal therapeutic goal. The variables were combined into five
groups of therapeutic indices according to the type of intervention used: (a) blood volume; (b) 0,
transpont; (c) blood flow, (d) tissue perfusion; (e) pressure. The method described was
computerized as a real-time bedside data management system to monitor critically ill postoperative
patients in the ICU. Once the data and time stage were entered by the ICU staff, severity analysis
was immediately available. The video display presented the five groups of physiolagic variables,
the patient values, and the therapeutic goal for each of the variables. Based on the predictive
accuracy of the variables, branchad-chain decision-rees were developed to help expeditiously
achisve the therapeutic goals by providing & coherant, organized patient management plan.

2.1.4 Ventilstory Management

An area within the ICU that has besn the subject of extensive Al research is intelligent
ventilatory management. The approach invoives placing critically ill patients on computer-based
ventilatory assistance protocols and continucusly monitoring the patients to ensure proper
ventilation therapy is maintained. The general Al approach has been 1o separate the patient's
ventilatory condition into discrete states, evaluate related physiological variables under the current
siate against predefined ventilatory management protocols in the form of rules, and make
appropriate racommandations. The types of recommendations include the issue of wamings,
rsquests fo validate measurements and suggestions for therapy adjustments. Examples of such
prototype systems are the Ventilator Manager (Fagan 1985), VQ-ATTENDING (Miller PL. 1985 &
1086), the Computerized Patient Advice System known as COMPAS (Siitig 1980a & b), and
KUSIVAR (Rudowski 1088). Of the systems mentionsd, only COMPAS is undergoing active
clinical validation st prasent (East 1803; Momis 1801). An overview of these systems is given
balow.

Vertilstor Manager (VM)

This was one of the first expar monioring systems developad 1o assist physicians and nurses
in managing ICU pstients receiving mechanical ventilatory suppornt. VM interpreted measuremants
over time; it used a state-transition mode! of ICU therapies in addition to clinical knowledge taking
into considaration the patient's state at the time of evaluating the physiologic variables.

VM used four categories of production rules: status rulas that determined the patient's
cardiovascular and respiratory status; transition rules that recognized a change in the ventilator
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sefting or device type; instrument rules that could identify artifactual readings; therapy rules that
recommended action based on the first three categories of rules. VM's reasoning was 10:
characterize measured data as reasonable or spurious; determine the therapeutic state of the
patient; adjust expectations of future valies of measured variables when the patient state changes;
check physiologic status such as cardiac rate, hamodynamics, ventilation and oxygenation; check
compliance with the long-term therapeutic goals.

Over 30 measuremants were coliacted every 2 to 10 minutes. Symbolic ranges such as HIGH
and LOW were calculated on quantitative measurements such as respiraiory rate as appropriate.
Since the meaning of the information could change over time, depending on the state of the
patient, only the mast recently obtained information was used 1o make conciusions. The types of
therapy recommendations included changing ventilator settings or modes, and checking
equipment that might be malunctioning. VM was designed such (hat its overall goal is 1o make the
patient seii-sufiicient by remaving the mechanical breathing assistance as soon as was practical
for each patient. This goal was achisved by examining the patient's therapy state at a given point,
and aliowing the transition 1o an improved state through the matching of the appropriate decision
fules. VM was never implemented in a clinical setting, but i represented a major attempt in sxpert
monitoring.

VQ-ATTENDING (VQ-A)

This was s pmiotype expert system developsd at Yale University which was designed 1o
critique ventilator managament. The system is different from VM in that ¥ was to be used
intermittantly by physicians for consultation on ventilation management seftings during rounds.

VQ-A was an experimental system uged 10 explore the assessmant of trestment goals and 1o
then use those goals 1o guide the system's critiquing analysis. it addrassed only the fesdback loop
betwean arterial biood gas data and ventilstor setiings. VQ-A was one of the four ertiquing

sysiams in that A only gives advice afier first asking the physician 1o spacily the approach
conlemplated. The syatem then eriliques That plan, discussing the risks and benefils of the
proposed approach as compared with aliematives which might ba preferved.

To use VQ-A, the physician would enter a small amount of clinical information describing the
patisnt, including certain conditions such &s increassd intracranial piessure, low cardiac output, 8
cumant set of anerial blood gas resulis, the cument veniilator aettings, and & proposed set of new
vantilstor settings. The system would then: (s) infer a set of treatment goals which # considars
&pprapriate for the patient describsd; (b) use the goals imemally to direct its criliquing analysis; and
(c) discuss the goals in iis prose critique of the physician's plan.

The treatment goals were infersd using production rules; and different sets of goals ware
infervad for differant patienis, dapanding on the severily of disease and the curent lsvel of
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ventilatory support. The prose discussions on oxygenation and ventilation were both produced
using PROSENET, which was a generalized facility for producing polished instructional prose.

VQ-A is unique in that it explictly separates strategic knowledge about the treatment goals
from tactical knowiedge about management choices for achieving those goals. The separation was
important in that it allowed more comprehensive goals 1o be defined independent of the logical
structure of the system. The goals and management choices can then be usad 1o critique
potertially any management pian with values that exist along a continuum.

A Computerized Patient Advice System (COMPAS)

This was a research system developed at LDS Hospital that diracted complex ventilatory
therapy management protocols in a clinical trial setting for patients with acute respiratory disiress
syndrome (ARDS) in the ICU. The primary design goal of COMPAS was to automatically generate
prompt, reliable, expert therapautic ventilatory management advice 1o the ICU staf based on
patient data already available in the HELP system. The data included all of the ventilator settings,
blood gas data and laboratory results, which were automatically stored under the appropriate
patiert racord within the HELP system.

Detailed and complex protacols for management of patients receiving ventilatory therapy in
ICU were elicited from expert critical care physicians and stored on the HELP system as
knowiedge frames. The frames contained the knowledge necessary to make dacisions for one
particular mode of ventilation. The standard data-<driven machanism was used where specific
invocation criteria would cause the appropriate frame to be automatically inveked whan & test
result fiting the criteris became available. Under such cicumstance, the system immadiately
checked for the presence of life threatening situations. If the situation existed, an alen massage
and therapautic suggestions would be sent to the bedside terminal. Otherwise, the system would
propose therapy protacols focused on controlling the patient's respiratory vaniables.

The stafi were responsible for sliminating data not representative of the patient's condition at a
pariicular time. The staff could cveride any computer suggestions or add their clinical judgmant 10
the system. Explanations of the instructions within any protaco! stage eould also be providsd. For
sxample, the nurse could question the system-genarated instruction 1o "change the ventilation
made from IMV back to A/C" afier charting if the patient exhibited increased paradoxical chast wall
movemant. The system would check the curant siage of the protocol and the hamodynamic,
matabolic and oxyganation stage of the patient and explain that "changing the mode from IMV 1o
A/C is 1o ease the patient's work of breathing by increasing the lavel of ventilatory suppon”.

The system was tested in 8 12-bad ICU on five patients requiring respiratory suppon for 624
hours over 8 6-month period. During that time, 407 decision-making oppontunities cccumed, of
which the system suggested therapies in 379 of the cases (93.1%). The 28 failures 1o genarate a
suggeated therapy were mainly due fo programming and system emors. Of the 379 computer-
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generated suggestions, 320 (84.4%) were camed out by the medical stafi. Filty-three of the 59
rejected suggestions were caused by physician disagresment and 6 wers due 10 the entry of
inaccurate data by the clinical staff.

The overall performance of the system during the clinical trial testing was encouraging, judging
from its high ratio of compliance by the stafi. Specifically, the system achieved an 84.4%
compliance with its therapeutic suggestions with minimal disruption of the normal clinical routine
and of the daily operation of the clinical computing system. The results suggest that a
computerized ICU patient advice system can establish standards in patiert treatment thus enabling
investigators 1o sciantifically compare the therapeutic effacts of treatment regimes. Currently, 8 PC-
based version of the protocols is baing tested (East 1903).

KUSIVAR - A Knowladge-basad System for Respiretory ICU

This was & Knowledge-based system for respiratory ICU, developed as a coaperative sfion by
the medical imensive care unit of South Hospital, Stockholm; Department of Medical Informatics of
Linkaping University, Sweden; Siemens-Elema in Soina; Unisys of Sweden, and Technical
Research Centre in Finland.

KUSIVAR was a real-lime, data-driven expert system prototype that used data from the
physiolagic manitaring system for rule invocation. The system was intended to provide differant
modes of interactions with users which included advisory, critiquing, semiautomatic and automatic
mocles. The system was applicable 1o aeight main respiratory disease groups. Three phases of
treatment were coversd in the knowledge base: the pre-raspirator phase that considered
indications for connacting the patient 1o the respirator; the maintenance phase for continued
machanical ventilation; the weaning phase for anding respiratory therapy.

KUSIVAR used both quaiitative and quantiative knowledge sources. Continuous numeric
input variables were first transferred 1o transformation tables that transformad the data into
symbolic, qualitative data ussd in the surface modal as part of the production rules. For quantiiative
knowledge, mathamatical modsling of the patiert's variables was used 10 achisve optimal lsvels of
oxygen and carban diovide in aferal blood eansenirations. For simpliciy, & linear regression
model was employed, where input variables were respirator settings and output variables were
arterial biood gas tensions. Through macdeling, it was expectsd that the gas exchange and frauma
fisk could be optimized for the patient. Reporied future development included closed-loop control of
énd-tidal CO, concenviration using both expert knowlecige and numerical control algorithms as
masns of expert control.

For the user interface, only & limited amount of information was displaysd as nesded.
Additional o:mext-gensitive windows could be opened when complications are detecied. The
complications may ba measured or derived variables with significant changes, shown as graphs for
abnormal trends or as acoustic signals. The original prototype was developsd using the
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Knowledge Engineering Environment on an Explorer Lisp-based workstation from UniSys.
Currently, the system is being implemented using the Nexpen Object expert system 1c>! from
Neuron Data on a 80386-PC in the Microsoft Windows mulitasking environment. So far it is
specific to the Siemens-Elema Servoventilator.

2.1.5 Drug Therapy Management

An essential part of managing the critically ill patients in the ICU is the institution of appropriate
drug therapy and its monitoring. Often, the therapy regimens are complex and require frequent
adjustments and close monitoring. Such approaches are complicated by the dynamic and
uncertain nature of the patient's response 1o the drug, which is dependent on the physiologic state
of the patient and the pharmacadynamics of the drug at the time. The manual intervention methods
by nursing staff has proved to be inaccurate and prons 1o over- or under-adjustments, hence
complicating the treatment and racovery pracess.

Early work in applying Al to drug therapy was reported by Gorry (1978) at the Massachusetts
institte of Technology (MIT) for digitalis in the treatment of congestive heart disease and
arhythmias. A more generalized program was also described later (Long 1883a) that included
other cardiac dnugs. Ancther approach was that of closed-loop control in the administration of
drugs such as sodium nitroprusside (Sheppard 1977a; Colvin 1888; Reid 1987). This form of
control was made possible mainly through advances in digital dng infusion pump and
microcomputer technologies. These approaches are briefly reviewed below.

Dighalis Therapy Advisor (DTA)

This system was one of the first expcrimental computer pragrams that used an Al approach to
solve the problem of drug administration within the context of the pariicular patient. DTA coupled
phamacokinetic models of drug behaviors with clinical knowledge o provide therapy management
advice. The program first constructed 4 patient-specific madel using data entered by the physician;
i then made assessmants of tha therapsutic and toxic effects of digitalis on the patient, and based
subsequent recommandations on the therapsutic-toxic” state which bast described the evolving
clinical situstion. DTA used first-order kinetics to derive the expacted behavior of the drg in the
patient. Using also knowledge in pharmacodynamics and information on the evolving clinical
condition supplied by the physician, DTA provided advice on the proper dosage, expecied
therapsuitic rasponse and subsaguent siaps to manage tharapy for the spacific patisnt.

A clinical trial 1o evaluate the potential utility of DTA showed that all patients with increased
sengitivity to the toxic effects of digialis received more dnug than weuld have baen recommendsd
by the pragram. The frial demonstrated that DTA could distribute knowledge about digitalis therapy
to settings in which cardiac consultation might not be readily available.
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Ventricular Arvhythmia Management Advisor (VAMA)

This system (Russ 1982, Long 1083b) was the successor to DTA that ofered
recommendations on the use of cardiac drugs such as lidocaine for the managemant of ventricular
dysrhythmias. The two programs are similar in that they both used clinical information as feedback
1o guide drug therapy. VAMA fook a more general approach than the DTA in that it considered: a
wider range of cardiac drugs; temporal pharmacokinetic trends such as increasing phase versus
steady-state; diverse clinical information including cardiac rhythm analysis, laboratory data;
abservations of the patient's curent state.

A knowledge-based approach was used 1o simulate the biotitration process. This process was
believed to be used by exper cardiclogists where the amount of drug administered was adjusted
according to the feadback information from the expert's expectations and the patiemt's actual
rasponge. The assumption was that the effect on amhythmia was monotonically related to the level
of drug in the blood stream; increased drug level would lead 10 increased effectiveness. The
absence of effect upon the patient's amhythmia would indicate non-responsiveness 1o the drug.

Conceptually, the complete management system consisted of three major functional units: an
amhythmia assessmant module; a disease state module; a therapy planning and evaluation
module. The arhythmia module analyzed data from the ECG monitor to evaluate the malignancy
of the electrical disturbances and provided an evaluation of the patient's state. The disease state
maodule sought to identify the disease using ECG, clinical data and laboratory results. The therapy
planning was caried out on the basis of the best estimate available about the nature of the
problem and its seriousness. Pharmacokinetic models were used to provide data about expected
drug levels to aid in dosage planning and therapy evaluation.

Although VAMA was also experimental in nature, it illustrated the importance of integrating
different clinical information sources in making rational therapy management decisions. By taking
the expen decision-making process as the underlying model, VAMA was also able to sxplain and
justity s advice in terms that were familiar to clinicians through simple tracing of the steps
suscuted in generating the therapy suggestions.

2.1.8 Clossd-Loap Cantrol

The concept of cloasd-loop control is inharently simplistic: the current state of & system is
measured and comparsd with ils desired value, the difference is then used by a fesdback
controller 1o "steer" the system toward the desired state. The fesdback control mechanism is
espacially appsaling in the dalivery of intravencus drgs, since these drugs usually have & rather
namow range of iharapsutic indexes. A system that can detect a minute change in the amount of 3
drug from that of the desired lavel can help maintain it at a steady level to achisve the maximal
therapsutic effect.
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Sheppard (1877a, 1977, 1980) pioneered much of the early work on closed-loop therapy
control. More recent advances in biomedical instrumentation and computer technology have led to
the development of many closed-loop drug delivery systems. Of panticular interest are those that
deal with intravenous infusion of cardiac drugs such as sodium nitroprusside for regulation of blood
pressure o prevent arterial hypertension after cardiac and other major surgeries.

Typically, these control systems use a central or dedicated microcomputer connected 1o the
infusion pump through which the dnug is administered. Control is based on blood anerial pressure
readings and use of some predsfined algorthms, and implemented by controlling the infusion rate
of the pump. The system is usually composed of four modules: arterial pressure data collection;
control aigorthm; infusion pump subroutine; and user imerface.

In general, data such as arterial pressures and hean rale are obtained directly from the
monitors as digital output or waveform. Validation routines such as plausible range chack,
smoothing average and damping of waveform are used to ensure the integrity of the data. Contro!
aigorithms used included the mode! reference strategy (Packer 1987) that assumed discrete step
changes in the infusion rate, and the proportional-integral-derivative conroller based on adjustment
of emor signal to zero (de Asla 1885). Communication with the infusion pump is usually through a
RS-232 serial port, with buik-in audiovisual alarms as added safety features. The user-interface
aliows direct control of the system by the staff but is often kept simple for ease of operation and
spead. Studies have shown that computer-controlled systems can provide better control of anerial
prassure than manual methods.

Closed-loop drug delivery systems that are bacoming available include those for the control of
thiopantal, halothane and enfiurane in anesthesia; end-tidal CO, volume in mechanical ventilators;
neuromuscular biockade for muscle relaxation; and urine output in fluid resuscitation. Examples of
commercial closed-loop control systems inciude those for infusion of oxylocin and blood glucose
(Westenskow 1086).

232 S8ystem Evalustion Methadologies

Despite the increased use of computers in the ICU, there were fewer repors on svalusting the
cost-sfisciivensss of such technologies, and the methadolagies involved. The nasd for formal
clinical sefting. Formal evaluation is bscoming increasingly imporiant with the introduction of
medical expert and decision-support systems. This saection facuses only on evaluation
methodolagies for expsr and decision-suppon systems, since they are parinent 1o this research
study. The revisw covers the general approachas and validation approaches ussd.
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22.1 Genersl Approaches
Many authors, e.g. Stead (1892) and Miller (1990), have suggested the evaluation of decision-

support systems (DSS's) be conducted in an incremental fashion, starting with bench-testing of the
concept within the laboratory, then assessing the system in limited field trials, and finally evaluating
its overall performance in the routine clinical setting for an extended period. A similar, hierarchical
view (O'Leary 16801) has aiso been provided to judge the quality of expert systems, which
progresses through verification, validation, credibility, assessment 1o evaluation. These stages
comprise incremantal levels of sophistication and complexity, baginning with issues that are
system-related and technical in nature during verification, 1o addressing a broader context in
evaluation that includes the human-machine interface and the value of such a system in & ciinical
setting. The concepts of bench-testing, verfication and validation are briefly reviewed below.
Bench-Testing

An important initial issue is the accuracy of the system's knowledge and reasoning capability.
This can be seen as verification of the program codes in terms of their comectness and validation
of the design and performance of the system according to some pre-defined criteria. For the latter,
Wyatt (1990) suggested the use of the Donabedian mode! of structure-proress-outcome whareby
one can ask questions such as the following:
Structure (is the system of good quality?)
e s the source of knowledge appropriate?
¢ |8 the knowlisdge represantation appropriate?
e Are the hardware and sofiware adequate?
Process (doas i reason appropristely?)
o Isthe ingic consistent and rigorous?
o s system control defined and clearly raprasented?
¢ (s the methad of handling uncertainty adequate?
¢ s it obust to irelevant variations in input data?
Guteame (Daas it draw aafe and patentially valuable eonelusions?)
¢ Can it detect cases which are bayond its margins?
¢ Doas it make serious mistakes within is domain?
¢ Comparad to curment practice, how accurate are iis judgments?

8uch questions are sufficiently broad to serve as the criteria in the validation of any DSS.
Howsver, unlike conventional scientific studies involving clearcut hypotheses and statistical
testing, the validation of any DSS is inherantly more complex. One fundamental problem is in the
Iack of "gold-standards” for comparigon. This is especially the case when dealing with therapetic
management of post-aparative cardiac patients in the CVICL, whare thera can be two or more
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treatment atematives that may be equally appropriate for a given condition. More challenging, i is
not unusual to have experts disagree on what constitutes a comect maneuver. Therefore, the
classification of the conclusions from such a system as merely right or wrong is overly simplistic.
Rather, these conclusions represent combinations of judgments about 8 patient's status at a given
time, which require one 1o examine the intermediate results and the reasoning process involved.

One suggested approach is 1o categorize the intermediate results, the conclusions and the
reasoning process separately, aliowing them to be judged individually within the context of the
patient's condition. The performance of the system may be rated according to whether the
individual results within each category is ideal, acceptable, suboptimal, unacceptable or
questionable, taking into account the circumstance under which such rasulls were obtained. This
approach was used successfully (Hickam 1988) in the evaluation of the performance of ONCOCIN,
an expert system used in cancer therapy management at Stanford University.

Ancther important consideration in conducting banch-testing is the acquisition and selection of
fest cases 1o be used. The limited supply of fully documented historical cases is further constrainad
in such situations by the nead 10 establish a training set distinct from the test set. A limited supply
compromises the variety that can be used for training and for testing — and #t is unrealistic to test
the performance of a system against cases clearly different from any in the training set.
Verification

Verification is the first step o evaluating the performance of & expent DSS. its pumpose is fo
ensure that the expen knowledge has been sccurately, consistently and completely represented in
the prototype through its pragram logic. This squates 10 building the system right” and it relates to
the manner in which the knowladge anc. reasoning process are implemented in the computer. For
instance, if frames and abjecte are ured, then ara they complete, unique and corect? Improper
inheritance and cardinality-definition are common prablems with structured objects that must be
resolved. Similarly, # a rule-bassd apprach is used, than are the nules constructed praperly
without any redundancy or conflicts? An imporant verification step involves the fing sequence of
ihe rulas, which is oftan nondsterministic but controllable through some indexing or priarity
gchame.

Verification is & constant process that involves ongoing testing, coecting and updating of the
knowledge base. Since its goal is rather namow and well-defined, and its scope is mostly technical
in nature, the process is usually restricted to the knowledge engineer charged with implementing
the system. Nonatheless, i is & crucial step 1o providing an accurate and complete knowledge
base upon which subsequent broad-based evaluation can be conducted.
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Validation
Validation invoives judging the performance of the DSS against some pre-defined criteria; it is

primanly concemad with whether one is "building the right system™. Fraquently, a DSS is validated
against known results and human expert performance (O'Keefe 1987). In the former situation, i the
clinical conditions and treatment results of the patient are known, and the associated clinical data
available, then one could feed such data ino the DSS 1o compare its performance against the
known resulis. A problem with this approach, howevaer, is that known are not necessarily optimal,
©or aven comect.

The second option, of validating the expert DSS against one or more selected human experts,
should minimize that problem, but as has bean demonstrated in the evaluation of MYCIN against
experts in antibiotic therapy (Buchanan 1985), even one expent may not concur with the
conclusions of another. Thus, one must be cautious in terms of interprating the results from the
DSS and experts 1o ensure they are comparable.

Peer reviews and consensus from multiple experts are aiso approaches used to validate an
expent DSS (Quaglini 1988, East 1000). The former involves the use of indepandent experts to
review the same case data, and can be further blinded by having the experis record their
conclusions in the same manner as would be done by the DSS. These are then compared by other
reviswers, who would rate the dagree of comectness of the conclusions without being aware of
thair source.

The consensus approach requires a group of expents to work together by openly discussing
the case and reaching consensus on the conclusions made. Any disagresments must be resolved
through discussions among the expents and substantiated with lterature and other resources if
available. The resuliing conciusions would reprasent clinical practices that are desmed acceptable
1o the experis who panticipated in the consensus process.

222 Valldstion Approaches

Ditierart validation techniques have been describad (O'Kesfe 1887; O'Leary 1891; WyaH
1600). The underying cancepts of these tschnigues involve judging the padormance of the PSS
according fo some acceptable parormance range, the input domain, ihe degree of validation
formaliy, and the significance of the builders/user's rigk. The techniques used may be qualiative
or quantitative in nature, dspending on the approach. The underying concepte, and the types of
qualitative and quantitative techniques used are described balow.
Undarlying Consepts

When using acceptable performance range, the underlying assumption is that the validation of
the DSS is not & binary dacision variable in which the system is absolutsly valid or absolutely
invalid. Rather, one would define & paricular parformance level that would be regarded as
accaptable by the designer or user during the development phase. Since any DSS is only a



representation or abstraction of reality, perfect psrformance under all conditions should not be
expacted. A common approach is 10 match the level of the DSS's performance 1o those of the
human expers.

Input domain is an important aspect of validation. Since a8 DSS is designed for a particular
application or purpose, it should be judged only in that comext, with the appropriate input data. For
instance, the DSS prototype for CVICU therapy management developed in this study woulkd not be
able to deal with the domain of intemal medicine or infectious disease. Hence, validation testing
with such test cases would be meaningless. Nevertheless, a clever knowledge engineer would
have incomorated sufficient rule-out or excluding features into the knowledge base to be able 10
deal with these cases gracefully without appearing absurc 1o the user.

Many decision-support systems have been reported over the past 20 years, but not all of them
have been subjected 10 thorough, formal validation testing. The concept of formal validation usually
invoives the establishment of: a formal validation phase at some stage during the development and
implementation process; the identification of some validation method; a predsfined performance
acceptance lsvel. the applicatiun of relevant statistical techniques whera appropriate. Most
validation efforts reported 1o clate would range somewhere batween informal and formal.

The builders/user's risk is important for a DSS intended for eventual clinical use. While the
outcome of any validation testing is either valid or invalid, the potential for emor in that process
necessitates the faise findings of either label — amoneous results akin 1o Type | and Type Il in
statistical testing (found invalid when actually valid and found valid when invalid, respactively).
Type | is referred 10 as the builder's risk, it can increase the cost of DSS development substantially.
Type I, known as the user's risk, has more serious consequences since it can lead o clinical
mistakes if implemented. The risk matrix is shown in Table 1. One goal of validation is 1o minimize
bath types of emors through the proper use of objective and systematic testing techniques.

Siate of the Expant % giem

System is Invalid
Actlan Accespt as Valid Cormest dacigion System user's rigk
(Type !l emor)
Declare Invalid System builder's risk Correct decision
: — __(Type | emq i

Tabl@ 1. ™e buildars/ueer's risk matix. (Copisd from p.84 of O'Kesfe 1087).
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Qualitative Techniques
Qualitative techniques are subjective in nature, and include component validation, face

validation, predictive validation, Turing tests, field tests and sensitivity analysis, which are briefly
reviewed below.

Component validation requires that the expen DSS be decomposed ino subsystems, allowing
each o be judged individually under specific input conditions. Such one-at-a-time validation of
subsystems as they are developed is often an imegral pant of the developmental process.
Validation and emor detection/localization are both simpler in the constrained ciroumstances.
Howaever, component validation does not allow one 10 observe the overall behavior of the system
when # is finally put together, and erors not detected at the component level can be greatly
magnified to bacome untraceable at the system lavel. A set of emor-free subsystems does not
necessarly give an emor-free system.

Face vaiidation is a useful preliminary form of validation. it involves subjective comparison at
face value of the system's performance against human experts using a small number of test cases.
Early axpert systems, such as DTA (Gorry 1078) and VAMA (Long 1983b), were validated with this
tachnique. Despite its shallowness, face validation is still frequently used to confirm the adequacy
and comeciness of the conceptual design and inftial implementation of these systems.

Predictive validation involves the use of historical test cases with either known results or
conciusions from human experts. The DSS would be tested against these historical cases and the
results produced compared with the known results or conclusions from the experts. More recent
expert DSS's have resorted 1o this form of validation, which has proved successful. Examples
include QMR (Miller R 1986), Acute Abdomen (de Dombal 1972) and AV/Rheum (Kingsiand 1986)
where the systems waere tested against clinical cases and the levels of performance were tabulated
accordingly.

Turing tasts validate expert DSS's against human experts by having their level of psrformance
judged by aihers without revealing tha identity of the pardormers undar raview. A typical approach
@ 1o present the rasulis from the fwo in & form thet rendars tham indistinguishable by the reviswer
as fo the source. This blindsd approach avoids any bias towards or sgainst the computer, and
dllows the reviewers 1o conclude objsctively whethar the test cases wers handled comactly.
ONCOCIN (Hickam 1885) and MYCIN (Sholitfe 1985) were both evaluated with this approach.

Fisid tests place the expsr DS directly in the clinical eetting where is parormance is judged
by the intended users. The acvantages of this approach are that i is prospective and the
psrformance of the DSS is rated by users not involved with implementing the system. However,
this approach has a major disadvantage in that the user-interface may become & hindrance facior i
deemed inadequate by the user. This approach should be the last stage of any validation process,



since introducing early versions of the eror-ridden prototypes would quickly iritate users, making
them apprehensive toward the system and thus depriving it of objective judgment.

Sensitivity analysis invoves systematically changing the input variables over some range of
interest 10 the expert DSS and observing the effect upon the system's periormance. One of the
eariiest reported uses of sensitivity analysis in the testing of expert systems was with MYCIN
(Clancey 1983), where s range of conclusions on antibiotic therapy recommendation was
compared by varying the certainty factor associated with the mules. The findings concluded
MYCIN's reasoning was not particularly sensitive 10 the range of certainty factors used. Despite its
potential, sensitivity analysis has not been widely used in validating the expert DSS. Presumably,
the extra effort involved in testing and reviewing the cases under different input conditions was
deemad unachievable in many settings, uneconomical in others.

Quantitative Techniques

Quantitative validation involves the use of statistical techniques to compare the DSS
performance against known cases or human experts. Such comparison is usually in the form of
hypothesis testing, where the DSS performance is rated against a predetermined acceptable
performance range. The hypothesis is then accepted or refuted depending on whether the
performance of the DSS is within or outside of the predsfined range.

Several quantitative evaluation studies have appeared in recent lterature (Hickam 198S;
Neison 1085; Seroussi 1086; Bankowitz 1089; Classen 1981; Henderson 18982). The approaches
used are mostly categorical in nature in that they involve counting the fraquency of the rasulis and
using & nonparametric statistical technique, such as chi-square, to test for difierences that are
siatistically significant. In some cases, where the data type was ordinal, confidence imtervals were
constructsd &nd the 1-tast used 1o detect the statistical significance.
ussd at the L.DS Hospital (Henderson 1982), where the frequencies of computer-genarated therapy
instructions wera tabulated in terms of whether they ware followsd or not and the nature of the
therapy involved (including the accuracy of the instructions, thair imMensity and the moade of
ventilatory therapy). The respeciive fraquencies were then tabulated in contingency tables and
tagted with the chi-squara statistic.

An axampla of the use of a confidence inarval was in the performance testing of ONCOCIN
(Hickam 1888). In that study, each eomputergenerated response was categorized as ideal,
acceptable, suboptimal or unacceptable and assigned an ordinal ranking of 1 to 4, respectively.
Thase ranking scores were aggregated and compared with t0ge tom the physicians by expen
raters. Paired-1 tests were done on the resulis from the coraputer anv each physician for the same
cases o compare the performance.



2.3 Ressarch Directions

Despite extensive efions to compuerize the ICU over the years, many challenges remain and
opportunities await. The major problems, issues and research areas are reviewed in this section.
2.3.1 Problems

Many problems have been reported in recent (erature on ICU computerization (Sivak 1987;
Augenstein 1989; Gardner 1980 & 1960D). Of particular imerest are the problems in data collection
and imerpretation, and the use of automated protocols, which are briefly discussed below.

Data Collection and interpretation

A basic problem that still exists is in the reliabilty of data. Even the imterfacing of badside
monitor equipment has been a frustrating and time-consuming endeavor due to the lack of
standards (Gardner 1960; Shabot 1989). This is in spite of what most vendors have claimed - to
be using the standard RS-232 serial communication link. In many cases, the transmission protocol
and physical configuration of the instrument are still different amang vendors. The need 1o develop
spacialized imterfaces for differemt medical devices has praciuded Iarge scale computerization and
imegration of bedside monitors and davices.

Early generations of PDMS's were focused around bedside monitors and alarm systems,
based on simple amplitude and frequency emor signal checking. At the time, they were mostly
analog instruments operating on expansive compiters. The high rate of faise alarms, the inability
to integrate clinical data and the high oparating costs had led to the demise of thase systems in the
1070's. But the advent of powerful micracomputers and advanced information technology in racent
vears has led to the re-intraduction of more sophisticated commercial PDMS's. Thase systems
contain functions such as detailed flowshests, automatic calculation of drg levels and derved
physiolagic variables, ploting of trends, and audiovisua! alerts.

expan clinicians. The voluminous data have bacoma difficul fo iniemret in clinizal desision-making.
There is also an inharent tendency to treat the data ingtead of the patient, when in fact such
absmations are imelavant 1o the undarlying iliness.

An informal suivey of seven PDMS vendors by the aithor (Lau 1960) showsd the PDMS
market is still evolving very rapidly. Hewlsti-Packard and Marquetie are mature vendors in that they
both have a lamge client base and their systems now run on Unix-based workstations. Emiek and
Spacel.abs are relatively new in the PDMS market with their 80386 PC-hassd workstations.
Sunquest and Sismans are the Iatest entrants in that their products were still under development at
the time of the survey. Although all of these commercisl systems offer fairly extensive capabilities
in terms of data display and integration, there is still litle data interprotation and almost no
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automated alent being performed ~ present. Most systems offer the abilty 1o plot the data in
graphical form for “trending", but the final interpretation still rests with the clinical staff. The
reluctance to provide such advanced features genarally reflects the lack of agreeable alert criteria
and the potential liability lawsuits that may result from inappropriate use of these features. With the
increased ability to capture and process data, but little eise, the problem of information overioad will
kkely continue and actually worsen over time.

Use of Automatad Protocols

Recent research efforts into the use of automated patient managemant protocols have
reveaied several problems. First, treatment protacols require substantia! effont 1o develop and can
be highly complex. Second, the accuracy of the protocols can be worsened by programming emors
that can occur during the development of the system. Third, even with the use of powerful
micracomputers, it is difficult to ensure optimal real-time response, due 10 the complex raasoning
that the system has to perform. Founh, i is difficut and time-consuming fo validate the accuracy
and utility of such automated protocols.

For example, Sittig (1980a & b) reported that the ventilation management prolocols used in
COMPAS did not cover all of the possible clinical conditions that can occur in managing the
patients. in certain instances, the situation may be so complex and the decisions so ambiguous
that they are best left up to the clinician. The complexity involved in coding the protacols into
compiterized form has aiso rendered i difficul 1o ensure the accuracy of the system's
recommendations.

The use of closed-loop control protacols in dnig therapy management is also problematic in
that i can be ditficul to accurately measure the desirsd physiologic vaniable, and distinguish
between artifacts and genwine signals from the monitors. Despite the use of sophisticated signal
validation aigorithms and buili-in eafeguards to detect instrument maliunctions, there is still much
reluctance within the medical community 1o adopt the use of clossd-Ioop systems in the ICU on a
rautine basis. There is also unwillingneas on ethical grounds, 1o relagate the control of drug therapy
éntiraly 1o @ machine.

The continuous monitoring of the patient has also brought along the problem of ifterprating
discrate versus continuous physiologic variable measuremants over time for dacision-making. For
example, it is difficult 1o select the blood prassure values for fead-back cortral whan the valuss
fluctuate around the critical limits. With the expscted use of automated protacols 10 be on the rise in
the future, the accuracy and metheds of validation of clinical data will continue to ba major prablem
&raas that naed 1o be addrassed.



2.3.2 lssuss
lssues pertinent to ICU computerization include: data inerface and integration; use of

automated protocols; need for formal system evaluation. A related issue is in the knowledge
representation and reasoning approaches used in clinical dacision-support systems. These issues
are briefly discussed below.
Data interiace and Integration

A basic issue that remains unresolved is the acquisition and integration of data from differsnt
sources. Bridging that gap ware the pioneer efiorts by Gardner (1989) and Shabot (1989) in
defining & Medical Information Bus, or the IEEE-P1073 standards, for badside device interfacing.
Until such standards can be widely accepied by the industry, the imterfacing of medical devices will

continue 10 be an cutstanding issue.

A reiated issue is in the imterpretation of the large volume of data that can now be collected.
Gardner (1000b) has illusirated through continuous monitoring of blood pressure and oxygen
saturation unexpected shifts could be recorded from patients by the computer which were missed
by staff. These variations need to be explained but thay would require aimost constant observation
of tha patien. Thus, suitable methods are still needed 1o validate the input data bafore they can be
used for decision-making.

Use of Automated Pratocols

The potential use of patient care protacols and closed-loop control systems has received much
atterttion in recent years. The imporant issue is to demonstrate that it is feasible and effsctive 1o
design computarized patisnt management plans for mutine use. Aside from the nesd to formalize
the underlying concept of using automated protacols for decision-making, the logistics of how to
implemant such a system is also an issus that ragquires much resesrch. Not only must the system
be accurate in #s decision-making and racommaendations, but it must also be designed 1o operate
aro still the rasponsibility of the stafi - ot the computer.

Formal System Evalustion

The cost-sffectiveness of using expansive technolagy in the ICU is an increasing concem in
recer yasrs (OMH 1091). The issue is whether such a technolagy can and should be ussd 1o
influence patient care pracesses and cuicomes. Unforiunately, many researchers are still grappling
with the basic prablems of intraducing decision-suppart technologies into the ICU. Relatively fewer
documentation in the literature is available on how computer systems can significantly influsnce
patient ouicome. Studies with automated reminders (McDonald 1984), laboratory rasult alerts
(Bradshaw 1089) and automated respiratory therapy advice (Sittip 1089a) have shown some
positive influence of how such systems improved the care of the pstient. However, more well-



controlied trials are required to quantify the merits of using such advanced technologies to improve
patient cutcomaes.
Knowiedge Representation and Reasoning

An ongoing, fundamental Al research issue invoives the representation of knowiedge and
freasoning methods appropriate for imensive care medicine. Research such as ventilation
management in the ICU has demonstrated the need to recognize lime-varying data and the
importance of using goal-directed plans (Rennels 1988). But what remains unclear is how one can
construct 8 knowledge-base that is imteliigent and efficiert 10 deal with the complex ICU
envionmant. A related issue is how one can maintain such a complex system and validate the
aoouracy of the knowiedge bases on a routine basis.
233 Ressarch Opportunitiss

The many important issues that remain unresolved represent major research opportunities in
ICU computerization. Potential resoarch areas include the use of intelligant moanitoring and alens,
patient management protocols, physiological modeling, outcome measures. graphical user
interfaces, and suitable knowledge representation and reasoning schames. Areas pertinant 1o this
research study are the use and evaluation of patient management proiacols, and the appropriate
knowlsdge reprasentation and reasoning methads for the ICU. A discussion of these two rasearch
areas and how they relate 1o this research study are provided below.
Patient Management Protocols

Tremendous opportunities still exist in the developmant of open-loop control systems for
managing patiants in the ICL. The use of formalized treatment protacols is appealing in that it can
provide standards for the care being provided. Reasarch in this area so far has been foacused on
ICU vervilation mansgement using sxper nules. An aemative not explorad is the combined use of
traatment sirategies and choices from Millers (1086) VQ-ATTENDING, Shoemakers (1983)
aplimal tharapy planning and Langlotz's (1087) computstional modeling in managing patients,

Wiih Mille’s approach, the everall goals of & paricular therapy plan can be mads distingt from
the diverse mansgement aliematives available to contral the hemadynamics of the CVICU pationt.

spacile therapsutic goals based on physiologic values from patisents with desirable cutcomas
(such as survivors). Detailed protocols can then be developed 1o provide therapy altematives as
racammandations to achieve thase goals.

Most Al systems reporied have used production rules o encede the protocols. More recent
systems have combined the use of quantitative and statistical techniques such as decision
anslysis and linear regreasion fo quantify the knowledge (Langlotz 1987, Rudowski 1989). In
particular, the ONYX system by Langlotz used simulation modeling o pradict the stiects of tharapy
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using known physiologic models and paramaters. This approach can be adopted 1o estimate the
hemodynamic effects of drug therapy for the CVICU patient.

In this study, both expert and computational knowledge were used. The latter consisted of
exponential smaothing average for physiologic data, linear regression for trends, and drug-dosage
response modaling for therapautic effects. However, since no outcome-based therapy plans exist
& presant in the CVICU, therapeutic target ranges best suited for each patient as defined by the
CVICU physician were used instead.

Knowiedge Repressntation and Reasoning

Fundamental research is still needed 1o determine the appropriate knowledge representation
and reasoning schemaes for critical care madicine. This is essential since i is important to establish
standards that can handle the decision-support raquirements for iMensive care, such as the
CVICU. The schemes must include cardiovascular knowledge on the patient's iliness, therapeutic
goals, management atematives and the patient's response 1o the therapy. Reasoning with time-
varying and continuous data from the patient is still problematic, especially when the data are near
the critical limit boundaries.

Two related types of knowledge representation models will likely be pursued: the "shallow"”
madel made up of compiled knowisdge, and the "desp” mode! based on causal knowledge.
Examples of the former approach include many frame and rnile-based experi systems that have
baen reported (Shortlife 1985; Miller P 1086; Pryor 1980). On the other hand, rasearch using deep
madels has shown causal reasoning 1o be appealing bscause the systems can justify their
conclusions and actions based on cause and effect mechanisms astablished in medicine (Patil
1881, Randall 1987).

The few ICL expert systems reporisd used frames and rules 1o struciure the knowledge
(Fagan 1985; Sittig 1989 a & b). However, managing CVICU patients can be complex; and if only
fules were used, many would be nesded 1o capture all of the irteractions among the physiologic
#iates. | appaars thai & combination of shallow and desp madels may be appropriate for the
CVICU domain. Despite its complexity, the underlying physiology of cardiovascular surgery and

models. some baged on mathematical formulaa, that can explain the patisnt's condition, which
may then ba compiled into causal fules. Ideally, one would draw on exper miles as the primary
source of knowledge for rautine problems, but with the ability to cross-validate its raasoning by
&utomatically comparing with its causal models. No such system exists at prasent.

In this study, all relevant knowledge for hemodynamic management of hypovolemic
hypotension was stored as compiled schemas and miles. Physiologic madeling was not used
bacause the project scope was 1o provide stfactive therapy recommendations; explanation based
on known cardiovascular physiology was not deamed necessary as part of the nrotolype.



CHAPTER 3
THE SCIENTIFIC HYPOTHESIS

This chapter describes the development of the scientific hypothesis, which formed the
conceptual foundation of the research study. The topics coverad are the scientific basis, research
issues, hypothesis and research objectives.

3.1 Scientific Basis

Medical informatics is an emerging discipliine that invoives the study of the nature,
representation, structuring and implamentation of medical knowledge and its effective use in
faciltating clinical decision-making. Stead (1992) recently summarized the scientific basis of
applied medical informatics research and its design methadologies, which includes a wide
spactrum of research, development and implamentation activities. These are cyclical in nature in
that, beginning with an innovation, the idea has 1o be analyzed, deployed and evaluated 1o provide
feadback leading 1o new insight and hypotheses. The work presented here is similar in that i is a
form of model-testing, or proof-of-concept, where an innovative approach is validated. This
necessilates the development of a conceptual framework and construction of 8 computer prototype
whare ils efiectiveness can be tested. This is also a prerequisite to the final deployment of such
systems in a clinical envionment, because of the potential risks to patients and the major
supenditure involved.

3.3 Ressarch lasues

The domain invastigated in this rasearch is cardiovascular iMtangive care after candiac surgery.
Dagpite the plisthora of elactronic devices and automated monionng systams that exist today in
the CVICU, most hemodynamic managemant decisions 1o control biood pressures and cardiac
psdormance are still inuitive and manually driven. Unfortunately, the massive volume aof
physiologic data generated from the posi-operative cardiac patianis can easily fthreaten the
clinician with infonnation cveroad, impairing effective descision-making. In fact, i@ has baan
spaculated by the expen physicians who participated in this research that up to haif of the
complications within the CVICU follow & sequence of simple clinical events that ware undetected,
mis-iMemreted, or not treated in a timely fashion. This can bs compounded by the institution of
superficial treatment objactives that are of dubious value or even contra-indicated given the
patiant's condition. This is espscially trus in the hemadynamic management of the CVICU patient,
where the effects of the hemadynamic parameters in response 1o therapies are difficult to predict,



due 10 both the patient's underlying iliness and the varying degrees of compensatory physiologic
response. The tendency to restore hemodynamic aberrations to "normal” range may end up having
the clinicians “treating the data” instead of the patient, or “ail-chasing” due to counteracting
therapeutic effects. Atemnatively, the vast amount of quantitative information buried within the
CVICU flowsheet is often under-tilized. Clinical decisions are often made by scanning selective
information over a short time span while ignoring others. This is inevitable regardiess of the intent,
since # is difficult 1o comprehend multiple quantitative variables in a simultaneous fashion to make
“spot-dacisions”.

Ironically, there is also a lack of relevant information in many instances that could have
influenced the decision-making process. For example, would # have made any difference in terms
of patient outcome if one were 10 maintain & patient's mean anerial pressure (MAP) at 80 mmHg
with 1 ug/kg/min of norepinephrine as opposed to 70 mmHg using & lower dose? Or what is the
marginal impact of delaying a panicular therapeutic intervention on a patient? The ability to address
such questions has tremendous patient management and cost implications; but this is often
unatainable due to the lack of such information at hand. Another ongoing problem is the practice
variations common among clinicians, which render it difficult to assess the relative effectiveness of
therapeutic agents in managing a specific clinical problem. An example is the use of colloid versus
crystalioid in the treatment of hypovolemia - an issue that has remained controversial over the past
ten years (Marino 1891).

The computer, with its vast organizational, computational and searching capability, appears
well-suited for overcoming some of the deficiencies in information management and decision-
making within the CVICU. Recent attempts (East 1980; Tu 1889) in applying computer-assisted
therapsutic protocols 1o manage aduli respiratory distress syndrome (ARDS) and cancer patients
Inok promising in that the computer adequately captured expert knowledge to faciliiate decision-
making in & clinical envionment. The research issues addrassed within the scope of this project
partain 1o the development of computer-based protacols for managing hypovolemic hypotension in
the CVICLI, as wall as basic gnificial intelligence (Al) questions in knowlsdge representation and
reasoning. Spasifically:
¢ Can hamadynamic management supartise be formalize as detailed protacols to manage the

CVICU patismt as damonstrated through the management of hypovelamic hypatengion?

o Can this expertise be adaguately represented in the computer and used effectively to facilitate
the clinical decision-making process?

¢ How should one reprasent this knowledge intemally within the computer and use i in the
reasoning process, given the resulting structure must be sufficiently robust, time-responsive
and expandable over time?
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¢ Given that such a system can indeed be developaed, how should one evaluate its performance
in the clinical setting?

3.3 Hypothesis

The objective of this study was to develop a knowledge-based, decision-support system
prototype fo facilitate hemodynamic management of CVICU patients and to validate the prototype's
performance against known historical cases. The hypothesis tester was:

expertise in hemodynamic management of CVICU patients can be formalized
as computerbased protocols, which can provide therapeutic
recommendations significantly more consistent with clinical management
goals than occurs with current practice.

Limited resources constrained the research lo hypotensive episodes associated with hypovolemia,
and to retrospactive analysis of historical cases, and 1o modeling rather than & real-time system.

Specifically, hypotensive episodes are defined as one having post-operalive mean anerial
pressures (MAPS) that are below & targeted range relative 1o the patient's pre- and intra-aperative
M2Ps and over a time course in the CVICU as defined by the physician. Hypovolemia is a
condtion of intravascular volume deficit measured by low or dacreasing filling pressures which can
be a cause of hypotensicn. Consistency is the uniform instigation of therapeutic reacommandations
as outlined in the formalized protocols developed through consensus that reflect clinical
management goals.

As in many areas of clinical maedicine, gold-standards seldom exist within therapeutic
management practices for post-operative, hypotensive episodes associated with hypovolemia.
Hence, a major assumption used in this research is that the measure of the prolocols'
sfisctivanass is 10 propose therapeutic racommendations that are more consistent according 1o the
expert CVICU physicians involved with this research. Since the majorty of routine treatment
dacisions are made by CVICU residents and nurses, it is imMuitive to congider the computer-based
protacols effective if they can raduce the variability in therapsutic management by providing more
consistent therapsutic recommandstions than curant praclices by the stafl, &t § statistically
significant level.
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3.4 Ressarch Objectives
Rather than attempting to duplicate the cognitive decision-making models of human expen

CVICU physicians, which are largely unknown, this research emphasizes the development of an
innovative computational knowledge structure for managing hypovolemic hypotension. This
conceptual decision-support framework was then implemented as & computer prototype and
validated on its effectiveness using patient data from historical CVICU cases. The overall objective
of this prototype was 10 provide ongoing therapeutic recommendations 10 help control the patient’s
blood pressures and cardiovascular performance fo be within the therapeutic target range as
definad by the physician. Spacifically, the goals were to:

¢ Formalize and encode the therapeutic protocols for managing hypovolemic hypotension

* Demonstrate the conceptual framework by constructing a functiona! computer prototype

¢ Conduct a formal validation of the prototype by testing s parformance with historical cases

¢ Identiy problems and issues based on the prototype's design and performance
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CHAPTER 4
THE CARDIOVASCULAR ICU DOMAIN

4.1 Cardiovascular Physiology

The conventional physiologic model for determining cardiovascular performance includes the
assessment of preload, afterioad, contractility, and heart rate (Oh 1980). Preload is defined as the
initial myocardial fibre length before contraction, usually interpreted as the left ventricular end-
diastolic volume (LVEDV). Afterioad refers to the load on the myocardial fibres after the
commencement of contraction, and best equates with systolic myocardial wall tension. Contractility
is the inharent property of the ventricle to perform work, independent of preload and afterioad.
Heart rate is considered the intringic rhythmicity of the sinoatrial node firing with a coordinated
pattem to the ventricle, and is mainly controlied by the autonomic nervous system. Central to
adequate cardiovascular function is stroke volume, which is determined by these interdependent
factors mentionad above. This inter-relationship is shown in Figure 1.

figure removed due to copyright restriction

Figure 1. Determinants of cardiac output and organ blood fiow (Copiad from p.107 of Qh 1960).

The relationship of these determinants can also be described by the pressure-volume curves
that show the mechanical behavior of the ventricle in one cardiac event cycle, and the Starling
curve that relates end-diastolic volume to systolic pressure (Marino 1991). This relationship is
shown in Figure 2. In this figure, end-diastolic volume is equivalent to preload, which is at paint B
when the pressure of the ventricle exceeds left atrial pressure and the mitral valve clases. Afterload
is equivalent to aortic pressure, which is at paint C where the chamber pressure axceeds the
pressure in the aorta and forces the aoric valve open (afterload also includes the transmural
plaural pressure, which is not part of the vascular system). When the aortic valve apens, the stroke
volume is ejected into the aorta, represented along the horizontal axis from point C to paint D. The
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contractile force of the ventricle determines the volume of blood ejected along the horizontal axis at
a given preload and afteroad. The area within the pressure-volume loop defines the work
performed by the ventricle during one cardiac cycle.

figure removed due to copyright restriction

Figure 2. Pressure-volume curves for the intact ventricle (Copied from p.6 of Marino 1991).

The output of the normal heart is influenced primarily by the volume of blood in the ventricles at
the end of diastole. This relationship is given as the Frank-Starling Law of the Hear, which states
that the changes in the resting length of the myocardial fibres are directly proportional to the force
of the resulting contraction. The clinical counterpan of the Starling curve is the Ventricular Function
Curve shown in Figure 3. In this curve, end-diastolic pressure (EDP) replaces end-diastolic volume
(EDV) and stroke volume replaces systolic pressure, both of which can be measured at the
bedside. The slope of the ventricular function curve is determined by the contractile state of the
myacardium and by the afterload. A decrease in contractility or an increase in afterioad will
decrease the slope of the curve.

figure removed due to copyright restriction

Figure 8. ventricular function curves. (Copied from p.8 of Marino 1901).
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The ability of the ventricle to fill during diastole is determined by the relationship between
pressure and volume at the end of diastole (EDP and EDV), in Figure 4. The slope of the diastolic
pressure-volume curves is a8 measure of the compliance of the ventricle. Preload is the stretch
imposed on the resting muscle and is equivalent to the diastolic volume. Since EDV is not
measured routinely at the bedside, EDP is the usual clinical measure of preload. Any change in the
compliance will shift the slope of the curve. For instance, a decrease in compliance will shift the
curve down and to the right, so the EDP is higher at any given EDV. This condition can result in
overestimation of preload when ventricular compliance is actually reduced.

figure removed due to copyright restriction

Figure 4. The relationship between EDV and EDP. Compliance = A voluma / A pressure. (Copiad from p.8 of Marino
1991).

The primary role of the cardiovascular system is to provide transpon of oxygenated blood and
metabolites 1o tissues. The four imponiant factors of the oxygen transpont system are the oxygen
content of whole blood, oxygen delivery, oxygen uptake, and fractional extraction of oxygen from
capillary blood. As oxygen supply is a product of blood flow and oxygen content, its level can be
decreased by anemia, hypoxia, increased hean rate, coronary arnery disease, raised LVEDP or
decreased diastolic aortic pressure. On the other hand, oxygen demand of the cardiac musculature
is dependent on heart rate, afterload and contractility. This demand can be increased by increased
preload, afterload, heart rate or contractility. Imbalance between supply and demand of oxygen can
lead to myocardial ischemia, first evidenced as wall motion abnormalities, dacreased ventricular
compliance and elevated LVEDP. Angina, dacreased ventricular ejection fraction and other
changes showing up in the ECG may follow that lead to congestive cardiac failure and shock.
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A different concept proposed by Shoemaker (1989) expresses circulatory function in terms of
physical fluid systems: pressure, volume, flow and function; the latter being best characterized by
VO, that represents the sum of all oxidative metabolic process. Each of these dimensions is
assigned a normal value of 100% and represented as a square in Figure 5 (a). The concept allows
one o portray changes in each of these principal dimensions and their interactions. For instance,
the average changes in these dimensions observed in patients with compensated septic shock is
in Figure 5 (b). Using this pathophysiologic approach, Shoemaker derived outcoms predictors from
the pattems of survivors and nonsurvivors and used them as therapeutic goals. Interestingly, the
mast commonly measured hemodynamic parameters such as blood pressures and heart rate were
poorest in terms of predicting outcome. At best, they track where the patient has been rather than
where the patient is going. Oxygen-transpornt-related variables, particularly those reflecting VO, in
relation 1o red cell mass and red cell flow, have the best capacity to predict outcome and have the
greatest clinical importance.

figure removed due to copyright restriction

Flgmﬁ §. e four circulatory dimansions: {8) Normal circulatory dimensions represanting pressure, volume, flow and
function (VO,). The dimansions are drawn to a scale in which the normal values are shown as 100% and changas of each
dimension above or below the normal expressed as percantage changes of that scala. (b) Average valuss of patients with
compansatad septic shack showing 20% reduction in volume and 30% drop in pressure, but 75% increase in flow and 20%
increase in VO, Although the obsarved VO, values are greater than normal, they are considerably less than nesded
{Copied from p.880 of Shoamaker 1989).
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42 Physiologic Monioring in the CVICU

Ongoing physiologic monitoring is a vital aspect of managing the post-operative CVICU
patient; its purpose is to recognize and evaluate potential physiologic problems in a timely manner
fo institte early corective therapy (Shoemaker 1989). In particular, the goal in treating the
hemodynamically unstable patient is to optimize oxygen delivery 1o vital organs and peripheral
tissues and maintain adequate coronary perfusion without upsetting the critical balance between
myocardial oxygen supply and demand (Dantzker 1991). Some of the relevant physiologic
variables routinely measured in the CVICU at the UAH are reviewed below (Modry 1886; Marino
1991, Darovic 1987).
42.1 Heart Rate

The first physiologic variable monitored continuously when the post-operative CV patient is
admitted to the CVICU is the heart rate (HR) as beats per minute, obtained automatically as pant of
the 3-lead ECG monitoring (MCL 1) through averaging the number of QRS-comploxes within a 4-
second imerval. An associate measure is ventricular premature beat (VPB), which indicates
premature ventricular contractions, skipped beats or cther imegularities. HR is &8 nonspecific
hemodynamic variable; its increase might suggest camdiac dysfunction or blood flow/olume
deficits - the faster the HR, the greater the cardiac impairment or hypovolamia. The relationship is
shown by the aquation for cardiac output (CO), which states that:

CO = HR x 8V where SV is stroke volume in litres per beat

In the situation where SV is decreased due 1o volume depletion or cardiac dysfunction, the usual
compansatory efiect is an increase in HR to maintain CO. However, HR also increases with
infection, anxiety, stress, pain, discomfiture. A slow HR (bradycardia) may accur with myocardial
infarction and biockage of the sinoatrial nade in centain anteriosclerotic heart disease.
422 Arorial Pressures

Continuous monitoring of arterial prassures via an arterial catheter line is standard practice for
the first 24 10 48 hours in all CVICU patiants. The monitoring includes the measurement of arterial
blood prassure sysiolic (ABPS, recorded like all other pressures in terms of millimetres of men.-iry,
mm Hg) and arerial biood pressure disstolic (ABPD), giving mean arerial prassure (ABPM or,
afier bload or fluid loss, during cardiac failure and in the terminal stage of most dizeases. Abamant
anerial pressures do not directly represent reductions of bioad flow and voluma but rather the
failure of circulatory compansations. MAP is a more reliable paramater than sither ABPS or ABPD,
since the aiter two reprasent the axtramas of biood prassure obtainsd digitally as paak and traugh
pressures by the monitor, which may not be alays accurate. In addition, serial pressure
measurements are more useful for the assessment of trands, espacially in hvpatension associated
with hypavolemia or cardiac dysfunction.
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42.3 Tempersture
Body temperature is routinely measured at the tympanic membrane of the CVICU patient

using specially designad probes with a photodetector. Rectal temperature is used as an atemative
with problematic patients. Continuous core temperature monitoring can be obtained from the
puimonary antery thermadilution catheter if available. Hypothermia can occur in some patients who
remain vasoconstricted despite efiorts to rewarm the body, leading to hypotension with poar tissue
perfusion. A simple bedside examination of the skin temperature at the furthest point of the
ciroulatory system, such as the lower extramity, can reveal the adequacy of tissue perfusion.
Typically, warm skin surface and bounding pulses are indicative of adequate circulation, with cool
and clammy sensations being the apposite. Hyparthermia ofien results from endogenous release
of catecholamines early in the post-operative period, with sepsis being the main suspect for after
48 hours.

4.2.4 Contral Venous Pressure

A central venous catheter provides the means of assessing global cardiac function and
intravascular volume status; it also provides a route to administer intravenously medications, fluids
and withdraw blood samples centrally. By placing a catheter from the central vein until the catheter
tip is in the proximal superior vena cava, the central venous pressure (CVP) can be obtained
continuously vis a pressure transducer or itermittently using a water manometer.

CVP measurements are used 10 assess the patient's intravascular volume status in all CVICU
patients. CVP is used alone without the pulmonary antery (PA) cathater in 50% of the patients with
ejection fraction greater than 45%, less than two dysynergic wall segments and the absence of
pulmonary hypertension. By measuring the mean pressure in the right atrium, it is possible 1o
assess venous retum 1o the heart as indicated by right ventricular end-diastolic pressure (RVEDP).
in the absence of cardiopulmonary disease, CVP reflects both the right and left ventricular function.
CVP is ofien reduced in hypovolemia, resulting in cardiac dysfunction and compromised tissue
parfugion. Increased CVP alone is usually seen in volume overioad and right hear failure.
Howsver, CVP is a poor measure of lsft haar failure since the right vantricle can maintain fiow
daspiie failure in the lefi-variricle urtil the pulmonary arery prassure rises bayond 40 mmig.

A common problem in messuring CVP is the frequent nasd to adjust the transducer ralstive 10
the patient's pasition, known &s "zeming the transducer”. Another is in intemreting the CVP value
duning volume and drug therapy infusion through the same venous line. Serial CVP measuraments
#re more ugeful in establishing the accuracy of changes. Zeming is mandatory at Ieast once per
ghift in the CVICL.. Occasionally, complicaticns such as arhythmias, hemorhage and infection
can occur in prolonged CVP catheter exposure, requiring 8 change ir the catheter site every 72
Rours.



42.5 Puimonary Arterial Wedge Pressure

About hal of the CVICU patients require monitoring of their cardiac function with the PA
catheter. The catheter is important in patients whose ejection fraction is less than satisfactory
(<45%) or have two or more dysynergic wall segments. The PA catheter is usually imroduced via
an intemal jugular vein and advanced past the puimonic vaive 1o rest in the pulmonary anery. By
inflating the balloon in the distal radicals of the pulmonary anery, the puimonary antery wedge
pressure (PAWP) and other measurements can be obtained, in the absence of mitral stenosis,
sortic ingutiiciency or respiratory failure, reflecting the ieft atrial pressure (LAP), or the left
ventricular end-diastolic pressure (LVEDP). A related measure is the pulmonary arery diastolic
(PAD) pressure, which aiso reflects LAP and is usually about 2 10 § mmHg higher than PAWP
(Marino 1991).

The pressures mentioned can fluctuate during respiratory variations in intrathoracic pressure.
in particular, PAD can be faisely elevated in conditions of bronchospasm., incraased puimonary
vascular resistance and severe tachycardia. A prassure change of 4 mmHg or greater is necessary
10 be considerad clinically significant. PAWP is used as the clinical measure of preload, but the
measure is only reliable when ventricular compliance is normal or unchanging. Decreased PAD
and PAWP are associated with hypovolemia and hypotension; increase in PAD and PAWP can be
seen in cardiac dysfunction, puimonary edema and hypoxemia. Only PAWP, PAD and CVP are
rautinely measursd in the CVICU at the UAH. The clinical corelation of the pressure
measuremeants can be summarized balow (Thomas 1084) :

LVEDV « LVEDP « LAP = PAWP « PAD « CVP

ventricular mitral  airvay  pulmonary ventricular
compliance  valve pressure vascular compliance and
resistance tricuspid valve

43.6 Cardiae Ouiput and Derlved Parameters

The PA catheter also allows one to measure cardiac output (CO). The technique used in the
CVICU is known as the thermadilution methad, which involves the injection of 10 mL of saline at
Foom temperature into the right hear chambers and recording of resulting temperature change in
the bload due fo mixing with saline. A temparature-time graph is displayed on the monitor, which is
used to gauge the quality of the injection and the result. lllustration of the thermal dilution method
&nd the temperature-time curve is shown in Figure 6.
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figure removed due to copyright restriction

Figure 8. ustration of the thermodilution method for cardiac autput (Copied from p. 124 of Marino 1961).

The area under the curve shown in the graph is inversely related to the flow rate in the

pulmonary anery and is expressed mathematically as (Geddes 1989):

CO=(ViATi)/{ATd dt
where Vi is the millitres of saline injacted, ATi is the temperature difference between the saline and
the blood, ATd is the temperature difference between the cooled and normal blood as measured by
the thermistor, and dt is the time interval, the latter two being integrated as the area under the
curve. Usually three serial measurements are obtained and the average is recorded if the values
are within 10% of each other. Cardiac output is also expressed as an indexed pararneter according
to body surface area, as the cardiac index (CI), which is:

Cl=CO/BSA
where BSA is body surface area in square metres. Vascular resistance can be represented by
dividing pressure drops by cardiac output measures. Converting pressures from mm Hg to
dynes/cm? and output to per second we obtain the indexes

systemic vascular resistance index (SVRI) = 80 x (MAP - CVP)/ CI

pulmonary vascular resistance index (PVRI) = 80 x (PAPM - PAWP) / C|
their respective ranges being 1200-2500 and 80-240. C! is useful in determining cardiac function;
its value is typically decreased in low output syndromes due to cardiac dysfunction or hypovolemia.
Increased Cl is often associated with a decrease in SVRI and/or PVRI, and an increased PAWP,

40



suggesting a loss in vascular tone in both the systemic and puimonary anteries due 10 excessive
anterial unioading and/or sepsis.
42.7 Anerial Blood Gasss

Assays of aterial biood gases (ABG) are routinely requested in the CVICU for monitoring of
acid-base balance and pulmonary function at least once every hour immediately post-op in
unstable patients. ABG inciude the determination of H*, pCO,, pO,. base deficit and O, saturation.
In situations where the demand on oxygen consumption exceeds its supply or tissue perfusion is
recduced, the tissuss will switch to anaerobic metabolism and produce lactic acid, leading to an
increase in serum H* and subsequent metabolic acidosis. This condition occurs among CVICU
patients who are hypoxemic, hypothermic, vasoconstricted, or have reduced contractilty and/or
ventricular compliance. i untreated, severe myocardial ischemia and infarction can result, leading
fo acute heart failure. The relationship of acid-base balance is:

H* = 24 x[pCO, / HCO,]

where H* is in mEQA and change of 1 in its value comesponds 10 a change in pH of 0.01 units.
This relationship predicts that the serum H* will change in the same direction as the pCO, and in
the opposite diraction from the serum HCO,' (estimated by total serum CO,). In matabolic acidosis,
the primary disorder is a dacrease in HCO,', an increase in H*, with or without a decrease in pCo,
&8 & compensatory response; whereas in respiratory acidosis there is an increase in pCO, with or
without a comresponding increase in HCO," as a compansatory renal response. Base daficit can be
used as an indirsct measure of H* deficit or surplus. In the absence of HCOQy', an increase in pCO,
and/or base deficit are used instead lo determine the presence of acidosis. Oxygen saturation and
PO, #re both measures of the overall respiratory function; a dacrease in O, saturation below 80%
and/or pO, of less than 70 mmHg are indicative of hypoxemia, requiring additional oxygen suppon.
42.8 Laboratory Valuss

Laboratory reaulis perinent in the fluid managemant of CVICU patients include serum
elecirolyles such as pofassium (K), sodium (Na), calcium (Ca), ionized calcium (ion-Ca),
magnasium (Mg), hemaiasri (HCT), hemaglobin (HB), plstalsts (PLT), prothrombin-time (PT-INR),
panial thromboplasiin iima (PTT) and osmolality (OSM).

K plays an imporan, stabilizing role in the depolarization of the myocardial membranes and is
therapeutically mairtainsd near the upper limit of § mmolA.. Both Ca and ion-Ca are assential for
propsr cardiac eamraction, with lower limits of 2.0 and 1.17 mmoll., raspactively. Mg forms an
imporiant inracaliular cation involved in muscle and narve cell electrical eucitation and conduction,
with a lower clinically acceptable limit of 0.7 mmolA.. Reduced levels in any of these comesponding
serum ions - in hypokalamia, hypacalcemia or hypomagnesemia - can result in compromised
contractility, leading to cardiac dystunction if left unireated.
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HCT and HB are important determinants of oxygen-camying capacity, and are used 10 assess
biood ioss after surgery. in general, HCT and HB values are decreased by hemomhage or infusion
of large volumes of cryatalioids and increased by transfusions or dehydration. Occasionally, the
chest tube drainage of bieeding CVICU patients during the early post-operative phase becomes
excessive, resulting in a decrease in HCT and/or HB. PLT, PT-INR and PTT reiate 1o blood
coaguiation and are rautinely measured for abnomnal values that would suggest coagulopathies or
inadaquate reversal of haparin. Serum OSM and Na are used 1o determine the type of fluid 10 be
administered to counter volume depletion. Details regarding the use of these Iaboratory values in
therapautic managemaent are prasented in section 4.4.

42.9 Fluld input and Outpun
Maintaining adequate fluid balance is crucial for the CVICU patient during the post-operative

period. The rate of urine output is measured hourly and accumulated over a 24-hour period along
with any chest tube (CT) and/or nasogastric tube drainage. The total output is subtracted from the
amount of fluid administered such as crystalioid or biood products during that same period. The net
weight gain or loss can then be calculated; it should be less than 5% of the pra-operative weight.
Any weight gain in excess of 5% of the admitting weight is likely indicative of edema and/or fluid
overioad. A urine flow of less than 0.5 miAg/min is potentially alarming, since prolonged periods of
renal hypoperfusion can lead 1o renal ischemia, resulting in renal dysfunction and eventual rena
failure.

43 Hemodynamic Managemant Ater Cardiac Surgery

The goal of hemadynamic management in the CVICU is 1o control the patient's HR, MAP,
CVP, or PAD within pre<defined therapeutic target ranges, based on the pre-operative
hemadynamic status of the patient, the surgical pracedure parformed and the hemadynamic status
of the patient on exit from the aperating room. Since most patisnis are slightly hypothermic and
vasoconstricied &t te complstion of an oparation, they would leave the cparating room on an
alisrlond-reducing agent to cantrol the hemadynamic parameter values. The goals &t this stage are
fo optimize curdiac oulput, decragss myoscardial oxygen consumplion, minimize blssding and
avoid "warming crashes” in the unit. The csardiac filling pressures are targeted in the upper part of
normal range for that patient, based on the pra- and intra-cparative parameters. MAP should be 10
10 20% balow the pre-aparative level. For patisnts with a blesding tendency, 8 MAP range bstween
85 fo 70 mmHg is targated. For the pre-aperatively hyperensive patients, 8 MAP range of 80 to
100 mmHg may be required to maintain adequate renal biood flow and urine cutput. But the higher

unacceptable afierioad.
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If & patient remained vasoconstricted when admitted to the CVICU, rapid vasodilatation dunng
subsequent warming can drop the blood pressures to dangerously low levels. The consequence of
hypotension and an inadequate cardiac output during warming crashes are suboptimal myocardia!
perfusion and the development of metabolic acidosis leading to ventricular fibrillation. Thus.
adequate management of patients who have become hypotensive must consist of immediate
assessment of the cardiovascular function to identify its underlying cause, which may include
bradycardia, tachycardia, hypovolemia, cardiac tamponade, left heant failure, pulmona:y
hypertension and arterial vasodilation. The management strategies of the hypotensive patient are
outlined (Modry 1986) in Figure 7; only strategies relevant to hypovolemic hypotension are
elaborated.

figure removed due to copyright restriction

Figure 7. swatagies for the assessment and management of hypatansion following cardiac surgary (Copied from p 110 of
Modry 1988).



in hypotension associated with hypovolemia, the MAP and filling pressures are decreased; the
administration of volume usually corrects the situation. However, CVP readings must always be
suspected as unreliable and be cross-validated by piacing the patient in modifisd Trendelenburg
position (raising the legs) to watch for an immediate elevation in MAP and/or CVP,

Mediastinal bleading should be an ongoing assessment to determine if it is the source of loss
of the patient's imravascular volume. Bleeding in excess of 250 mLMr for three hours or bleeding
exceeding 500 mL in one hour requires retuming the patient to the operating room for median
stemotomy. Cardiac tamponade, a condition marked by an accumulation of blood in the pericardial
space with resulting compression of the heart, should be suspected if chest tube blseding from the
patient suddenly stops. This condftion is usually associated with hypotension, tachycardia,
balanced end-diastolic chamber pressures, a diminished Cl, an elsvated SVRI and a declining
urine output.

Bradycardia-induced hypotension may be secondary 10 rasidual beta blockade, hyperkalemia
or hypercaicemia, myocardial or conduction system edema, or myocardial infarction. The condition
is managed by pacing i 8 pacemaker is already in place. or with chronotropic agents such as
atropine or isoproterenol. If MAP and/or CVP are still low, a volume challenge by raising the legs to
observe an increase in MAP would confimm the diagnosis of hypovolemis. If persistent arerial
hypotension is found with an elavated CVP, then hemodynamic evaluation with a PA-catheter is
indicated.

Tachycardia is manifested by a diminished cardiac output due 10 a decreased diastolic filling
time and a decreased SV. The decrease compromises subendocardial perfusion; oxygen supply
may not meat demand, leading 1o possible myocardial ischemia and infarction. Causes of
suparventricular or ventricular tachycardia are hypomagnesemia and hypokalemia, which render
the myacandium susceptible to spontanecus depolarization. For patients who are well-oxygenated
and with normal acid-base balance, the underlying cause of sinus tachycardia associated with
hypotension is usually hypovolemia.

Relative hypovolemia ean accur in anerisl vasodilstion, where the total fluid volume is
dacreassd due 10 axcessive dilatation within the systemic vasculsture. The condition is aseaciated
with an elevated C! with decraased MAP, PAWP and SVRI. Excessive arierial dilatation may be
related to the use of any one of vasadilator therapy, hypeithermia, or sepsis, its consequent high Cl
causes an increased myocardial oxygen consumption, leading potentially to ischemis and
infarction. The management strategy is 1o ease afierioad-reduction to sliow the peripheral arterioles
fo constrict and raise the MAP and reduce CI. The therapeutic choice may be any one or
combination of reducing the vascdilator therapy, actively cooling for hyperthermia, and controlling
sapsis i prasent.



Other conditions that lead 1o hypotension with low Cl include compromised lefi-ventricular (LV)
function and puimonary hypertension caused by pulmonary vasoconstriction or bronchospasm. In
the case of compromised LV function, the primary goal is to improve cardiac output by increasing
the HR, contractiity, and/or decreasing the SVRI, or providing intra-aortic balloon counter-
pulsation. LV dysfunction due to reduced contractilty must be treated for its underlying cause,
which could be myocardial ischemia, hypokalemia, hypomagnesemia, hypocaicemia and profound
acidosis. With pulmonary vasoconstriction and bronchospasm, use of vasodilators (e.g.
nitroglycerin) and bronchodilators (e.g. ventolin) is usually effective.

4.4 Use of Therapeutic Agems

Hypovolemia associated with hypotension was estimated by the CVICU physicians at UAH to
ocour in over 50% of the patients preponderantly during the first 12 hours of admission to the
CVICU. intravascular volume depletion is caused by blood loss, third-space sequestration of fiuid
from intravascular imo the imerstitial space, diuresis and other insensible loss. Fluid therapy is
often necessary 1o reverse intravascular hypovolemia. The type of fluid given is determinad by the
serum osmolality and tonicity, and the amount of waight gain prasent. Both colloids and crystalloids
are used; the former include 5% and 25% albumin, the latter agents such as normal saline, DEW
and ringers lactate

Serum OSM and Na levels are used 1o determine the type of fluid o be given for volume
deplation. When osmolality is within 280 to 300 mmolikg, and Na is within 135 10 150 mmolA., and
the weight gain is less than 5% of the admitted weight, ringers |actate or normal saline is the agent
of choice. Hypotonic agents such as DSW are used in place of normal saline or ringers lactate
when serum Na level is above 180 mmoall., o prevent hypematramia. If waeight gain is more than
10% of the admitted weight, 25% albumin may used instead to draw fluid from the interstitial space.
The amount of fluid to be given depends on the overall hemadynamic status of the patient, and is
often guided by the CVP and/or PAD, maintained between 8 and 12 mmHg unless higher pre-
operative and/or intra-aperative values were prasent. The physiolagic response o §% albumin ig
shvays more immediate; only one-fourih 1o ene-hall the amount of albumin is required 10 achieve
the same sffact as with crystalioid.

During the rewarming period, 8 praviously vaseconstricied patient can bacome vasodilatad as
indicated by a decreased MAP and SVRI with normal or increased CI. f the patient is raceiving a
vasodilator, such as nitraglycerine, the treatment is o discontinue or decraase the vasodilator. The
decrease in vasodilator should resull in a retum of the vascular tone, thus increasing the
intravascular volume and raising the MAP. In the situation where CI is not obtainable, weaning of
the vasodilator should only be attempted if no notable acidosis or contractility problem is prasent,
as indicated by normal blood gases and serum Ca, K and CO, leveals.
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Active bleeding is desmed present when CT loss 2 3 but < § mlkg. Cument transfusion
guidelines in the CVICU suggest the mandatory use of packed cells for HCT < 24% and/or HB < 8
mgA.. Patients with compromised ventricular function who are actively bieeding are transfused
when their HCT falis below 27% and/or HB < 9 mg/L. Autotransfusion with autologous biood
coliacted from the chest tube is used if i is available within the first five hours of CVICU admission.
Active biseding associated with coagulopathy where PLT < 40,000, PT-INR > 1.8 or PTT > 40 is
treated with piatelets, fresh frozen plasma, cryoprecipitate, and/or protamine, respectively. W
bieeding persists, then exploratory surgery may be required. In the absence of active bleeding.
traatment of any coaguiopathy based on abnommal aboratory value alone is unnecessary.

For patiems with compromised ventricular function, positive inotropic support is required 1o
improve the blood flow and cardiac output. The cbserved hemodynamic response is dependent on
the chaice of agent and dosage used. For instance, MAP, C! and HR are usually increased with
dopamine, while MAP can actually decrease with dobutamine. Ditferent inotropes are available,
and are classified by their machanism of action, which can be pure bata, alpha or mixed alpha-beta
agonists. Examples of pure beta agonists include dobutamine and isoproterenol; pure alpha
agonists include phenylephrine; mixed alpha-beta agonists include dopamine, ephedrine,
spinaphrine and norapinaphrine.

Other causes of reduced contractility isading to decreased cardiac output include myocardial
ischemia, hypokalemia and hypocaicemia. When K < & mmolA. or Ca < 2 mmolA. (or ionized Ca <
1.17 mmoil.), the condition must be treated with KCI and CaCl,, raspectively. Abnormal blood
gases (H* < 36 or > 43) and base deficht (base < -2) can cause metabolic acidosis leading 10
compromised contractility and must be treated with sadium bicarbonate. Conditions of VPB's and
hypomagnesemia (Mg < 0.7 mmol/.) should be coumeractsd with MgSO,. When the cause of
raduced contractility is endagensous, inotropic suppont is usually effective in comecting the
problem.

48 PRarmacaiagle Efiscts
When discussing the pharmacologic aspscis of therapautic intarvention, the phamacokinetic
and pharmacadynamic efiecis of the agent involved must be considered (Darovic 1987).

concantration of the drug in the body fluids over time. The relationships are ofien measured in
tarms of the comelation of dosage, dosing interval and semsm lsvels achisved. Pharmacadynamics
is the study of the mechanism of drug action, the concentration of the agent at the active site and
the magnitude of effects produced. In other words, pharmacodynamics is concemed with the
intensity and duration of drug efiects, and is often measured indiractly in vivo through
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hemodynamic monitoring. The relationship between the two forms of phamacologic effects is
shown in Figure 8.

Pharmacolinstics Pharmacodynamics

Dosage || Plasma Siteof
Regimen ~ |Concentration | Action Effects

) I
Serum Level Methods of Hemodynamic
Assays Evaluation Monitoring

Flgun 8™ intervelationship of pharmacokinetios and pharmacadynamics. Either the plasma dnig aoncantration or the
efiscts produced are usad o modify the dosage regimen to achisve aptimal therapy (Adapled om p.231 of Darovic 1887).

The phamacolagic effects of a therapeutic agent have differant expressions in ditferant
patianis and disease ctates, and ofien different when administered with multiple agents. The
vanability of these effects is compoundad when multiple agents are used for a specific patient.
Hemodynamic moniloning is important for the CVICU patient bacause most of the cardiovascular
drugs are fast-acting, which render Isboratory assays of thair serum levels an inafiactive means of
therapy control. Since hemodynamic parameters are alierad by therapautic agents, the monitoring
of the parameters allows ona to: establish dose, sflicacy and endpoint for the treatment; establish
the presence of any adverse drg-patient, drug-disease and drg-dnig effects. The hemadynamic
eflscts of commonly used therapeutic sgents are shown in Table 2. In this study, the
phammacodynamic effacts of the therapeutic agents uged in the CVICU were quantified based on
the clinical experience of two expart CVICU physicians (see Chapter 7). By taking into account the
patient's condition, the axpected effects of the therapeutic agents, the intended treatment target
and the patient's actual response to the agent, it is possible 1o estimate the hemodynamic
rasponse over a given time course.
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table removed due to copyright restriction

Table 2. Etfact on hamodynamic parameters of common vasoactiva agents. Key: O-iittle or no change; T-increase;
-dacrease (Copied from p.239 of Darovic 1987).

The relationships between drug concentration and physiologic response can be defined
quantitatively by drug-dosage response models (Gibaldi 1984). The drug-dosage response mode!
used in this study assumed that a drug interacts reversibly with a receptor in the body; the resuitant
effect of this interaction is prop.artional to the number of receptors occupied. The relationship
between effect and drug concentration can be stated as follows:

Effect is expressed as [D] / (K, + [D))

where [D] is the drug concentration and KK, is the dissociation constant for the drug-recepior
complex. There is no effeci when [D] = 0; the effect is half-maximum when [D] = K, (i.e.. when half
the receplors are occupied); as [D)] increases above K, the maximum effect is approached
asymptotically. A plot of percent of maximum effect as a function of drug concentration shows a
linear relationship between effect and concentration at low drug concentrations; see Figure 9. A
more common representation of the effect concentration relationship is a plot of response versus
the logarithm of the concentration, shown in Figure 10. This transformation brings a linear
relationship between 20% and 80% of the maximum effect. In both figures, the time course of
effect was assumed constant, i.e. the concentration of the agent is constant over time, hence the
resulting effect is maintained.



figure removed due to copyright restriction

Figure 9. A drug-dosage responss curve that shows the drug concantration-effact relationship rasulting from the ravarsible

interaction of drug and receptor. Effect is expressad as parcent of maximum response. The time course of effact is assumed
constant (Copied from p. 1567 of Gibaidi 1984).

figure remaved due to copyright restriction

Figure 10. Logarithmic drug concentration-affect relationship. The affect is exprassed as parcant of maximum rasponse.
The plot is approximately linear betwean 20% and 80% of maximum response. The time course of affact is assumed constant
{Copiad from p. 158 of Gibaldi 1684).
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The disease state of a patient can affect the medication pharmacokinetics, alering the
pharmacodynamic response. The akeration is mostly due to disease-induced changes influencing
drug uptake, elimination and circulating levels. As a result, not all patients respond the same way
10 a given therapautic agent. Iin the clinical setting, manual titration, or the trial-and-emor approach
based on patient response to the agent, is required 1o determine the type and dosage of agent
appropriate for that patient.

Other important determinants of dose response include the time of onset, effective hali-life and
duration of the residual effect given therapeutic agent. For most cardiovascular agents given
intravenously, the time of onset is within 5 minutes of initiating the IV. Sometimes a bolus is given
intislly as a loading dose, followed by the cominuous infusion of the agent. The bolus has a
priming effect to ansure the body will achieve the desired dose level within a short time period. For
fluid therapy, the time of onaet to reaching maximal efiect varies according to the rate of infusion,
which may range from § minutes to over one hour depending on the severity of the patient's
condition. Cardiovascular agents have varable hal-lives; but all are rapidly eliminated and
excreted from the body with Iitle residual effect. Other agents, especially opioids such as
morphine, tend to have a much longer residual sffect, ranging from two 10 six hours.

in this study, an important assumption was made that the hemodynamic effects are linearly
proportional to the logarithm of the dosage levels of a given therapeutic agent. In the stuation
where the dosage level excesds that for maximal effect, the plateau or decline cbserved was also
assumed fo take & linear form with a different siope. Another assumption was that, for the
cardiovascular agents given intravenously, maximal efiects can be achisved and sustained within
minutes of administration and that the time course of efisct is constant during infusion. These
assumptions simplified the computation of the expected hemodynamic effects for an agent without
unduly compromising their validity. The drug-dosage response model paralleled the intuitive

thraugh linear approximation of the hemadynamic regponse based on prior knowlsdge on known
dosage effecis.
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CHAPTER §
MANAGING THE CLINICAL PROBLEM - AN EXAMPLE

This chapter illustrates the hemodynamic management of hypovolemic hypotension using parn
of & historical CVICU case. The intent is to provide a general appreciation of the types of patient
data encountered, the management approach of an expert CVICU physician, and the clinical
decision-support capabilities possible through the use of the prototype constructed in the study.
The illustrations do not require any detailed understanding of the technical design of the prototype.
The topics to be covered are: an iliustrative case; expen summary of the case; concepls of
decision-support; decision-suppon sxamples.

8.1 An lliustrative Case

A historical CVICU case containing episodes of hypovolemic hypotension is dascribed in this
section. This was one of the lsaming cases used 10 construct the knowledge base. An abbreviated
flowsheet for the first 8 hours afier admission 1o the CVICU is shown in Table 3. In the flowsheet,
the hemodynamic data had been summarized as hourly averages from groups of four data points
taken at avery 15-minute interval from the monitor. The times for the therapeutic agents given ware
madified as recorded to the hour. The change in timing was done 1o simplify the illustration. The
events in the case are summarized balow (all pressure measurements are in mmHQ).

This is an example of a patient with a four-vessel coronary bypass graft. Pre-operative, intra-
operative and immadiate post-operative data (not shown in flowshest) ravealed hyperensive blood
prassures with MAP of 80, 82 and 90, respeciively, and PAWP of 12. Lipon admission 10 the
CVICU at 1800 hours, the patiant was tachycandic with a HR of 139 and an acceptable MAP of 89.
Initis! blood work taken &t 1800 hours showed decreased levels of K, Mg and Ca, with marginal
HCY and PT, but atherwize & nommal total serum CO,,

Continuous IV's of dopamine &t 4 meghg/min and nitroglycerine at 3 mog/min were stared
shorily after admission. During 1800 houre, Dopamine was briefly tiirated from 4 1o 3 megAg/min
but then quickly went back up to 4, presumably bacause MAP was observed 1o have decreased in
value (not shown).

KC! and CaCl, were given at 1800 hours based on the reduced lavels of K (4.2 mmol/.) and
ionized Ca (1.14 mmolA.); MgS8Q, was given o treai the reduced Mg (0.41 mmall) at 1800 hours,
presumably after the IV drips for KCi and CaCl, were completed.
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Urine output and chest tube drainage for the first two hours were in the mid hundreds and tens
of milliltres, respectively, with a cumulative fiuid balance of around -300 mL by 1900 hours, which
was not considerad excessive.

A! 1900 hours, 480 mL of Fresh-frozen plasma was given 10 the patient, apparently on the
basis of the elevated PT-INR from 1800 hours (2). The PAD recorded for 1900 hours had & vaiue
of 2, which was a8 sudden drop from a value of 14 in the previous hour.

A 2000 hours, dopamine was weaned from 4 down 10 3 megkg/min. Four mg of IV momphine
Was also given, as was an [V dose of 0.25 mg of digrxin, presumably in response to complaint of
pain by the patient and the tachycardia noted.

MAP had dropped from 93 at 2000 hours down 1o 81 by 2100 hours, with tachycardia having
subsided probably in response to morphine, the drop in dopamine, and/or the administration of
digoxin.

A1 2100 hours, PAD romained relatively low at § in comparison to the previous hour, which was
11 nitragiycerine was aiso increased from 3 to 4 mcg/min and mors KC| was given. Hemodynamic
assessmant was also done at 2100 hours, shawing CVP of 17, PAWP of 18, Cl of 3.48 and SVRI
of 1730, which suggest a hyperdynamic state. The cumulative fluid balance at this time had
reached 8121L.

At 2200 hours, nitroglycerine was weaned from 4 10 3 mog/min, and PAD had risen 10 13, with
an acceptable HR st siowly decreasing MAP.

By 2400 hours, MAP had dropped 1o mid 70's. The next set of cardiac output done at 0100
hours still showed an increased Cl of 3.1 and an aven lower SVRI of 1284. CVP and WP had
remainad &t 17 and 18, respeciively. Fluid deficit had reached -1 | by this time.
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§2 Expert Summary of the Case
During a knowledge acquisition session 10 review this historical case, an expert CVICU

physician examined the data in detail, offering his critiques on the appropriateness of ths
management strategies undertaken by the clinical staff, and proposing akemative therapies that he
considered apprapriste. The expert critiques during the session were tape-recorded and
transcribed verbatim. A summary of the critiques is provided below from the viewpoint of the expent
physician.

Based on the imra- and immediate post-operative data, one should first set the therapeutic
target ranges for MAP of 80-85, PAWP and PAD of 10-14. This was not done in the char; in fact,
only alert ranges to notify the CV resident had been provided (not shown), which was inadequate.

Upon admission at 1800 hours, aside from mild tachycardic, the patient's blood pressures
were ctherwise acceptable. the need for dopamine was questionable, since # may be possible that
dopamine was actually the cause of tachycardia. The rationale to titrate dopamine was not
apparent from the data given, but could have been done so 1o see if dopamine was the cause of
tachycardia.

The sudden drop in PAD at 1900 hours was important, and would indicate either an instrument
ervor or & tue condition of volume dapletion. Simple re-zeroing and & modified Trendelenberg test
would have confirmed the diagnosis, and some crystalioid could have been given if the MAP
and/or CVP rose after raising the legs. Ringers lactate is praferrad over albumin since the patient's
Na and OSM were within normal limits and albumin costs $100 per 250 mL as opposed 1o §1.25
for the ringers.

Tha administration of fresh-frozen-plasma, or FFP, at 1900 hours was questionable, since no
signilicant blesding from tha chest tube was racorded during the first fwo hours, dsspite the
slsvated PT-INR. 80 it was not sppropriate 1o trast on laboratory values alone. Instesd, some
vitamin K1 eould have been givan. MAP had algo droppsd slightly below the targsted range during
that haur, but one May just cbearve MAP for anather hour before taking any action.

One cauld have come down on the dopamine &t 2000 hours, since MAP was more than
acceptable and tha patism was still iachycardic. The drop in dopamine might have avoided the
digoxin, which was probsbly given to slow down HR. The use of morphine for psin was prasumed
appropriate since no other information was available 10 suggest otherwige. The administration of K,
Ca and Mg during 1800 and 1900 hours was also necessary 1o cosct the low lsvels of these ions,
which could otherwise contribute 1o reduced contractility and myocardial imitability.

The candiac output done &t 2100 hours reveslsd two pieces of information not available
previously. First, there was a significant discrspancy between PAD and CVP/PAWP, which
suggested the need for re-zeming the transducer; second, C! was elevated with a reduced SVR!,
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which indicated a condition of hyperdynamic state. On this basis. one should have reduced the
amount of nitraglycerine instead, which was not done until the following hour. The weaning of ‘he
patient from nitroglycerine would have increased MAP and SVRI, resulting in & lower Cl, which was
adlready adequate at the time. The high Cl also questioned the need for dopamine, which could
have come down as well. Since CVP and PAWP were both above the targeted range, suggesting
& somewhat stif ventricle, one should ask the question of whether the target range for filling
pressures should be redefined 10 12-16, provided that the patient was hemoadynamically stable.

At 2300 hours, # appeared that the patient had become hypotensive, with a MAP of 71, which
was low in relation 1o his pre- and intra-operative MAP values. Since the previous Cl and SVRI
suggested a hypardynamic state, the patient was likely suffering from relative hypovolemia at the
time. The appropriaie management strategy would have been 1o wean off nitroglycerine to raise
the systemic resistance and pressures, but the weaning was not done.

By 0100 hours, the patient had bacome very hypotensive in comparison to his pre-operative
state. Ancther set of cardiac output was obtained and the results revealed the same scenario as
before ~ with a high CI and an even lower SVRI. The appropriate response would have been to
wean off nitroglycerine, since the patient appeared over-vasodilated, resulling in hypotension
induced by relative hypovolamia; but again the weaning was not done. In fact, the hypotensive
episcde persisted to 0200 hours and beyond (not shown), which was unaccepiable bacause in
previously hypertensive patients such as this one, prolonged hypotensive episcdes usually mean
dacreassd renal biood flow, which can result in renal ischemia leading to potential renal failure as a
conssquence.

In summary, this case had several clinical quality improvement opporunities not exploited,
some of which might have improved the patient's condition. For instance, the use of FFP was at
bast questionable, since no significant bissding was prasent. The use of digoxin might have been
avoided if dopamine had basn weansd aconar, since dopamine was likely the cause of
tachycardia. The sudden drap in PAD during 1900 hours is 8 good example of potential transducer
arvor that should have baen comecied immediataly by re-zering; otherwise i would have indicated
& nesd for some volume. More importantly, the information obtained from the wo sets of cardiac
output should have lad 1o eariier weaning of nitraglycarina tharapy; but weaning was not attempted,
which subsequently lad io a hypotensive spisada that could have been avoided aliogather.
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§3 Conocapts of Decision-Support

From the expert critique of the historical case, it would appear beneficial 1o have an automated
decision-support system that can alert the CVICU stalf of deteriorating conditions, provide
consisient therapy recommandations, and critique any questionable interventions instituted. The
aulomated system may improve the quality of care and patient outcome by providing: around-the-
clock monitoring; therapy profocols consistent with clinical management goals; optimized patient
recovery.

Logistically, the system would assess the patient's condition continuously and offer alerts,
recommendations and critiques where appropriate. The assessment would include hemodynamic
data and other clinical data such as Iaboratory results and imterventions instituted assumed 1o be
accessible electronically. Several examples of the types of decision-support that can be offered are
described in this section. However, it should be amphasized that the concepts illustrated in these
sxamples deal only with the possible types of automated problem-solving approaches and
dacision-support capabilities. The types of user interface appropriate for such irteractions were
considerad a complex issue with social and psychological consequences, and hence were not
explored.

Wiih the myriad of hemodynamic data available, some simplified means of intempreting the
data to rationalize and communicate the clinical decision-making process is desirable. This form of
iMemretation is consistert with how exper CVICU physicians reach a clinical diagnosis on the
patiend - by intuitively forming a status pattem from a few highly seiactive hemodynamic
paramsiers based on which parameters are cutside of the predafined therapsutic target range.

For the computer prototype, one may use a composite status patiem based on the selective
hamadynamic parameters used by the physician. A score can be construcied 1o reflect the degree
ol devistion m the pmmatm from their pre-defined therapeutic targe! ranges. If tha patient's

805678, ghah mMeans thm is "o dsvmlaﬂ Qna ean alag aﬁbﬁmﬁly sum up tha pmmater ynlues
that are aui-of-range by the magnitude that they davisted, giving & "net<difference” score. The
score incicates how far the patient's status patiem deviated from the tamget, which is the zem

The sisps in tharapy planning are 1o select the relevant intervention girategy for the prablam
lartifiad, evaluate the pros and cons of available imervention choices under the st strategy,
implamant tha intervantion choice, and revise the plan if it was inaffaciive. When dealing with
hawm-muc absrancy, the range and type of patiems are fixed and categoncal, with little
probabilistic reasoning required. For instance, if the patient's HR is elevated, and filling pressures
and MAP &re low, the patient is disgnosed as hypovolemic and hypotensive. The intervention
stratagy is to reduce the volume deficit; the intervention choice may be to give ringers or DSW.




Using the therapy planning and net-difference sconng approach, one can formulate a

generalized problem-solving approach that will:

* idently the hemodynamic status pattem based on a few highly selective hemodynamic
paramaters

o Match the imervention strategy to the hemadynamic status pattem that occurred

o Evaluste all relevant imervertion choices under the strategy by predicting the resulting net-
difference score i the choice wers instituted

o Select the imervention choice with the best net-differsnce score

* Institute the imervention choice

o Assess the effectiveness of the therapy by examining the actusl hemodynamic response after
the choice had been instituted and comparing the predicted and actual net-diference scores

¢ Revise the heuristics used to predict the net-difference score based on the assessment

To predict the net-differance score for the imervention choice being considered, the spacific drig-

dosage response of that choice must be known. Assuming such drug-dosage response knowledge

is available for all intervention choices, i.e. the therapautic agents, one can use the following

heuristic to predict the net-difference scora:

e Lonk up the drig-dosage response of each hemodynamic parameter for the imervention
choice

e muRiply the current vaiue of each hemodynamic parameter by the expactad dosage response
1o get the predicted value

¢ Compute the net-ditferance scare using the newly obtained predicted hemodynamic parameter
values

Once the predicted nat-ditierance scores from all feasible intervention choices have been

computed, thay are ranked rglatm 10 each other. The choice with the laast nat-déﬁavencs score is

ahmsa wene ins,tﬁu,tsﬁ

Before making the recommendation, one must check the patient's curvent and immediate past
eonditions to see if the selected choice had already baen proposed or instituted earlier. If the
inervention choice has not been proposed praviously, # becomes the recommended therapy.
ctherwise, tha racommendation should be appropriately annotated.
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§.4 Decision-Support Examples
Six example output of the types of computer-based critique and recommendation produced by

the prototype are included in this section. The examples were based on the same historical CVICU

case that was ilustrated in section 5.1 and critiqued in section 5.2. The intent is to compare what

could happen i data from the same historical case were analyzed by the prototype constructed in

the study. An assumption was that the minute-to-minute hemodynamic data, laboratory and blood

gas results, hourly intake/output volume, and therapies instituted were electronically accessible to

the profotype. The basic format of the computer output consists of the following:

o Cument datefime and elapsed time since admission to the CVICU, in hours and minutes

o Cumen therapy instituted

¢ Cument hemadynamic status pattem (hemo), and other selective pattems for the
hemodynamic trend (trend), bicod gases (abg). iaboratory (lab), coagulation factors (coag) and
imake/output (io) (explained later in chapter 7)

¢ Curent clinical condition

* Hemodynamic therapeutic target ranges predefined by the expen physician, shown as Target-
| (Low) and Target-H (High)

e Cumant hamadynamic values, intake/output and % waight change relative to admitted weight

o Cument magnitude of ditference for each parameter from its target range, raw and normalized
(adjusted for parcantage of deviation from target)

* Predicted hemadynamic values in 16 minutes based on either no change or therapy instituted

¢ Pradicted magnitude of difference for each parameter from its target range, raw/normalized

* Predicted pattems for hemo and trend

¢ Predicted clinical condition in 18 minutes

* Proposed magnitude of ditference for each parameter from its target range, raw/normalized

¢ Proposed pattems for hemo and trend

¢ Proposed clinical condition in 18 minutes

¢ Proposed therapy

e Critique summary

o Nsl dilferance scores for the current, predicted and proposed state

o Cumerit state, consisting of cumamt hemodynamic values, cument differences raw and
normalized, curant net-difference score

¢ Pradicted siate, consisting of predicted hamodynamic values, predicted difierences raw and
normalized, pradicted net-differance score
normalized, proposed net-difference score

o An asterisk is used to indicate any newly displayed action/intervention



Example 1

Figure 11 shows the computer output at 1816 hours. In this figure, only the cument and
predicted states are displayed. The output shows the patient has been admitted into the CVICU for
10 minutes. Current therapies included dopamine at 4 ughkg/min and nitroglycerine at 3 ug/min.
The current condition shows moderate tachycardia having lasted for 10 minutes since admission.

The current hemodynamic values show only HR to be out of the upper target range by 17
beats/min. The deviation represented a raw difference (Diff) of 34. The raw difference calculation
was obtained by multiplying the deviation (17) by a severity weighting factor of 2 that penalized HR
for being out of the upper alert range (not shown in figure;. The normalized difference (%Di) is 28,
which was obtained by dividing Diff by the upper target range value and expressing the ratio as a
percentage. Since no other parameters were out of range, the net-difference score is simply 28.

Since there had been no change in the patient's curent therapy, the predicted hemodynamic
values over the next 1§ minutes were computed by taking the exponential smoothing average of
the current vaiues, and are shown as the predicted state. According to the prediction under the
current state, moderate tachycardia is expectad 1o continue over the next 15 minutes.

Based on the current hemoadynamic status pattem, the prototype was able 1o match the pattem
value against known conditions and intarvention strategies within its knowledge base. The resulting
intervention choice was displayed as a proposed action, which is to check for amhythmia,
fibrillationAlutter, SVT, VT, etc. The critique summary sums up the recommendations made by the
prototype.

Note that in the exper critique of this historical case shown in section 5.2, the expen also
noted that tachycardia had occurred at 1800 hours. The proposed action by the prototype could
have prompted an investigation by the staff 1o determine the cause of tachycardia.
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OAYE-N-TIME:16-MAY-91 1816  ELAPSED-TIME-SINCE-ICU-ADMISSION: O Hrs 10 Minutes
CURRENT-THERAPY: DOPAMINE continued @ ¢ ug/kg/min
WITROGLYCERINE contfnued @ 3 ug/min
CURRENT-CONDITION: hemow(64040) trend=(44040) adge() labe() coage() fo=()

..................................................................................................

--------------------------------------------------------------------------------------------------

ARPD ABPM ADPS C! CVP WR PAPD PAPM PAPS PAWP PVRI SI SYRI URINE CT

Torget -L 60 @90 1002.6 @ 60 10 10 16 10 26033.0 2000 0.6 O -}

CURRENT-> 67 0! 133 . .1 14 18 . o e . . . v

Torget -H 90 965 14D 3.6 J2120 14 20 30 14 286 47.0 2400 30.0 3 10 10
Diff-> 0 06 0 . ., M 0 0 ] . . .
§ifE-> 0 0 o . . 8 0 O 0 . o . . .

..................................................................................................

In 16 WINUTES or ot 36-MAY-91 1831
ABPD ADPM ABPS CI CVP WR PAPD PAPM PAPS PAWP PYR] ST SVRI URINE CT 1/0 SWT ENet-Diff

PREDICT-> 62 05 J2¢ . .17 4 11 . o . . . . . .

Dfe-> 0 0 0 . . M 0 0 0 . . . . . v e

$01€6-> 0 0 6 . . 2 0 0 0 . . . . . o 28
PREDICT-CONDITION: hemow(64040) trende()

MODERATE TACHYCARDIA

*PROPOSE-ACTION: Check for arrhythmia, fibrillation/flutter, SVT, VT, stec.

CRITIQUE-SUMMARY: CHECK-DYSRKYTHMIA PROPOSED

Figure 11. Camputar output at 1816 hours. PAPD is the same as PAD, ABPM same as MAP.
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Example 2

Figure 12 shows the computer output at 1846 hours. in the figure, the prototype shows the
elapsed time to be 40 minutes since ICU admission. Curent therapies show KCl being infused at
16 mEq, nitrogiycerine at 3 ug/min, and dopamine changed from 4 10 3 ugkg/min. The curent
condition shows normal VO balance, a mildly decreasing left filling pressure, a mildly reduced left
filing pressure and a mild tachycardia (persisted for the last 25 minutes).

The current hemodynamic values show HR and PAD to be out of their respective target
range. . wpecifically, HR were 9 beats/min above the upper target range, with a Diff of 8 and a
%Diff of 7. No severity weight factor was applied 1o HR since Diff was out of the target range but
was within the alent range (not shown). PAD was 1 below the lower target range, but represented a
%D of 10 due to its smalier numeric scale. The %Diii's of HR and PAD were summed 10 give a
%Net-Diff of 17.

Since dopamine had been weaned from 4 to 3 ugkg/min, the prototype computed the
pradicted hemodynamic values and net-differance score over the next 18 minutes by using the
drug-dosage response knowledge on the dopamine (details of the computation to be described in
chapter 7). According 1o the pradiction, the change in dopamine dosage would reduce %Net-Diff
from 17 1o 15, representing an improvement of 119 avar the next 15 minutes. Mild tachycardia and
mildly reduced left filing pressure are still 10 be expacted; but the left filling pressure would not
decraase any further.

Based on the current hemodynamic status and trand patiems, the prototype was able to match
the pattem values against known conditions and intervention strategies within its knowledge base.
The resulting intervention choice was to reduce dopamine 1o 2 ughg/min instead. The choice was
based on using the same drg-dosage response knowledge and evaluating atemative dosage
levels of dopamine. The prototype discemed a lower dopamine dosage would bring the
hemodynamic parameters closer 10 the target ranges, which should also reduce the net-ditference
score 0 13.

Since the prototype had derived an intervention proposal, the proposed state was computed
and displayed to show the propassd hemadynamic values over the next 15 minutes. The proposal
is expactad o improve the curant %Net-Diff by 23% from 17 to 13. Although mild tachycardia is
slill expected, the actual HR value wauld be lower than bath the current HR and the pradicted HR
aver the next 15 minuies.

The critique provided by the prototype coincided with the expart critiqua, which also suggested
the dopamine dosage could have baen lowered during 1800 hours. The critique by the prototype
could have prompted the staff to ra-examine the therapy choices at the time.
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OATE-N-TIME:15-MAY-9) 1846  ELAPSED-TIME-SINCE-ICU-ADMISSION: O Hrs 40 Minutes
CCURRENT - THERAPY: WITROGLYCERINE continued @ 3 ug/min
KCL continued @ 16 oig
DOPAMINE from 4 to 3 ug/kg/min
CURRENT-CONDITION: hemow(54030) trende(44030) abge() Vabe() coage() fow{ddédés)
WILD REDUCED-LEFT-FILLING-PRESSURE for last 6 minutes
MILOLY DECREASING-LEFT-FILLING-PRESSURE for last § minutes
MILD TACHYCARDIA for Yast 25 minutes
WORMAL JO-BALANCE as at 15-MAY-01 1800 hrs
A0PD ARPH ABPS CI CVP WR PAPD PAPM PAPS PAWP PVRI SI SVRI URINE CT
Torget -L 60 80 00D 2.6 @ 60 10 10 1§ 10 260 33.0 2000 0.6 O
CURRENT-> 61 86 1M1 . , 129 9 12 18 . . e . 63 1
Target -H 00 96 140 3.6 12120 16 20 30 14 285 47.0 2400 30.0 3 30 10
pff-> 0 0 o . . 8 -1 0 0 . . e ' 0 0
'D"") 0 U 0 . . 7 lﬂ 0 0 . . . . D 0
In 16 MINUTES or at 16-maYy-9] 1001
ADPD AOPM ARPS CI CVP HR PAPD PAPM PAPS PAWP PVRI SI SVYRI URINE (€T
PREDICY-> 61 @6 130 . . 127 9 2 18 . . e . 6,3
piff-> ¢ 0 0 ., . 7T -} 0 0 . o e . 0 ] 0o 0
'0"") 0 0 0 . . s 10 o 0 . ’ . . U D o O 15
PREDICT-CONDITION: hemoe(54030) trende()
MILD TACHYCARDIA
MILD REDUCED-LEFT-FILLING-PRESSURE
PREDICT-SUMMARY: NET-DIFF PREDICTED YO IMPROVE @Y 11 PERCENT
In 15 WINUTES or at 16-mMaY-9) 1001
ABPD AQPYM ABPS CI CVP HR PAPD PAPHM PAPS PAWP PYRI SI SVRI URINE €T I1/0 SuT §Net-Oiff
PROPOSE-> 60 8% 129 . . 12¢ 9 12 118 . e e+ 6,3 1 00
Diff-> 0 0 60 . . ¢ -} 0 0 . N 0 0 0 0
fo1ff-> 0 0 0, . 3 10 0 0 . e e 0 0 0 0 13
*PROPOSE-THERAPY: DOPAMINE 2 ug/kg/min
PROPOSE-CONDITION: hemoe(54030) trende()
HILD TACHYCARDIA
HILD REDUCED-LEFT-FILLING-PRESSURE
CRITIQUE-SUMHARY: DOPAMINE @ 2 ug/kp/min PROPOSED INSTEAD
PROPOSAL SWOULD IMPROVE WET-DIFF 8Y 23 PERCENY

170 QT ENet-Diff
0 0

Figure 12. Computer sutput at 1848 hours. PAPD is the sama as PAD, ABPM same as MAP.



Example 3

Figure 13 shows the computer output at 1856 hours. In the figure, the prototype shows the
elapsed time to be 50 minutes since ICU admission. Current therapies show 1000 mg of CaCl,
being given, nitroglycerine at 3 ug/min, and dopamine changed from 3 10 4 ug/kg/min. The current
condition shows normal i/o balance, 8 moderately reduced and a decreasing left filling pressure.

The current hemodynamic values show HR, PAD and PAPS 1o be out of their target range,
giving a %Net-Diff of 96. PAD was out of the lower target range by 4 mmHg, and was penalized by
& severity weight factor of 2 by being out of the alert range (not shown) 1o become 8; The Ditf of 8
for PAD resulied in a %Diff of 80, which had caused the increase in %Net-Diff 1o 96.

Since dopamine had been increased from 3 10 4 ugkg/min, the profotype computed the
predicted hemodynamic values and net-difierence score over the next 15 minutes by using the
drug-dosage response knowledge on the dopamine. According 1o the prediction, the change in
dopamine dosage would reduce %Net-Diff from 96 10 30, which represented an improvement of
68% over the next 18 minutes. The predicted condition would improve such that only a mildly
reduced left filling pressure is expected.

Based on the current hemodynamic status and trend pattems, the prototype was able to match
the pattem values against known conditions and intervention strategies within its knowledge base.
The resulting intervention choice was to maintain dopamine at 3 ugkg/min instead. The choice
was based on using the same drug-dosage response knowledge and evaluating aiemative
dosage levels of dopamine. The prototype discemed, by maintaining dopamine at 3 ug/kg/min, the
hemodynamic parameters could become closer to the target ranges, which should also reduce the
net-difference score 10 6.

Through the hemodynamic status and trend pattems, the prototype detected a maderately
dacreasing left ventricular filing pressure over the last 15 minutes. As a result, the prototype
propaged an action to check the CYP/ART linas for abstruction or re-zeroing.

Since the prototype had derived an intervention proposal, the proposed state was computed
and displayad 1o show the proposed hemodynamic values over the next 15 minutes. The proposal
is expectad to improve the curent %Net-Diff by 93% from 96 1o 8. Although mild tachycardia is
expscted, both PAD and PAPS would ba in their respective target ranga over tha naxt 15 minutes.

The eritique provided by the pratotype coincided with the expert critique, which also suggested
the dopamine dosage could have bean lowered during 1800 houre. The critique by the prototyps
could have prompted the stafi to re-consider whether increasing the dosage of dopamine was
appropriate at the time. The proposed sction to check the CVP lines also represemted quality
improvement opporiunities that might have helped ensure the reliabilty of the data baing
pracessed at the time.



OATE-N-TIME:165-MAY-91 1G66  ELAPSED-TIME-SINCE-JCU-ADMISSION: O Wrs §0 Minutes
SCURRENT-THWERAPY: NITROGLYCERINE continued @ 3 ug/min
CACL2 continued @ 1000 mp
DOPAMINE from 3 to ¢ up/kg/min
CURRENT-CONDITION: homow(44020) tronde(¢4020) abge() Tadw() coage() fow(édéséd)
MODERATE REDUCED-LEFT-FILLING-PRESSURE for Yast § minytes
NODERATELY DECREASING-FILLING-PRESSURES for last 16 minutes
NORMAL T0-BALANCE as ot 15-MAY-Q1 1000 hrs
ADPD ABPM ARPS C1 CVP MR PAPD PAPM PAPS PAWP PVRI SI SVRI URINE CT 1/0 GWY ENet-DIff
Torget -L 60 76 100 2.6 © 60 10 30 1§ 10 260 33.0 2000 O.6 O - 0
CURRENT-> 67 @00 130 . . 1W7 6 9 U . e . 63 1 0 0
Torget -# 00 00 140 3.6 12120 14 20 30 14 285 47.0 2400 30.0 3 10 10
DifF-> 0 O c . . 0o -8 -1 -1 . . . 0 0 0 0
$01f¢-> 0 0 6 . . 0 80 10 1] . . . . 0 0 0 0 1]
In 16 MINUTES »r ot 16-MAY-Q1 1011
ADPD A0PM ADPS CI CYP WR PAPD PAPM PAPS PAWP PVRI SI SVRI URINE CY
PREDICT-> 68 00 14} . . 1190 7 10 1§ . .. . 63 1
D""’ 0 o ‘ . . D '3 0 0 . . . . 0 0 ° 0
$0iff-> 0 0 o . . 0 ¥ 0 0 ' e . . ] 0 0 0 30
PREDICT-CONDITION: homow(44030) trende()
WILD REDUCED-LEFT-FILLING-PRESSURE
PREDICT-SUMMARY: MET-DIFF PREDICTED YO IMPROVE BY 68 PERCENT
In 16 MINUTES or at 16-MAYV-01 3011
ABPD AQPM ABPS CI CVP WA PAPD PAPM PAPS PAWP PVRI SI SVRI URINE CT 1/0 SWT ENet-Diff
PROPOSE-> 665 @80 136 . . 128 11 ¢ 20 . v e 6,3 ) 0 0
pife-> 0 0 e . . 8 0 0 0 . e e 0 0 00
0ife-> 0 0 0. . & ] 0 0 . e e 0 0 00 6
*PROPOSE-ACTION: eheck CYP/ART Yines for obstruction ar re-zeroing
PROPOSE-CONDITION: hemow(54040) trende=()
HILD TACHYCARDIA
CRITIQUE-SUMMARY: HO CHANGE IN DOPAMINE PROPOSED INSTEAD
PROPOSAL SHOULD IMPROVE MET-DIFF BY @3 PERCENY
CONFIBM-LINES PROPOSED

170 QWY ENet-Diff
00

Flgume 13. camputer output st 1888 hours. PAPD (3 the 3ame as PAD, ABPM same &s MAP.



Example 4

Figure 14 shows the computer output at 1944 hours. In the figure, the prototype shows the
elapsed time to be 1 hour and 35 minutes since admission. Cumrent therapies show 1000 mg of
MgSO, started, nitroglycerine at 3 ug/min, dopamine at 4 ugkg/min, and FFP started at 460 mL..
The current condition shows normal I/O balance and blood gases, 8 markedly increased left filling
pressure, mild hypocaicemia and hypokalemia, moderate hypomagnecemia and prolonged PT-
INR.

The current hemodynamic vaiues show ABPS, HR, PAD, PAPM, PAPS 1o be out of their
respactive target range, giving a8 %Net-Diff of 462. The prototype also computed the predicted
hemadynamic values and net-difference score over the next 15 minutes, showing the %Net-Diff as
320. However, the predicted condition would show marked hypertension and a markedly
decraased left filling pressure ovar the next 15 minutes.

Since MgSO, and FFP were both started, they were critiqued by the prototype. The use of
MgSO, was considered appropriate to correct the reduced Mg level. However, the use of FFP was
questionad by the prototype, since it detected CT loss was within the target (acceptable) range.

The critique provided by the prototype coincided with the expert critique, which also suggested
the use of FFP durng 1600 hours had been questionable due to the absence of significant
blesding. The critique by the prototype could have prompted the staff to re-consider the use of FFP
at tha time.
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OATE-N-TIME:15-MAYV-01 1946  ELAPSED-TIME-SINCE-ICU-ADMISSION: I Hrs 36 Minutes
®CURRENT-THERAPY: NITROGLYCERINE contfnued @ 3 up/min
FRESH-FROZEN-PLASMA started @ ¢60 m)
MGSO04 started @ 1000 mg
DOPAMINE continued @ ¢ ug/kg/min
CURRENT-CONDITION: homow(D70) tronde(4404D) abgm(44664) Yade(33234) coage(44744) fom(444444)
MARKEDLY INCREASED-FILLING-PRESSURES for Yast 1§ minutes
MILD WYPOCALCEMIA @1.14 WNOL/L on 3S§-MAY-93 @1810 hrs: NOY TREATED
NILD WYPOKALEMIA @4.2 MMDL/L on 16-NAY-91 @1810 mrs: NOT TREATED
WMODERATE WYPOMAGNECEMIA @0.41 MMOL/L on 36-MAY-0) @1010 hrs: TREATED
PROLONGED PY @2 SECS on 16-MAY-01 @180 mrss VREATED
WORMAL JO-DALANCE as at 16-MAY-Q1 1000 hrs
NORMAL ARTERIAL 9L00D GASES as at 15-MAY-01 1000 hrs

--------------------------------------------------------------------------------------------------

ABPD ABPM ARPS  CI1 CVP WR PAPD PAPM PAPS PAWP PVRI SI SVRI URINE CT 1/0 SWY SNet-Diff

Terget -L 60 Q0 100 2.6 @ 60 10 10 1§ 10 260 33.02000 0.5 O - 0
CURRENT-> 79 06 160 . ., 101 26 30 38 . . e . 63 1 00
Target -H 00 0§ 140 3.5 12120 14 20 30 14 206 47.0 2400 30.0 3 10 10

pifr-> 6 0 ) . . 0 3 0 16 . . . 0 6 0 0

0IF-> 0 0 2 . . 0 267 150 B3 . o . e o 0 ¢ 462

--------------------------------------------------------------------------------------------------

In 16 MINUTES or at 16-MAY-3) 1069
ABPD ABPM ABPS €I CVP  WR PAPD PAPM PAPS PaWP PVR! SI SVRI URINE CY
PREDICY-> 04 313 370 . . 06 3 1 N . o . . 6.3 1
D"") ‘ ‘9 '0 . . 0 ” ‘ 3 . . . 3 D 0 0 D
$011F-> ¢ 76 € . . 0 102 6§ 10 . o . . 0 0 o0 329
PREDICT-CONDITION: hamoe(47070) trende()
WARKEDLY INCREASED-FILLING-PRESSURES
HAREED WYPERYENSIONM
PREDICT-SUMMARY: NET-DIFF PREDICTED YO IMPROVE BY 20 PERCENT
Has04 gfven @L000 mg for Mg of 0.41 HMHOL/L 15 appropriate
PROPOSE-CONDITION: hemow(64040) trende()
HILD TACHYCARDIA
COITIOUE-SUMMARY: NO SIGNIFICANT BLEEDING SO FFP QUESTIONABLE
HOS04 THERAPY APPROPRIATE

170 SUT SNet-Diff
06 0

Figure 14. Computar cutput at 1044 hours. PAPD i3 the same as PAD, ABPM aame as MAP.



Example §

Figure 15 shows the computer output at 2102 hours. In the figure, the prototype shows the
elapsed time 1o be 2 hours and 50 mirutes since admission. Current therapies show nitroglycerine
increased from 3 to 4 ug/min and dopamine at 4 ug/kg/min. The current condition shows a normal
hemodynamic state and i/o balance, and a markedly increasing left filling pressure

The current hemodynamic values are all within the target range, with a %Net-Ditf of 0. Since
nitrogiycerine had been increased from 3 1o 4 ug/min, the prototype computed the predicted
hemodynamic values and netdiffersnce score over the next 15 minutes, showing a %Net-Diff of
18. The increased % iet-Diff suggests a deterioration of the patient's condition, since the cument
net-ditference score is 0. The predicted condition would show a mild hypotension, a reduced left
filing pressura and hypovolemia over the next 15 minutes.

The prototype critiqued the increase in dosage for nitraglycerine by suggesting it be weaned
down to 2 ug/min instead. The proposed state over the next 15 minutes would have a %Net-Diff of
0, maintaining a normal hemadynamic state.

The recommendation provided by the prototype to wean the patient from nitroglycerine
coincided with the exper critique, which also suggested the weaning during 2100 hours. The
recommendation could have prompted the staff 10 re-consider the original plan, which was o
incraase nitroglycerine.
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DATE-N-TIME:35-MAY-01 2102  ELAPSED-TIME-SINCE-ICU-ADMISSION: 2 Wrs SO Minutes
SCURRENT-THERAPY: DOPAMINE continusd @ 3 ug/kg/min
WITROGLYCERINE from 3 to ¢ ug/min
CURRENT-CONDITION: homow(44000) tronde(44070) adge() 1abw(33234) coage(¢474¢4) tom(644444)
NORMAL WEMODYNAMIC-STATE for last 10 mfnutes
MARKEDLY INCREASING-FILLING-PRESSURES for Vast 20 minutes
WORMAL JO-BALANCE os ot 16-MAY- 9! 2100 hrs

------------------------------------------------------------------------------------------------

ABPD ABPH ABPS CI CVP HR PAPD PAPN PAPS !AI’ PVRI 81 SVll URINE C; 170 QU Wt -Diff
]

Target L 60 00 1002.6 ® 60 30 10 1§ 10 260 33.0 2000 0. -1
CURRENT-> 68 86 136 . ., @7 10 1§ X4 . 6§ 1 0 O
Target -H 00 9§ 140 3.6 12120 14 30 30 4 Jli 07.0 !400 .0 3 10 10
pire-> 0 0 0 ., 0 0 0 O . . e o0 o0 0
Wife-> 0 0 0 . . 0 0 0 0 . T . P 0 o0 0 ]

--------------------------------------------------------------------------------------------------

In 16 WINUTES or at 15-MAY-01 2117
ABPD ABPM ARPS €1 CVP WR PAPD PAPM PAPS PAWP PVRI S1 SVRI URINE CY
PREDICT-> 80 7¢ 116 . ., 90 P N . . . 6.8
piff-> -1 -6 6o . . 0 I 0 0 . . . ' 0 0 [
g$0ife-> 1 3 0 . 0 10 0 0 . . . 0 0
PREBICT-CONDITION: hvnu-(OQGJO) tronde()
NILD WYPOTENSION
WILD REDUCED-LEFT-FILLING-PRESSURE
MILD HYPOVOLEMIA
PREDICT-SUMMARY: WET-DIFF PREDICTED YO WORSEN BY 100 PERCENT
In 16 WINUTES or at 15-MAY-01 2117
ABPD ABPYH ADPS CI CVP R PAPD PAPM PAPS PAUP PVRI SI SVBI URINE €
PROPOSE-> 72 00 140 . , B¢ 1D 1§ 2 . e . 6.8 )
pIfe-> o 0 6 . . 0 0 0 0 . . e 0 0 00
g0ife-> 0 0 0 6 ¢ 0 0 . v e o 0 00 0
*PROPOSE-THERAPY: H!YlﬂﬁtVCi!!Ht 2 ug/min
PROPOSE-CONDITION: hemaw(44040) trend=()
NORHAL HEHMODYHAMIC-STATE
CRITIQUE-SUMHARY: HIYQOGLVCER!HE Q ? ug/n'n PROPOSED INSTEAD

o = — = : SRR

T 170 QUT ENet-Diff
0 0

Flgure 18, Computar output at 2102 haurs. PAPD i3 the aame a3 PAD, ABPM eame as MAP.



Example 6

Figure 168 shows the computer output at 0119 hours. In the figure, the prototype shows the
elapsed time 1o be 7 hours since admission. Current therapies show nitroglycerine continued at 3
ug/min and dopamine at 3 ugkg/min. The current condition shows moderate hypotension and a
markedly increased right filling pressure. The PT-INR result from 1810 hours was aiso prolonged.

The current hemodynamic values show ABPD, ABPM (MAP), ABPS, CVP, PAWP and SVRI
to be out of their respective target range, giving &8 %Net-Diff of 319. The prototype computed the
prodicted hemodynamic vaiues and net-ditierance scors over the next 15 minutes, showing the
%Net-Diff as 313. However, the predicted condition would show marked hypertension and a
markediy decreased left filing pressure ovar the next 18 minutes.

The protatype critiqued the currert dosage for nitroglycerine by suggesting # be weaned down
10 2 ug/min. The proposed state over the next 15 minutes is expected o show moderate
hypotension and & moderately increased right filling pressure. The %Net-Diff is expected 1o be
reduced from 319 10 237, an improvement of 25%.

The prototype also suggested to chack the CVP/ART lines for obstruction or re-zeraing and 1o
redefine the CYP/PAD/PAWP range if the patient was stable. These aleris were based on the
discrapancies noted between the CVP, PAD and PAWP readings obtained at 0118 hours (shown
under 0100 hours on the flowsheet).

The critique provided by the pmtotype caincided with the expen critique, which also suggested
the patient be weaned from nitragiycerine during 0100 hours. The prototype comectly alered the
discrepancy noted between the CVP/PAD/PAWP valuos, which was also noticed by the expen.
The alert and critique by the prototype 1o wean the patient could have prompted the stafi to re-
axamine the patient's condition at the time.



DATE-N-TIME:16-MAY-9) 119  ELAPSED-TIME-SINCE-ICU-ADMISSION: 7 Wes O Winutes
SCURRENT - THERAPY: DOPAMINE continued @ 3 ug/kg/min
NITROGLYCERINE continued @ 3 ug/min
CURRENT-CONDITION: hemow(43407) trende(44040) abge() Tabe(43040) coage(46744) tow(444444)
MODERATE WYPOTENSION for lost §0 minutes
MARKEDLY INCREASED-RIGHT-FILLING-PRESSURE for Tast § minutes
WILD WYPOKALEMIA @4.3 MNOL/L on 15-MAY-D1 @2245 nrs: TREATED
PROLONGED PT-INR @2 on 16-MAY-01 @1810 hrs: TREATED
NORMAL TO-DALANCE as ot 16-MAY-93 100 hes
AOPD ABPHM ADPS €1 CVP NR PAPD PAPM PAPS PAUP PVRI SI SYRI URINE CT 1/0 WY ENet-Diff
Torget -L 60 00 1002.6 O 60 10 0 }§ 10 260 33.0 2000 0.§ O -1 @
CURRENT-> 64 66 9083.1 17 82 13 17 26 18 7.8 1264 5.6 1}
Target -H 90 05 140 3.5 32120 34 20 30 ¢ 285 47.0 2400 30.0 3

Diff-> -6 -14 -2 0 16 0 0 0 0 ] . 0 -2208 0 0 0 0

§Wiff-> 10 20 ? 0128 O 0 0 0 W . 0 10 g 0
In 16 MINUTES or at 16-MAY-91 134

ARPD AQPM ABPS CI CYP WR PAPD PAPM PAPS PAWP PYRI S SVRI URINE CT

PREDICT-> 67 6R 1003.1 17 8% 1§ 20 20 1@ . 37.0 126¢ 5.6 }

pier-> -3 -12 0 0 1§ O ! 0 0 9 . 0 -2208 O 0 o 0

wiff-> & ] e 01 O 7 0 0 W . 0 uo 0 0 0 o0 313
PREDICT-CONDITION: hemow(434567) trende()
HODERATE WYPQTENSION
WODERATELY INCREASED-LEFT-FILLING-PRESSURE
HARKEDLY INCREASED-RIGHY-FILLING-PRESSURE
In 16 HINUTES or at 36-MAY-01 134
ADPD ABPH ABPS C1 CYP HR PAPD PAPH PAPS PAWP PVRI SI SVRI URINE €T
PROPOSE-> 62 73 033.0 16 @D 33 17 2 W . 36.6 1320 6.6 !

Rife-> -8 -7 -7 0 8 0 0 0 0 6 . 0 -2016 0 0 ¢ 0
§1ff-> 13 8 7 0 6 0 0 0 0 & . 0 0y 0 ] 0 0 N7
*PROPOSE-ACTION: check CVP/ART Yines for obstryction or re-2eroing

constder redefining PAD/CYP/PAYP ranges 1f patisnt stable
°PROPOSE-THERAPY: WITROGLYCERINE 2 ug/min
PROPOSE-CONDITION: Nemoe(42446) trende()
HODERATE WYPOTENSION
HODERATELY INCREASED-RIGHT-FILLING-PRESSURE
CRITIOUE-SUMHARY: BITROGLYCERINE @ 2 ug/min PROPOSED
PROPOSAL SHOULD [HMPROVE WET-DIFF BY 26 PERCEWT
CONFIRM-LINES PROPOSED

170 QT SNet-DIff
00

170 QWY Net-DIFY
0 0

Figure 18. Computar output ! 0110 hours. PAPD ia the eame &s PAD, ABPM eams &3 MAP.

70



The pravious examples illustrated how automated, knowledge-based monitoring can be used
to facilkate the clinical decision-making process, thus potentially improving the quality of care and
possibly patient outcome.

The proper hemodynamic management of hypovolemic hypotension, not unlike other post-
operative CVICU problems, must be undertaken within the context of the patient’s overall condition.
The context should include one's previous and cumrent states; the hemodynamic, blood gas, imake-
output and ionic status; the range of possible problems; therapies already in place; and the
intended therapeutic goals. This management approach has 10 be an imegral pan of any decision-
support system destined for the CVICU.

As shown in the illustrations, the prototype was abls to replicate the same types of intervention
recommendations and critiques offered by the exper physician who had crtiquad the case. The
ilustrations provided evidence that a background monitoring computer decision-suppon facility
may be beneficial 10 the clinical statf, who are charged with routine bedside therapeutic
management decision-making responsibilities.

K should be emphasized that the intent of the illustrations was 1o demonstrate the potential use
of computer-based decision-suppon, without the technical jargon of how such a system was
designed or implemented. Not-withstanding the technical complexity involved, it seems plausible
that if such a systsm had been available when the CVICU case was active, the computer-
generated alerts, critiques and therapy recommendations might have at least led 1o a re-
consideration of some of the intervention decisions before their instigation.
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CHAPTER 6
KNOWLEDGE ENGINEERING

The knowledge angineering approach used 1o acquire, formalize, encode the knowledge and
fo validate the resulting prototype is described in this chapter. Included are examples of the patient
data from a historical case and an expen critique from a knowledge acquisition session 10 illustrate
the process involved. The topics covered are the approach, the historical CVICU cases and an
expen critique of the case.

6.1 Approach

Two expert physicians, the Diractor and Associate Diractor of CVICU, were collaborators in
this study. Two other expent CVICU physicians (Drs. Jetf Kellmeyer and Dat Chin) who panticipated
in the consensus process for the protocols. Additional expert sources were textbooks on
phammacology. cardiovascular physiology and intensive care, published Iterature. the CVICU
nursing siat, and a clinical pharmacist.

The study ~esign was a form of "model testing” in that a prototype was constructed from
knowledge acquired from expens, then validated with historical CVICU cases. The processes are
as follows:

o Construct conceptual framework

o Collect hamodynamic data

e Collect clinical data

e Critique historical cases

¢ Stratify the critiqued historical cases

o Formalize knowledge from the critiqued historical leaming cases

o Seak consensus from all four CVICU physicians on protocols

o Construct prototype

¢ Analyze eritiqued historical tes’ ~ases

¢ Evaluate performance
The study design is summarized in Figure 17. The procsses are elaborated in this section.

72



6.1.1 6.1.7
Construct Seek Clinician
Framework Consensus
Decision Famework) | Expent Knowledge~___ /" ¢3¢
Constryct
Prototype
—| 13 Leamning Cases
(410 Interventions)
Prototype

6.1.8
Stratify
26 Cases

Expert Critiques

13 Test Cases
29 Interventiorn 6.'0
Analyze
—=»\ Test Cases

Responses

Historical Cases

Figure 17. summary of the study design. The aircies indicate precasses; rectangles indicata dataftnowtedge; anows

FMngs
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6.1.1 Construct Framework

The conceptual framework for assessing cardiovascular performance was derived from
textbooks on cardiovascular physiology and imerviewing two expert CVICU physicians (the
Director and Associate Director) to elicit their knowledge in cardiovascular imtensive care and
therapautic managemant. Additional knowledge sources included published lterature, the CVICU
nursing stalf and a clinical pharmacist. Over 300 man-hours were spent in developing the
framework, which was then used as the basis for formalizing the expert knowledge base.

6.12 Colisct Hemodynamic Data

Hemadynamic data from 40 CVICU cases were collscted on a convenience sampling basis
(Rubinson 1887) over four months in 1991. The data were extracted at 1-minute intervals from the
physiologic monitor network, from the time the patiert was admitted to the CVICU immediately
afier surgery until discharge from the unit. The data exiraction was done using the Hewlett-Packard
Caraport and the Pl - .sed PDMS (model-78491A). The data sets were stored as text files for use
as historical data in the profotype.

6.1.3 Colisct Clinical Data

Ciinical data was collacted from the manually recorded medical chars of the same 40 CVICU
patiants after u scharge. The clinical variables consistad of the laboratory, ventilation, blood gas
and catheterization laboratory results, fluid intake and output, and interventions instituted while the
pationt was in the CVICU. Also included were the laboratory, biood gas and hemodynamic data of
the patiant in the operating room at pre-operative, intra-<cperative and immediate post-operative
stages. The imtent was 1o duplicate the conditions under which routine clinical decisions were
made, by using data available in the CVICL flowshest and patient chart. A rasearch nurse was
contracted over four manths 1o collect and enter the data into spreadsheets on & laptop computer.
6.1.4 Critique Cases

From the 40 historical cases, 26 coronary artery bypass graft (CABG) casas with length-of-stay
(LOS) not wxcesa.ng four days were selected for expen critiquing. Cases with hean-valve defects
&nd LOS >4 days were excluded to reduce variability and complexity. The number of cases
ssiacied was limied by the availability of the exparis for critiquing, which required an sverage of
fwo hours par case. The LOS was used as a proxy measure for severity — the more severe the
CABG case, the longer the patient stayed in the CVICU.

Knowledge acquisition (KA) sessions were conducted with the two expart CVICU physicians 1o
revisw and cntique the historical cases (each axperi reviewed the 13 cases ssparately). Both
~vert axd protocol analysis were used; the former technique consisted of expert critiques on the
soon-aiennss of the actual therapies instituted, the latier ware therapsutic interventions the
exps * would have instituted. Management of hypovolemic hypotensicn and all other clinical
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problems present were included as par of the KA sessions, since #t was simpler for the expen to
provide a comprehensive review than 1o skip over unrelated parts of the case.

All sessions were tape-recorded and transcribed for reference purposes. Over 150 man-hours
were spent on KA, which included the KA sessions, case transcription and subsequent reviews.
The resulting expert critiques for each historical case contained the following:

o Consistency of therapies instituted relative to the management goals of the expert

*  Preferred aktemative 1o the therapies instituted where appropriate

* Recommended interventions from the expert not considerad by the staff

¢ Asummary of the case, including use of therapies and quality improvement oppontunities
The expent critiques from 13 of the historical cases were used 10 formalize the expert knowledge
base, which was then encoded as part of the profotype. The exper critiques from the other 13
historical cases were set aside exclusively for testing as pan of the historical test cases.

6.1.5 Siratify 26 Casss

The 26 critiqued historical cases were matched pairwise by LOS and separated into two
groups of 13 cases each. One group, with 410 interventions instituted, was used as the "leaming
cases” from which the knowledge base was constructed. The other group, with 389 interventions,
was used as the “test cases” for subsequent validation of the constructed prototype. The expert
physicians were blinded from the stratification process to avoid any bias in reviewing the cases.
6.1.6 Formalize Knowledge

The expen critique knowlsdge acquired from the 13 historical leaming cases was usad fo
formaiize the hemadynamic management expertise. Also used was the conceplual decision
framework developed. Included among the formalized expertise was a set of therapautic protocols
for managing hypavolemic hypatension. Over 200 man-hours were spent on formalizing the
knowledge, which included documenting and structuring the knowledge, encoding the knowledge,
and developing and reviewing the protocols (see Appendix C for complate list of protacals).

6.1.7 8ask Clinician Consensus

The therapsutic protacols for managing hypovoleniic hypotension were reviewed by the other
two expert CVICU physicians for consensus. This pracess consisted of two stages: first, separate
inerviews were hald with each CVICU physician 1o explain the rationale of the protacols for
fesdback; second, group sessions were 1o be held amang the four CVICU physicians to discuss
concoms and sesk final congensus. So far, only the first stage has bean completed; all of the
protocols have been tertativaly agreed to by the four (final consensus is not expected until phase
two of the study, which is to take place after the completion of the PhD research). The consensus
process with the four physicians taok 10 man-hours.
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6.18 Construct Prototype
Knowledge programming techniques, based on a discipline within antificial intelligence (Al)

known as expert systems, were used 1o construct the prototype using 8 commercial expert system
shell called Automated Reasoning Tool for Information Management (ARTIM), and the
programming language C under a Unix-based SUN workstation. An iterative approach was used,
which was to:

o Encoda the prolocols and knowledge

¢ Run through the critiqued lsaming cases

o Examine the adequacy of the output relative 1o the expert critiques

¢+ (denify areas of doficiency in the prototype

¢ Incomorate further knowledge segments

¢ Rapeat the process
The rasult was the encoded expert knowledge to manage hypovolemic hypotension, formalized in
ARTIM's knowledge representation scheme. Details of the prototype design are presented in
Chapter 7. The prototype construction took over six months of programming effort.
6.1.9 Analyze Test Cases

Once the prototype was developed, it was used to analyze 389 interventions from the 13
critiqued historical test cases. For each of the test cases, the prolotype was expacted 10:
identify the presence of hypotensive spisodes associated with hypovolemia
Provide alents on questionable data
Critique the therapies instituted
Recommend the appropriate interventions
Repaeat the monitoring process until there is no more data on the ationt
The output included printauts of the physiologic and therapeutic duta on a patient at ditferent time
intervals, along with any alerts, critiques and recommencdations on preferre. . intervantions.
8.1.10 Validste Performance
Tha pariormance of the prolotyps was validsted using the rasponses and exper crliques from

360 intarventions in the 13 historical test cases. Tha consistency of tha irterventions propossd by
the prototype and instituted by the staff were comparad in parallel against the export critiques. The
responses ware lested for significant differences. Subject judgments on the prototyne design and
parormance were also included as par of the validation.
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6.2 Historical CVICU Cases
This section describes the types of patient data from a historical CVICU case, which contain
the following:

*  Pre-intra-/Post-operative data - ventilatory, laboratory, blood gas and catheterization
iaboratory (cath lab) resulis

o  Post-operative nursing care and doctor's order sheets, and transfer order sheets
o Post-operative laboratory results

¢  Hemodynamic data

o Therapsutic interventions, input/output and ventilation blood gas results

62.1 Pre-, intre- and immediate Post-operative Data
The pre-operative and intra-oparative data ocollected cover carain respiratory, ventilation,

anerial blood gas, laboratory and cath lab results. The data types consisted of:

o The immadiate post-operative data included only selected hemodynamic parameters recorded
in the operating room at the time.

o The laboratory data of interest included i and Ca for contractility, and Mg for conduction; PT,
PTT and PLT 1o reflact the coagulation status; HCT and HB to reflect oxygen-carmying capacity
and biood volume. Those that reflect body tonicity include sodium (Na) and asmolality (OSM).

o The cath iab data of imerest were the ejection fraction (EF), CVP and PCWP, which refiact the
state of cardiac function. Also of importance wers the immadiate post-operative MAR, CVP
and PCWP values, which reflected the pationt's status at the time.

Examples of the pre-operative and intra-operative data from a historical case are shown on the

following page:
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62.2 Nursing Care and Doctors Order Sheets

The Nursing care and Doctors Order Sheets consisted of orders written for the immediate post-
operaiive patient when admitted fo th. CVIC!' and when the patient was transferred 1o the other
unit. Pertinent orders for the immediate posi-operative patient included:
¢ Hemodynamic parameter ranges set to guide therapy
¢ Pemissible range of therapeutic agents
o Parameters for mechanical ventilation
o Parameter isvels 10 notify the CV resident
Transfer orders also included parameter levels to notify the CV resident. Of primary interest were
the therapeutic target ranges defined fnr selectad hemodynamic parameters and the levels for
notifying the residents. The two tyres of oriers are shown on the following page:
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62.3 Poest-operstive Laborstory Results

The post-operative laboratory results included all of the ‘aboratory blood work done on the
patient while in the CVICU. The frequency of routine laboratory orders were:
o K are done every 4 1o 6 hours
o Electrolytes every 6 to 12 hours
o HCT, HB and others are done as required
Only the time of collection was recorded. The Iaboratory results that were used in the study
included those for HB, HCT, PT-INR, PTT, PLT, K, Na, Ca, ionized-Ca, Mg. COs, OSM. These
resulls are shown on the following page:
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6.2.4 Ventilation, Blood Gases, |0, and Actual interventions

Changes to any ventilation parameters, results from arterial biood gases, fluid intake ana output

balance, and interventions instituted were all recorded as they occurred in the CVICU. Specifically:

Ventilation parameters were usually adjusted as required. and folowed a general weaning
guideline. The changes were recorded 1o the minute they accurred.

Blood gases ware done routinely every 4 hours, only time of collection was recorded.

Fluid intake and output were measured hourly and accumulated for a 24-hour period.

The therapeutic interventions included continuous IV infusions, IV push and drivers, bolus and
oral madications. The time of ingtigation of the interventions were recorded to the minute.

For bolus and push IV infusions such as colioids, crystalioids, CaCl,, NaHCO,, KCI and
MgSO,, it was assumed that they waere infused over a 15-minute period. The time of instigation
of the imterventions ware recorded to the minute.

All IV drivers were recorded houry for simplicity even though in reality the infusion was
continuous.

Continuous infusions for inotropes and vasoactive agents were shown as minute-by-minute
recordings.

Example recordings of the interventions and results are shown on the following page:
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62.5 Hamodynamic Data

The minute-by-minute hemodynamic data automatically recorded by the physiologic monitor
for 8 CVICU patiant were extracted in text form. The actual parameters available depended on the
type of invasive monitoring done at the time and the “re-zeroing™ of the monitor that 1ook place from
time to time.

For instance, the exampio shown on the following page reveals that a puimonary catheter was
used, since s set of cardiac output readings was obtained at 1226. Sometimes, continuous core
temperature readings were recorded; this was only possible when the cardiac output recording
device remained connected to the patient's monitor (there are only 3 such devices shared among 8
CVICU bads). This is shown under TEMP in the enclosed primout.

While the continuous parameter readings were obtained automatically from the monitor, the
cardiac output parameters had to be manually entered at the time thay were calculated. This is
shown as the two lines of data at 1225 and 1226. Blank regions beside certain time siots such as
1207-1200 represent pariods where the hemodynamic data were not available bacause they were
out of the ranges predefined in the monitors or due 1o re-zeroing.
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6.3 Expert Critiques

Expent critiques were the documented rasults of reviewing a histoncal CVICU case from the
knowledge acquisition (KA) session. The critiques contained comments from the expert physician
regarding the consistency of therapies instituted, preferred altematives and recommendations on
imervantions not considerad by the staff. Expart crtiques from the 13 historical leaming cases were
used 10 formalize the expertise; those from the other 13 test cases were used to validate the
parformance of the prototype. The process of the KA session and an excemt of the critiques from
the historical case illustrated in the earlier sections of this chapter are presented below.

The KA Session

A typical KA session would begin with the expert physician examining the ward and pre-
operative data, i.e. laboratory results, blood gases, cath lab data and surgical pracedure. Based on
this information, an initial impression was formed as to the pre-cperative state of the patient.

The intra-operative and immediate post-operative data, e.g. MAP, CVP and/or PAWP at the
time provided further information about the hemodynamic state. The Doclor's Order sheet included
details of the post-operative ventilatory and hamodynamic management instructions for the patient.
The expert physician either accepted or redefined the therapeutic target ranges for HR, MAP, CI,
CVP, PAD and PAWP sat earliar by the staff.

Once the therapautic target ranges were determined, the expert would raview the minute-by-
minute hemodynamic profile printouts, correlating the hemadynamics with the target ranges. the
other clinical data present the therapies ingtituted at the corresponding time point.

The expert would offer commenis on his interpretations of the patient's condition and propose
diagnostic and therapeutic interventions that he felt appropriate under the circumstance. Then he
would raview the therapies instituted, ritiquing on their appropriateness and suggesting preferable
treatments where appropriate. While discussing cerain clinical conditions and the use of
therapeutic interventions, the axpert would elabarate on the underlying cardiovascular physiology
and on the rationale of altemative management strategies. The anticipated hemodynamic
response from the therapeutic agents used, based on the expert's experience, would also be
discussed.

The review would continue until the end of the case when the patient was discharged from the
unit. The expert would then provide a critique summary generalizing his observations, entiques and
recommendations. He would also indicate clinical quality improvement opportunities that could
have been exploited on the basis of the historical data. Each session was tape-recorded and
transcribed for raferance pumposes.
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Excerpt from a Knowledge Acquisition Session

(Basad on data presented in the earlier sectioris of this chapter)
Case critique done on March 14, 1892

1185 May 14, 91 - hemodynamic parameters on admission to CVICU. Sinus tachycardia present
105. MAP 153, obviously an error.

1186 - tachycardia. PAD 16 normal. So aside from sinus tachycardia, normal. No CO done.

On admission to ICU, ventiator setting set to IMV say 8, FEEP 8, FiO2 70%., saturation at bedside
88%. Pan of standard protocols, did not appear to have any aberrancy.

At 1130, ABG done, PO2 316, PCO2 42 and H 47, saturation 99%, base excess 4. Mild metabolic
acidosis. Serum bicarb at 22 confirming the clinical impression. HCT was 30. For this amount of
ventiation, these gases were appropriate, excep! for mild acidosis observation. Would not have
treatad but observe the patient for one hour, and repeat the gas.

Concumently, CO indices were done within a short time at 1225, about an hour after firs! gas.
Ravealadm% rI:I 2.6, adequate, confirmed no need o treat aberrant acidosis. Rest of cardiac profile
not remarkable.

Patient appsars o be stable at this time, dopamine and nitro running, may have optimized the
hemodynamic profile. Running at 4.6 and 0.9 respsectively, considered mild infusion rates. under
thase cicumstances hemodynamic profile was adequate under minimal suppon. Dnips on back of
anesthestic record to summarnize all drips. Assume at 1200, under conditions of dopamine and nitro
infusion that wa have adaquate hemodynamic profile.

Pationt also given oral NG, but don't know the detail. Plain is & drive to provide background flush to
avoid & highly concentrated drugs producing a roller-coaster effact. Running at 10 mi par hour with
&/3 and 173, also KCI, likely part of same drive mechanism through & manifold and oral mad NG
noted.

At 1208, albumin 5% 250ml given. Hemodynamic profile PAD at 10, no CVP, suggest an
&ppropriate manauvar o give & bit of volume. Fram & cost parspactive, $100 a shot for alburmin, far
baer off io give sid ringar's Iactate &t $1.25 & bag. An expansive maneuver tha! don't balieve o ba
wananisd. There was sign of relativa hypovolamia with PAD at 10. Basad on thase numbars, it is
&n empirical maneuvar that would have bsan easily assessed over the next 1§ minutes o sas
what indaad happans 1o the filling pressure. If wa track down naxt 15 minutas afler albumin was
given, we can ssa that filling prassure indsad rose by obsarving tha PAD, no CVP. This was also
the point where the MAP was stabilized at about 80 plus or minus 2. So if Was a cormact manauvar.

At 1205, when &lbumin given, NaHCO3 also given, based on -4 base excess. Actually done ai
1130, & bit of a lag panod. Lat's assume it came back in half-an-hour. | am not sure | would have
tragtad that, give the patient & chance fo equilibrate.

Hamodynamic observations to 1300, 8 numbar of therapautic maneuvers, dopamine and nitro at
game lavels. KCI given, prasumably based on K from lab, drawn at 1210 with 4.0. About one hour
&po. Unne 920 mi was & tremendous amount over & two-hour pariod. In the presence of oliguna,
would hava bsan more careful and observe K level closer in terms of lab value. In this case, thare
was a tramendous amount of urine oulpul, and the K value was only 4, pradictably knowing it to
dacraage, S0 maneuver was propar. Bring it to 8. In case of arhythmia even to 5.5. But in this
easo, ordar for K was bolus 0 §.



CHAPTER 7
THE PROTOTYPE

The conceptual and technical design of the kncwledge-based, decision-support system
prototype is described in this chapter. The description consists of an overview, the knowledge
base, the reasoning and control processes, and the technical design of the system. The prototype
design was based on knowledge extracted from textbooks, the CVICU nurses, a pharmacist, the
two expen physicians and the 13 critiqued historical CVICU leaming cases.

7.1 System Overview

An overview of the cardiovascular moade!, clinical variables and conceptual decision framework
for managing hypovolemic hypotension usad in the study is outlined in this section.
7.1.1 Model and Variables

The framework adopted a cardiovascular model similar to that proposed by Shosmaker
(1989), which expressed cardiovascular parformance in four dimensions ~ pressure, volume, flow
and function. Only physiologic parameters routinely measured and evaluated in CVICU were
reprasented in the madal. Although data from over 70 clinical variables were collected for each
CVICU case, the knowledge acquisition revealed the varables relevant to hypovolemic
hvpotension waere:

e ABPS, ABPD, PAPS, PAPM, MAPR, PVRI, SVRI for pressure

e Cland HR for flow

e CVP, PAWP, PAD and MAP for volume

¢ Blood gases, serum K, Ca, ionized Cs, Mg and total CO, as proxy neasures for function

¢ Urine, CT loss, waight gain for intake/output balance, which reflects volume status

o CTloss, HB and HCT for bicad loss, which reflects volume status

e PT, PTT, PLT for coagulopsthies associated with blesding

¢ OS8M, Na for guiding fluid replacement

o Temperature for hypothermia and vasoconstriction

¢ Allinotropic and vagsoactive therapies

e Allfiuid therapies

¢ Al anti<coagulopathy therapies

¢ Al glectrolyte-replacement therapies

¢ Other medications including analgesics, diuretics and anti-arhythmic agents



Only the relevant clinical vanables were included in the design of the decision framework. Both
magnitude and trend of the hemodynamic parameters are used to assess the status of
cardiovascular performance Depending on their values at a given time, the respective flow,
pressure, volume and function dimensions can be instantiated to refiact the overall cardiovascular
performance status. For example, in the situation whare CVP, PAWP, C! and MAP are reduced, so
are the corresponding volume, flow and resistance, leading to low cardiovascular parformance, i.e.
hypovolemic hypotension. Similary, low levels of serum C2, K and/or Mg ions or severe acidosis
can lead to compromised function, resulting in myocardial ischemia and uvsfunction.

7.1.2 Conceptual Framework

A conceptual decision framework was developed to provide the nasis for therapeutic
managemant of hypovolemic hypotension. The major components of this framework are its
knowledge base and reasoning processes. The structure and flow of the decision framework are
shown in Figure 18. Rectangles indicate processes; amows indicate flow. The processing is
cyclical until there is no more patient data. The processes are summarized below.

Figure 18. The concaptual dssision frameworkc
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Define Target Ranges
At the baginning of the analysis, the target ranges for HR, MAP, Ci, PAD, PAWP and CVP of the
patient ara customized as defined by the expert physician. The ranges were defined based on the
cath lah, pre-op, intra-op and immediate post-op data. The standerd reference range is used if no
target range was defined for the hemodynamic parameters. Standard reference ranges are also
used as target ranges for the other physiologic parameters, such as the laboratory data.
Accept & Check Patient Dats
The processing cycle stars by accepling the next available set of hemodynamic data on the
patiem. Depandinn on timing, the set may also inciude laboratory and blood gas data, ventilation
data, fluid intake/output and actual interventions. The differance in timing is because the
hemadynamics were available on a minute-to-minute basis, while the others were less frequent.
Cross-validation is done on selected hemodynamic data to ensure their accuracy.
Rationalize Data and Form Patterns
Selacted parameters are rationalized into 8-valued numeric codes based on target and standard
referance ranges. The codes are combined to form physiclogic pattems. Six individual pattems are
constructed:

* Hampdynamic stalus

¢ Hemodynamic trend

¢ |aboratory

o Blood gases

e Fluidio

¢ Coagulation
A group-patiem is also created by combining hemodynamic status and trend as the hemodynamic-
siatus-trand patiem.
Msich Paitems
The physiolagic pattems constructed are matched to known pattems, which were created from the
13 leaming cases and storad in the knowledge base for pattem-matching.
Risteh Condiiions
Each known patiam was matched to one or more known clinical conditions when created, such as
moderate hypotension. Known conditions were created from the 13 leaming cases and stored in
the knowladge base. By matching the constnicted patiems to the known patiems in the knowledge
base, the patient's condition can be determined. The matched conditions are displayed.
Sslect Sirategies
The known pattems for hemodynamic status, hemodynamic trend, laboratory, blood gases, fluid
VO and hemodynamic-status-trend were matched to0 one or more intervention strategies when
created, such as raduce-volume-deficit. By matching the constructed pattems 1o the known
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pattemns, the intervention strategies can be determined. There are two types of strategies,
diagnostic and therapautic. Time lags are built into strategies, causing a delay of 0 to 10 minutes
before the strategies are invoked. Pattems for less severe conditions are assigned pending
strategies with a positive time delay. An algorithm was designed 1o decrement the time delay
during each processing cycie. Strategies with 0 minute time delay are invoked, or selected for
action,
Select Choices
Once a sirategy has been invoked, the next step is to select from a set of action atematives, called
intervention choices, which may be a diagnostic test, a replacement for an electrolyte, an agent for
bleeding or a fluid (crystalloid or colloid). For bieeding and fluid replacement, the agent selected
depends on cenain laboratory parameters and is guided by the protocols. With fluids, the amount
needed is further determined through the net-differance scoring and ranking algorithms. The
algorithms compute the expected hemodynamic responses for candidate agents/dosages and
choose the one that brings the hemodynamics closest 1o ar within the target ranges. The dosage
for inotropes and vasoactive agents is also selected by net-difference scoring and ranking, but the
gelaction is invoked through critiquing instead (described next).

At present, vasoactive and inotrapic therapies instituted are critiqued only. Three types of critique

are used on inotropes and vasoactive agents:

* i the patient is on vasoactive therapy, the net-differance scoring and ranking algorithms would
be invoked during each cycle to critique if a change in dosage is needed.

e Any time there is a change in the actual inotropic or vasoactive therapy, the algorithms are also
invoked to critique it the change is appropriate. An aliemative dosage is proposed if # had
bsiter hemadynamic responses than the dosage baing changed.

o Waeaning is propased for inotropes and vasoactive agents that met the weaning criteria.

Critiquing is also used in two other circumstances:

o For each therapy instituted, reverse protocols are applied to gee if the intervention met the
criteria justifying its use. This applies to all therapies except the inotropes and vasoactive
agents.

o The target ranges for CVP, MAP, PAD and PAWP are checked to see if they need to be
redefined due to any change in patient’s condition.

Chack Context

Once an intervention choice has been selacted, the patient's cument context is examined. If the

imervention had already been instituted or proposed by the system earlier, the recommendation is

amended accordingly. The expactad impact of the interventions is interpreted from the net-
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diferance scores. For proposed therapeutic agents, the system aiso computes the expected
percentage of improvamant in the net-difference score if the agent were instituted.

Dispiay Alerts

Alsnis are displayed on questionable data, such as data that failed the cross-validation checks.
Display critiques

Critiques are dispiayed on all therapeutic interventions instituted, either concuming with the actions
taken or proposing akemate intervention choices to be made.

Recommend Interventions

Recommendations are dispiayed on proposed imervention choices, which may be diagnostic tests
1o be performed or therapeutic agents for fluid therapy. The expacted percentage of improvement
in the net-differance score and overall impact on the patient's condition are aiso displayed.

Update Context

At the ond of every processing cycle, the patient's context is upciated to reflact the clinical data
acceplad, therapautic imerventions instituted, as well as any proposed alens, critiques and
racommendations. For any therapy instituted that affected the hemodynamics, an assessment is
made 1o determine the actual drug-dosage response, which is incorporated into the general drnig-
dosage response tables 1o render them patient-spacific over time.

72 Knowisdge Base
Tha knowledge elicited from the expen sources - referance and target ranges, physiologic

patiems, clinical conditions, intervantion strategies, therapeutic agents and their drug-dosage
responses, and therapsutic and reverse protocols ~ was formalized as the basis of the dacision
framewods. The struciure and usage of the resulting knowledge base are described in this saction.
732.1 Refarance and Targel Ranges

Four psirs of numeric low-high thresholds were defined for sach parameter, as waming. alen,
critical and physiolagic limit, respactively. For instance, the reference ranges for ABPD (in mmHg)
wer s&t to thrasholds of 6020 for waming low/igh, §0/100 for alert low/igh, 40/110 for eritical
low/high and 20/140 for physiolagic low/igh limit. The two physiologic limit thresholds are used for
data validstion, any data outside their range baing rejectad. The other thrashoids are for data
rafionslization and paftem construction, any values bstween the waming thresholds being
regarded as within target.

Hemodynamic management involves therapeutically maintaining the hemodynamic
parameters within desirable, or target, ranges. The target ranges of key parameters are often
cusiomized ralative 1o each patien's underying condition, prescribed medications, and pre-op,
inira-cp and post-op hemodynamic status. The customization can also be dynamic, set initially
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upon admission to the CVICU and progressively adjusted during the case. depending on the
patient’s condition.

Customization consists of resetting the waming threshokis of the standard reference ranges.
i.0. redefining the desirable range that is the target of management. Whenever these inner
thresholds are adjusted, comesponding adjustment is made automatically to the alen and critical
thresholds. this is done by prorating each side of the target relative 10 the respective physiologic
lim#t, which is fixed. The modified set of thrasholds is called the customized reference ranges for
the current patiet. Curant customization practice applies 1o only six key hemodynamic
parameters (HR, CVP, MAPR, Cl, PAD, PAWP), no cause was seen for customizing others - the
standard ranges being used without alteration.

Generally, the target ranges set by the physician are oriented 1o the long-term characteristics
of the patiemt. For ingtance, i a patient's ejection fraction was less than 40%, and the filling
pressures (CVP and PAWP) at intra-ap and immediate post-op were greater than 10, then a stiff
ventricle would be sxpected. The target ranges for CVP, PAWP and PAD would be set higher, e.g.
12-18 mmHg. relative 10 those with normal ventricles. However, the target ranges can aiso be
adjusted 1o meet shon-term objectives. For example, in an active bleeding situation immadiately
post-op, MAP may be set at lower than ultimately desired to minimize bload loss. Once bleading
subsided, the long-term target for MAP can then be applied.

Because of the inherent complexity, & decision was made to let the expan physician customize
the initial target ranges for bath the leaming and test cases. A range redefinition heuristic was
provided in the system 1o redefine the target range if certain predefined criteria were met (see
section 7.3.9).

722 Physiolagie Patlamns

The mle of physiolagic paiiems is thrasfold. First, they represent the overall siatus of the
patiant at & given time. Second, the pailams can ba maiched 10 one or more clinical conditions,
providing 8 meaningiul imemrstation of the patient's status. Thind, each pailem is sufficiently
apacific 1o be matchad with one or more intervertion strategies. In the study, known patiems were
construcied from the leaming cases and maiched 1o specific conditions and imervention strategies.
The known pattams &re slorad &g pan of the knowledge base and used for matching against the
constructad pattems of a patient from the test case.

The physiolagic pattems are based on parameters that can best summarize the patient's
conditions. Six individual pattems are used: hemadynamic status; hemadynamic trand; laboratory;
blood gases; fiuid i/o; coagulation. The two hemodynamic patiems are alse combined #: ne
hamadynamic-status-trand patiem.

Fluid /o pattems are based on six parameters to form a 6-digit number. Other individua!
patiems are based on five paramaters, hence of & digits. Each parameter is compared against its

94



cugtomized/standard reference ranges in forming the pattem. Since each of the parameters has
three thresholds below target, three above, giving seven laveis, aliowing for unknown makes 8
values for each of the positions. A coding scheme of 0 to 7 is used: 0 for unknown; 1 for critical low;
2 for alert low; 3 for waming low; 4 for target; 5 for waming high; 6 for alent high; 7 for critical high.
Feasible permutations of the 5-dight octal number are 32,768; but only 466 known pattems
occurred in the 13 lsaming cases.

The data rationalization and pattem construction technique is illusirated with the hemodynamic
status pattem. The five hemodynamic parameters considered representative of cardiovascular
performance are HR, MAP, Ci, PAD and CVP. For data smoothing, the median value over five
minutes was used as the real-time resolution of the hemodynamic data actually available every
minute (described in 7.3.1). Examples of the rationalization/construction are shown in Table 4.

(@) 3=Critical, 2=Alert, 1sWarning. O=No abarration {b) Examples
ALARM HR MAP C| PAD CVP CODE INTERPRETATION CASE MR MAP ClI PAD CVP CODE

3 <40 850 V8§ 2 2 1 Critica! low 1 B84 67 21 16 14 43344
2 <50 60 18 4 4 2 Aerlow 2 108 84 27 18 14 4344
1 <80 7022 6 6 3 Warning low $ 00 86 2 1§ 12 44
0 4 Acceplable/Target 4 80 B85 10 17 13 436
1t »11C 100 35 16 186 § Warning high § 128 80 3 21 1§ 84474
2 120 110 38 18 18 6 Alerthigh 8 88 72 1.0 20 14 4348
3 »130 120 42 20 20 7 Critical high 7 101 04 27 26 20 44476
/A . . . 0 Not available

Table 4. Exampiss of hemadynamic staius patisms constructad from the target rangas dafined for & patient. The S-digit
cnda reprezants HR, MAP, CI, PAD and CVP, rezpastivaly, from iaR t right. (s) shows the thresholds uzss to transiate the
hemadynamic vaiu into & cada of O to 7; (b) shows 7 ests of pattems with the Fanalaied cadss. Nots &ccaptabls i3 eame as

Targat

A similar approsch was also adopted to dstermine the trend of the five hamodynamic
parametars. Firat, tha cosfficients of the linear ragression model, YV = a + b¥ (Hamett 1982), were
computed for each of the five parameters over the most recent 15-minute interval. The sign of the
slope indicated the diraction of the trand (increasing or decreasing). Then the rate of change over
the interval was calculated as a percentage. Arbitrary thresholds were used to rationalize the
parcentage change: a 510 15% change was rationalized as mild; 16 1o 30% as moderate; >30% as
marked. By applying these thresholds, and allowing for no change and unknown, an 8-valued code
was again obtained for each paramater. lliustrations of the trand construction are shown in Table 5.



When an explicit trend was registerad, the hemodynamic trend pattem would be appended to the
status pattem 1o give a hemodynamic status-trend pattem, e.g. 53030-43030.

(s) Hemodynamic Trend Patterns (b) Example
HR MAP C| PAD CVP CODE INTERPRETATION Time HR MAP i PAD CVP Pattern
<30 30 30 30 30 1 Markedly decreasing
€485 15 16 15 1§ 2  Moderately decreasing § 102 718 . 8
«<.§ .8 $ 5§ 5 I Midydecreasing 10 o8 82 . . 10
4 Nochange 15 84 93 . . 10
> § 8 $§ 5§ 8§ 8§ Midlyincreasing siope -02 02 . . 0
18 18 1§ 15 15 6 Moderately increasing % 17 20 0
»30 30 30 30 0 T Markedly increasing Pattern 2 6 0 O 0 25000
. .. . . 0 Notavailable

Table §. liustrations of thres types of hamodynamic trends are shown for MAP based on ifs values over the most recent 15
minutes. (a) the interpratations basad on the rate of change in % and diraction for aach paramatar; (b) Examples of the trends
for three of the five paramators and how thay form the trand pattem.

Pattems for coagulation, fiuid /o, blood gases and laboratory can be constructed using the
same technique. The physiolagic paramaters used are:

o HCT,HB, PT, PTT and PLT for coagulation

¢ Urine, Urine-4-hours, CT, CT-3-hours, i'o-balance and %WT change for fluid i/0

e pO, pCO, H, S80, Base for biood gases

¢ K, Total CO,, ionized Ca, Ca and Mg for laboratory
Examples of these patiems are shown in Tables 6 (a) to (d). Of the pattems described, only
patiems ware matched to spacific intervention strategies. The remaining pattems were strictly used
for matching clinical conditions.



F) Coaguistion Pattems:
(s) 3=Critical, 2=Alert, 1=Warning, 0=No aberration

(b) Examples

ALAJRM p0O2pCO2 H Sa02 .-AGSE CODE INTERPRET

ALARM HCT HB PT PTT PLT CODE INTERPRETATION CASEHCT MB PT PYT PLTCODE
3 €24 8 04 20 40 1 Critical low 1 27 14 1.8 36 223 34644
2 <26 10 08 22 60 2 Alertiow 2 N 1.5 34 175 4084
-4 €28 12 08 25 80 $ Warning low 3 30 13 14 32 4484
0 4 Acceptadble 4 N 30000
1 >48 15 10 40 M0 § Warning high § 25 11 1.5 23 220 236
2 >80 17 12 46 360 6 Alert high ] 14 14 M 1258 4
3 >822 20 16 80 400 7 Critical high 7 27 120 44
NA . . . . 0 Not available

Vo P

(s} 3I=Critical, 2-Alon 1=Warning, 0=No aberration {b) Examples

ALARM UR UR4 CT CT3 |0 WT CODE INTERPRET CASE UR UR4 CT CT3 IO WT CODE
3 <0101 0 0 4 -20 1 Critical low 1 22 18 0 0 O 440444
2 «0303 0 0 -2 -10 2 At low e 12 11 0 0 440044
-4 «cQ508 0 0 -t O 3 Waninglow 3 03 03 0 0 0 340444
0 4 Acceplable 4 04 03 10 20 0 0 334444
1 30 30 30 30 10 10 & Warninghigh § 25 12 0 0 -2 -11 444D
2 60 60 80 50 20 20 & Alert high 8 12 13 0 0 -1 1 44444
3 >Q0 00 70 7.0 S0 30 7  Critiealhigh 7 15 20 0 0 0 12 444445
NA . .. ) . 0 Notavailable

‘c) fiinod Gas Paltems:

{a) 3=Critical, 2=Alart, 1=Waming, 0=No aberration (®) Examples

CASE pO2 ngZ H Sa02 BASE CODE

-3
2
-1

1
2
3

30
35
8.0

§.2
5.5
58

17 080 16004
105 1.80 0.6

20
23

3
K
k14

1

Py

]
o

WON W
282 3

-t ad

0.

- —a T
N O N

\

2
3
4
§
6
7

Critical low
Alart low
Warning low
Acceplable
Werning high
Algrl high
Critical high

ALARM £ CO2 ionCa Ca Mg CODE INTERPRETATION CASE ¥ COQ2 ionCa Ca Mg CODE

3 3 80 1 Criical low 1 4T 08 <4 M7
- 33 5 04 4 2 Alert low 2 2 035 00 1 02344
-1 F 7 o7 -2 3  Waming low 3 26 26 99 3 01148
4 Accaplable 4 27 32 00 1 01244
42 42 100 2 § Waming high § 2T M 08 2 01244
44 44 100 4 8 Alert high 8 27 35 08 -2 01344
47 48 100 6 T Critical high 7 31 36 99 02340
8§ Notavailable
(d) Leharmiary Pafiame
(8) I=Critical, 2sAlert, 1=Waring. O=No abamation (b) Examples

1 40232 112 2.0 064 R4

2 40 185 131 24 32440
3 41223 116 217 3340
4 48 2.585 30000
] 2.23 0.72 00043
6 46 30000
7 45240 121220 34440

-

Table 8. (a) coaguiation patisms; (b) fluid Vo pattams; (c) biood gas patiems; (d) laboratory patiems.
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72.3 Clinical Conditions

Each known pattem can be matched to one or more clinical conditions. On the other hand.
many pattems are gradations of the came condition. For instance, hemodynamic status pattems
43344, 53444, 43454 and 63444 all indicate mild hypovolemia. Other examples of this type of
pattem-matching are shown in Figure 19. In the study, 120 known conditions were identified from
the 13 leaming cases (with 466 patiems). The known conditions are of several types:

e Hemodynamic status conditions, e.g. mild, moderate and marked hypotension

¢ Hemodynamic trend conditions, e.g. mildly, moderately, markedly increasing MAP

o Abnormal coagulopathy conditiors, 8.g. prolonged PT-INR and/or PTT

o Abnomal electrolyte conditions, 8.g. mild, modarate and marked hypokalemia

* Abnomal i/o conditions, e.g. mild, mnderate and marked oliguria and bleeding

e Abnomal laboratory conditions, e.g. mildly, moderately and markedly reduced HB

+ Abnommal bicod gas conditions, 6.g. metabolic acidosis

Low Output
State

/

43454 13433 43343

Tachycardia Hypovolemia

increased
Filling Pressures

Hypotension

Filling Pragsuras |

Plgure 19. Exampies of hemadynamic status patiame matahed to alinical conditions.



72.4 intervention Strategies

An intervention sirategy represents a general approach to managing a clinical problem. For
instance, a8 condition with decreased MAP and CVP, and increased HR suggests hypovolemic
hypotension. The comesponding intervention strategy is to reduce this volume defict. Also. a
diagnostic test is usually conducted to confirm or rule out the suspected condition. An example is
to parform the modified Trandelenburg test when hypovolemic hypotension is suspected. The two
imervention strategies illusirated form a basic plan for managing hypovolemic hypotension.

A set of imervention strategy protocols was formalized through knowiedge acquisition with the
exparts. The imervention sirategies used in the study are listed in Table 7. Examples of the
protocois are shown in Table 8. The complete set is in Appendix D.

Therapeutic -> Continue to monitor
Give bicarbonate
Give calcium
Give magnesium
Give potassium
Reduce volume deficit
Stop active bleeding
Diagnostic -»  Check cardiac dysfunction
Checls cardiac output
Checls CYP/ART line for missing data
Check dysrhythmia
Chsck hypardynamic state
Check hypernansion
Check missing HR data
Confirm CVP/ART data for fluctuations
Modified-Trendelenburg-position

Tabl@ 7. Intarvention stratagiss vasd in the study.



2.1 if MAP = low
and (CVPor WP or PAD) = Jow
::d (CT >= 3 ml/kg/hr and CT < S mUkg/hr for 3 hours) or (CT >= § mlkg/hr)
en
condition = active bleeding, hypotension, absolute hypovolemia
intervention-strategy = reduce-volume-deficit
intervention-strategy = retum-to-OR

2.3 if MAP = low

and  (CVPor WP or PAD) = low

and  (HR = normal) or (HR = high and VPB < §) or (HR = high and sinus-rhythm present)

and  (CT>= ]| ml/kg/hr and < 3 ml/kg/hr for 3 hours)

or (CT >= 3 mUkg/hr and < S mlkg/hr)

and  (URINE < 0.5 mlkg/h) or (URINE >= 0.5 mlkg/hr)

::d (VO-balance >= -1 litre) or (1/O-balance < -1 litre)

en

condition = absolute-hypovolemia, hypotension, bleeding and/or oliguria
intervention-strategy = check all catheter lines, cuff-pressures and rezeroing
intervention-strategy = stop-active-bleeding
intervention-strategy = reduce-volume-deficit

24 if MAP = low

and  (CVPor WP or PAD) = low

and  (HR =normal) or (HR = high and VPB < §) or (HR = high and sinus-rhythm present)

and CT<!mlkg/hr

and  (URINE < 0.5 ml/kg/h) or (URINE >= 0.5 ml/kg/hr)

and  (VO-balance >= -1 litre) or (VO-balance < -1 litre)
condition = absolute-hypovolemia, hypotension and/or oliguria
intervention-strategy = check all catheter lines, cuff-pressures and rezeroing
intervention-strategy = reduce-volume-deficit

4.1 if MAP = low

and  (CVPor WP or PAD) = high or normal

and  HR =nomal or high

and  SVRI = low or normal

and  PVRI = normal and C1 = normal or high

and (K and Ca and pCO2 and CO2 and Base and H = normal)

and  URINE >= 0.5 ml/kg/hour

and  vasodilaiors = present

then
condition = velative-hypovolemia, hypotension, normal cardiac function
intervention-strategy = check all catheter lines, cuff-pressures and rezeroing
intervention-strategy = reduce-vasodilator

Table 8. Exampiss of intervention strategy protocois. The numbaring scheme for the protocols uniquely idantifes each rule.
The abbraviation WP is equivalant 1o PAWP.
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A problem in applying the strategy protocols is that the institution of a strategy is also
influenced by the severity of the conditions. For instance, in mildly hypotensive situations, the
sirategy is usually "wait-and-see”, hoping that the condition is transient and seli-comecting; this is
widely practiced for mild aberations. But the incorporation of condition severity into the protocols
would increase their parmutations, rendering the protocols difficul to maintain. Futhermore, the
only differance between the prolocols with varying severities is that of timing. For example, when
CVP, MAP and PAD are markedly decreased, the institution of fluid therapy is immaediate, whereas
if the same parameters are mildly decreased, fluid thmpy is instituted only i the condition persists
for ten more minutes.

The use of physiologic pattems appearsd ideal in avoiding redundamt protacols. Specifically,
formation of a pattem according 10 thresholds aliowed the severity of the condition to be
characterized and mapped 1o the same intervention strategies. For instance, hemodynamic status
patems 52333, 53002, 63003 and 71002 represent varying gradations of hypovolemic
hypotension, which can all be mapped 1o "reduce-volume-deficit”. Where one waits for an elapsed
interval bafore instituting the therapy, strategies such as "reduce-volume-deficit-in-10-minutes” can
be used. This would leave the strategy pending for 10 minutes before it is invoked. Altematively, i
the initiation of the intervention is immediate, "reduce-volume-deficit-now" can be used. A similar
approach can be used with diagnostic interventions to rule out or confirm a condition, such as
*chack-line-in-10-minutes” and "chack-arhythmia-now". Examples of the final intervention strategy
protocols in pseudo-rule form are shown in Table 0. A time delay of 0 to 10 minutes was buikt into
most strategies. A time-delay algorithm was incorporated in the system to decrament positive time
delays during each cycle. if the time delay is O minute, the panding strategy is selected, or invoked
immadiataly. Exceptions are the alectrolyte replacement strategies, which are invoked directly with
no delay when matched from the patiems.

IF Hamadynamic status patiem = 41050
THEN Intervention-strategy = confirm-lines-now, check-cardiac-dysfunction-now
Intervantion-girategy = reduce-volume-deficit-in-5-minutes

IF Hamodynamic status patiem = 42030
THEN Imtervertion-stratagy = confirm-lines-in-5-minutes
InMtarvention-strategy = reduce-volume-deficit-in-5-minutes

IF Hemadynamic siaius patiem = 43334
THEN intervention-strategy = confirm-lines-in-10-min, chack-candiac-dysfunction-in-10-minutes
Intervention-strategy = raduce-volume-deficit-in-10-minutes

Table 9. Examplss of intervention strategiss in pesudo-rule form.
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725 imervention Cholces

An intervention choice can be a diagnostic test or a therapeutic agent. The latter may be an
inotrope, an vasoactive agent, a fiuid, a target range redefinition, a treatment for active bleading or
electrolyte replacement. in the study, a set of therapautic protocols was formalized to manage fluid
replacement and biesding. The protocols are invoked « “reduce-volume-deficit”™ or "stop-active-
bleeding” was selected as the intervention strategy. The selection of the intervention choice, in this
case an agent, from the protocols is contingent upon several factors. For bleeding, anti-
coagulopathy agents such as protamine, cryoprecipitate, platelets and fresh-frozen plasma are
chosen according to PT, PTT and PLT results. In fluid replacement, the type of crystallioid or colloid
used depends on the lavels of serum Ma, OSM, HCT and HB. The amount of fluid required is
computed using the nat-diference scoring and ranking aigorthms (see section 7.3.3). Examples of
protacols used in fiuid replacemant and bleeding are shown in Table 10. The complate protocols
are in saction 10 of Appendix D.

104 if intervention-strategy = reduce-volume-deficit
and  (HCT within last 12 hours < 24) or (HB within last 12 hours < 8)
then
intervention-choice = packed-cells

107 if intervention-strategy = reduce-volume-deficit
and  (OSM within last 6 hours >= 280) and (OSM within last 6 hours <= 300)
and  weight-gain < 10% admission-weight
and  (serum Na within last 6 hours >= 135) and (serum Na within last 6 hours <= 150)
and  (URINE > | ml/kg/hour) or (URINE < | ml/kg/hour)
and  (VO-balance < -1 litre) or (VO-balance > -} litre)

intervention-choice = ringers lactate

1011 §f intervention-strategy = reduce-volume-deficit
and (OSM within last 6 hours >= 295) and (OSM within last 6 hours < 300)

and  clinical-findings = edema or
(weight-gain > 10% admission-weight)

- interveation-choice = $% albumin

1012 if intervention-strategy = stop-active-bleeding
and PT-INR>18

intervention-choice = fresh-frozen-plasma

1013 if intervention-strategy = stop-active-bleeding
and PFTT>40

intervention-choice = protamine 50 mg

Table 10. Examplss of therapsutic proteanis.
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Critiquing rules were developed 1o determine the intervention choice when the patient is on
vasoactive therapy, or there is & change in the actual inotropic or vasoactive therapy. if the patient
is on vasoactive therapy, the natdifference scoring and ranking algorthms can be used to
determine i dosage adjustment is needed. For a change in actual therapy, it may be the addition of
& new agent, dosage adjustment for an existing agent or its discontinuation. Tho net-score and
ranking aigorithms can be used to determine i the change was approprias. Atemative dosages
up 1o two times the dosage of the agemt being changed are included in the computation. The
dosage with the lowest net-difference score becomaes the intervention choice.

Rules were also developed 1o select an electrolyte-replacement therapy or a diagnastic test as
the imervention choice when the comesponding imervention strategy was invoked. For elactrolyte
therapies, the choice is selected immediately with no time delay. For diagnostic tests, the same
time delay technique is used. Weaning of patients from medication and target-range redefinition is
based on predefined criteris and are describad in sections 7.3.8 and 7.3.9, respectively.

72.8 Therapeitic Agents

Information compiled on therapeutic agents included pharmaceutical (drug class, route of
administration, infusion interval, usual dosage, strangth and unit), pharmacokinetic (onset delay,
time 10 maximal sfiect, efisct duration) and pharmacodynamic data (expected drug-dosage
responss).

The drup class distinguishes whather the agent is a colloid, crystalioid, pesitive inotrope,
vasadilator, or miscellaneous (such as analgesic). The route of administration and infusion inerval
idantify whether the agent is administersd as continuous intravenous infusion or bolus and how
long the infusion takes on average. The onset delay, maximal effect and efiect duration indicate the
time delay until the drug takes efiect, the time it takes to reach maximal efiect, and the interval for
rasidual effect afier ils discontinuation, respactively. For instance, with 250 mL of §% albumin, its
drug class is colloid; it is usually infused as IV bolus aver 18 1o 30 minutes, with an onset dalay of
10 10 16 minuies and rarching maximal effect within 30 minutes, with 1 1o 2 hours of rasidual sffect
aftenwards.

For simplicity, all colioids, crystalioids, inotropes and vasodilators were assumed to reach
maximal effect within 15 mimnes and would bo assessed for their efiectiveness at the end of the
1&-minute period. Also assumad were the absence of side-sffects, contraindications and
irteraction effects. A complete list of all of the agents used in the study is shown in Table 11. The
cdrug-dosage response for each agent is discussed in the next section.
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CATEGORY NAME CODE UNIT ROUTE

Crystalioids  ringers lactate 12210 mL ivC
normal-saline 12220 mL vC
diw 12250 mL IvC

Colioids abumin-5 12310 mL ivC
abumin-25 12320 miL ivC
autotransfusion 12380 mL ivC
frash-frozen-plasma 12330 mlL IvC
cryoprecipitate 12360 mL ivC
packed-colls 12340 mL ivC
platelets 12370 mL WvC

Vs amicar 13110 mghr ivC
bratylium 54110 mgMr ivC
dobutamine 22210 meghkg/min  IVC
dopamine 22310 meghg/min IVC
epinephrine 22320 mogkg/min  IVC
inocor 24110 meghg/min  IVC
cz-insulin 63110 meghr ivC
isuprel 22110 mcg/min ivC
nipride 41110 megkg/min  IVC
nitroglycerine 41120 meg/min ivC
norepinphrine 42120 meg/min ivC
procanamide §1130 mg/min vC
xylocaine §2110 mg/min IvC

Miscellansous asa 13220 mg PO
adalat 41310 mp PO
ativan 82230 mg 8L
atropin 32110 mg v
calcium chioride 66160 mg v
captopnil 41410 mQ PO
digoxin 23110 mg v
sphedrine 22330 mg v
Insix 11310 mghvr v
librium 82280 mg PO
magnesium sulphate 56110 gm v
mesperidine 82120 mg M
midazolam 82210 mp v
momphine 82110 mg v
Ritro-paste 41120 in Y
percocet 82140 tabs PO
potassium chloride 86120 mEq v
sodium bicarbonate 61210 mEq v
tylenol 82160 mg PO
valium 82220 mg v
vanolin 91110 ml IN
verapamil 31210 mg v
vitamin K 13160 i v
2R3-11 plain 12230 ml vC
2/3-1/3 with KCI 12240 ml VG
d5w flush 12250 ml IvC

Tabla 99. A list of tharapautic agents and their codes uasd in the sudy. Legend: IVCAntravenous oontinuous
\W-intravanous bolus; IN-inhalant; IM-instramuzoular; PO-psr orel; SL-giow relasee; T-iopical.
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72.7 Drug-Dosage Responss Tablss
Central 10 the conceptual framework of therapeutic management is an ability to predict the

hemodynamic response were a spacific agent instituted. The approach used in this study involved
a set of computational drug-dosage response tables constructed through knowledge acquisition.
Thesc tables are used 10 determine the expacted effects of agents on the hemodynamic
parameters at different dosage levels. The selection of any agent and its dosage is then based on
which wauld give the best expacted response. Two steps were involved in formulating the drug-
dosage tables; first, 8 set of empirical tables was constructed; second, computational tables were
then derivad using the knowledge from the empirical tables. The two steps are described below.
Empirical Drug-Dosage Response Tables

Through the two expents, the empirical drug-dosage response tables for therapeutic agents
commonly used in the CVICU were constructed. First, the common dosage levels for each agent
were grouped ino three categories of low, medium and high (some agents, such as dopamine,
were assigned an additional category of very-low dose). Second, based on their clinical
experiance, the exparns rated the percentage response of the hemodynamic parameters when the
agent was given at the specifisd dosage range (the parameters being HR, ABPS, ABPM, MAP,
SVRI, PAPS, PAPM, PAPD, PVRI, Cl, PAWR, CVP, 81 and URINE). A numerical scale of -3 to +3
was used 10 indicate the magnitude of percenage response expecied. being: -3 for >30%
reduction, -2 for 16 10 30% raduction, -1 for 5 10 15% reduction, +1 for § 1o 15% increase, +2 for 16
10 30% increase, +3 for >308% increase, and 0 for no change. These empirical drug-dosage tables
formed the basis for computing the expscted hemodynamic response at different dosage levels.
Examplas from the empirical drug-dosage tables are in Table 12; the complete set is in Appendix
E.

AGENT | Dow | Hp | aps | app [ wmap [ svm [ pas | pam [ vap [ pves Tove Twe Tor [urine
;_lhgm; ine 0.8.% ! 0 0 0 0 0 0 0 0 9 ] }
6-10 ] 1 1 ] 1 0 0 0 0 ) 1 2 2
ol a Lol o | o | 2 1o} v L3 Ly Ly L2 sl 3
>0 [y [ s s Vs | s T a0l 2 12 ] 2 [ a2 t2tal J
Npride et Lo L o L o T o | o Lol o Lo b o Loy Lo} 3 1 o
L e lalal ol ol o 1ol g Fala Lo la}lal o
> NN KN IS ) ) . 3 112 0
apumines Jt00 [ oo [ o L v [ v} o ol ol ol o f 3 1 11} 3
apumins |20 | o L v T o [ v T o Lol ol ol ol 3 L1111
crymaloid {000 | v [ o 1 4 1 1 [ o [ ol ol of o f v |t |1 3
Tabl@ 92, Examplss of empins dnigdoange reapones tabiss bagsd on dlinieal expsiancs of tha ewpsrt CVICU phisiciane.

Legsnds: HR-haart rate; APS-ariarial presaure syatolic; APD-arerial pressure disstolic; MAP-mean ansgl pressure; SYRI-
systamic vascular reaistanca indax; PAS-puimonary arsnal systolic; PAD-pulmonary arterial diastolic; PAM-pulmonary arenial
masn, PYRI-puimanary vassuly registance index; CVP-cantral venous pressure; WP-wedge pressure; Cloardiac indey.
Doeages are exprasesd in magAg/min for Gopaming, mag/min for nipride and miL for albumin and orystalioid. For the numaeric
cagbing echemy, 289 1t in easiion 7.2.7 en empiriasl drug-dsasgs reaponss tablss.
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Computational Drug-Dosage Response Tables

To formulate the computational tables, the expected efiects of sach therapeutic agent were
imerpolated based on the common dosage levels from the empincal dnig-dosage tables. The
assumption was that drug-dosage response follows a log-linear relationship for the dosage levels
being considered (Gibaldi 1884). The computational tables allow one 1o pradict the hemodynamic
value based on the its current vaiue and the expacted effect at a given dosage level for that
paramater. The formulation of the computational tables is described below.

First, the low, madium and high dosage ranges for sach agent from the empiric dosage tables
were expanded to include common dosage levels encountered in the clinical setting; the logarithm
of each of these dosage levels was then determined. Second, based on the known percentage
responses for an agent and its dosages, the expected effect (expressed in fractions) was
interpolated for each of the remaining dosage levels. To illustrate, there are four dosage levels of
§% albumin: 100, 200, 250 and 500 mL. The logarithms of these lsvels are 2.00, 2.30, 2.40 and
2.70, respactively. It is known that 500 mL would bring about 8 20% increase in HR, MAP and
CVP. Since 100 mL has a minimal effect of 5%, the lowar and upper exiremes of the expected
offects become 0.05 and 0.20 (in fractions), which coraspond 10 the logarithmic range of 2.00 and
2.70, respactively. Linear interpolation yisids the expscted effacts for the remaining dosage lavais
of 200 and 250 mL. The computational drug-dosage response tables for albumin and nipride are
shown in Table 13; the complete set is in Appendix F. A complete list of therapeutic agents with
their drug-dosage responses defined is shown in Table 14.

e — e _ T -
AGENT | Dows  Lof HD LAPS | APD_ MAP | SV PAS LPAM | PAD  PVRI | CVE | WP |G} | e
_Albumin | 100 | 30 | .1 | 08 { 0§ { .08 0s | o8 | 68 | 08

200 . I S T S A S S d2 | 2 i 1

200 | 24 f .21 s | a8 | .18 s | s | as ] 18

so0 | 39 [-2] 2 | .2 2 2 12l 2 2
Nipride {0 0.7 08 08 | .08 ] 0}

04 | 04 =10 =13 [y )0

06 | 02 =13 =18 [ -8 ] 13

08 | 0.1 -8 % Y I AL

! 00 |oo| .08 | .08 | 08 | 17 | .06} -08 | .06 | .08 | -16 | .16 1 _I6

M . S — — ——— M———

2 30 | o6 )| 18| -8 | -1 | 22 | .98 | o386 1 18 | o38 | -39 ) -7 ) .21

4 60 | 12| -2¢ | -2¢ | -24 | -27 | -34 | -3¢ | -2 | -3¢ | V6 | -3 | .27

6 g8 [ sl -3 ) -3 | -3 3 ) 3 y | -3 a8 | 3 1 3

Table 13, The computational drug-dszage reapones tabigs for lbumin 5% and nipride. The eupacted efiests are eomputed
by intamaolsting from the extvame low and high valuss against the loganthmic valuss of the respactive drug-dosages. The
eupaniad efinsts are evpresesd in fractions. The emply calis reprazant no efiest for that hemedynamic paramster. Dozegss
810 in mi. far albumin and mog/min for nipnds.
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abumin-§
albumin-25
amrnnone
ativan
atropin
autotransfusion
bretylium
captopril
dbw

digoxin
dobutamine
dopamine
edrophanium
ephedrine
epinsphrine
fresh-frozen-plasma
isuprel
labetalol
lasix

librium
meparidine
midazolam
momhine
nitro-paste
nitraglycenine
nitedipine
nipride
norapinphiine
nomal-saline
packed-cells
parcocst
pracanamide
propanolol
fingers
verapamil
vylocaine
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72.8 Roverse Protoools

Reverse prolocols are essentially the same as therapsutic protocols, except in the way they are
invoked. In reverse protocols, one takes an actual intervention instituted and looks 1o see if all of
the criteria justifying the intervention were praesent (the therapeutic protocols start with the clinical
condition and then propose the intervention under the protocol rule that best matched the
condition). In the study, reverse protocols were developed fo critique the use of packed cells,
abumins, ringers, DSW, cryoprecipitate, protamine, piatelets, fregsh-frozen plasma, protamine,
amicar, bicarbonate, Mg, K and Ca. An example of a reverse protocol is in the use of packed celis
and fresh-frozen plasma, which would be critiqued if not for conditions of low HCT/HB and/or high
CT loss with coagulopathies. The development of reverse protocols was simpified by the
therapautic protocols that were already formalized - the conditions and the therapy
recommendations for each protocol rule could be simply reversed. Examples of reverse protocols
are in Table 15; the complete set is in Appendix G.

na if intervention-choice = packed cells

then
(HCT within last 12 hours < 24) or (HB within last 12 hours < 8)
ICU-admission since surgery <= $ hours
ny if intervention-choice = ringers lactate or normal saline
then

(OSM within last 6 hours >= 280) and (OSM within last 6 hours <= 300)
weight-gain < 10% admission-weight

(eerum Na within last 6 hours >= 135) and (serum Na within last 6 hours <= 150)
(URINE > | mlg/hour) or (URINE < | mikg/hour)

(VO-balance < -1 litre) or (1/0-halance > -1 litre)

condition is not ARDS and COPD

crystalloid-therapy not failed

e i intervention-choice = protamine

condition = gctive-bleeding
PTT > 40

1ne if intervention-choice = platelets
""" condition = active-bleeding
platelets < 40,000

Yabie 18. Eusmpias of raveres proteonls.
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7.3 Reasoning and Comrol

As distinct from the inferencing mechanism of classical expent systems, which use a non-
deterministic or opportunistic approach (Buchanan 1985), the reasoning and control formalism
adopied in our system is entirely deterministic. The reasoning processes discussed in this saction
are: interprating the data; piadiction; net-difference scoring and ranking; adjustment in dosage
lovels; combining effects of mwhiple agents; planning the interventions; reasoning over time;
weaning patients from madicatizns; redefining target ranges; updating the patient-specific drug-
dosage response fables.

73.1 inerpreting the Dats
intempreting the patiert data is the first processing step that involves validating the data,

constructing the pattems and matching the constructed pattems to known pattems, conditions
and/or inervention strategies. Because of the inherent fluctuations in individual hemodynamic
signals, i is preferable 1o use averaged readings. in the study, we chose the madian value over
five minutes as the basic real-time resolution of the hamodynamic data actually available every
minute. The median is less susceptible than the mean 1o extrame vaiues, and uniike the mode, can
always be derived. This approach was deamad realistic within a clinical setting, since the degree of
resolition is as good as the frequency of manual assessment in the CVICU, which ranges from
every 15 minutes 10 one hour. Averaging the data also reduced the pracessing load on the system.

Each parameter value is checked for the physiolagic range limits. Several cross-validation
rules are used. Examples of violating cross-validation are when HR differs from PLILSE by mare
than 10%, PAWP is greater than PAD, and diract MAP reading ditfers from recompited MAP' by
more than 10%. Any PAWP available as pan of the cardiac output assessment prompts discanding
of the PAD from pattem-matching i the two differ by more than 4 mmHg. Alert messages are
generstad on any data that failed the validation.
732 Predistion
pradiction of values. The therapsitic recommandations &t any instant are also based on their
supacied efiects. Hence, pradiction is an essential par of this system. For predicling the
hamadynamic values when there was no changs 10 existing therapies, the technique of
exponsntial smoothing averaging (ESA) was used (Bufia 1987). The method to pradict the sfiects
of & changad therapy on hamadynamic values is net-difference scoring, which is addrassed |ater
(889 gastion 7.3.3). The ESA mods! is shown as follows:

Cumant base = a(Cumant vaiue) + (1-a)(Previous base) or, stated in symhols,
§ =aD, + (1-0)8,,

TRerampiad MAP © (ABPS + (ABPD x 2)) / 3
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where the smoothing constant, a, which controls the weighting of the current vakie, was chosen to
be 0.3 in the study. Using this model, the computed current base, or S, will bacome the forecast
value for the next period. For sxample, we could pradict the MAP value over the next 15 minutes
using the currert MAP and the previous base MAP, with an aipha value of 0.3. The curent base
MARP is then used as the predicted value for the next period. The predicted valies can be used 1o
form the predicted hemodynamic status pattem, which can be maiched fo the clinical conditions for
imemretation.

73.3 Net-Difference Sooring and Ranking

The net-diierance score, or net-score, is a composite index of how much the hemadynamic
paramaters deviate from the respective target ranges. The closer the hemodynamics to the target
ranges, the lower the net-score, zero being totally within range. The parameters used are HR,
ABPS, ABPM, MAP, SVRI, PAPS, PAPM, PARD, PVRI, Ci, PAWP, CVP and SI. The net-scoring
approach provides an objective means of assessing the patient's state - a patient having & zero
net-score is considersd as having achisved the targats. The approach also allows one to compare
between patient states and the sffects of therapies by ranking the respective scores. The ranking
algorithm takes the net-scores of all aiemative therapeutic agents at differsnt dosages and ranks
them in increasing magnitude. The agent/dosage with the minimal score is the preferrad choice,
since by instituting the agent/dosage the hemoadynamics should get closest to tha target range.

To compute the net-score, the cument hemodynamic values are compared with their
respective target range. For sach parameter, the score is zero if the value is within target range,
otherwise i is the ditference between the vaiue and the nearest target figure, i.e. the nearer
waming thrashold. Since the parametars vary in their numeric scales, the difference is normalized

ignored. Thus, a MAP of 65 mmi{g and a target range of 70 to 85 mmHg represents a difference of
-5 mmHg. & normalized difference of 7%. Finally, 1o emphasize the greater difierance, the
normalized score is multiplisd by a weighting factor, currantly set at 1 for waming, 2 for alert and 3
for eritical thresholds. This process is repeated with aach paramater and finally these individual
values are summad as the nei-difference. A sesond normalization can ba dona 1o prorate the acore
based on the number of parameters prasent, to allow irermittent measures such as cardiac output
1o be compared dirsctly with the continuous parameters. However, this sacond normalization was
found 1o have quaestionable wtilily and subseguently ignored during the study, since # had rendersd
the resulling net-acora diffisuli fo imerrst.

Yo compute the net-score when a therapautic agent is considerad, the curent hemadynamic
valuss are first multiplisd by tha expacted efiects in the computational drug-dosage table for the
desired agent/dosage. Dynamic interpolation of the dosage-sffects is done automatically if the
desired dosage is not in the knowledge base. The interpolation is done using the dosage and effect
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values adiacent to the desired dosage and applying the same log-linear computation aigorithm
used 10 construct the intial drug-dosage response tabies. These adjusted hemodynamic values
are then compared with their respective target range as in the net-scoring aigorithm described
above. The resulting net-score represents how close the parameters would be from the target
range if the agent at the specified dosage were instituted.

To be precise, one should take into account the time required for the agent 1o take effect, its
hai-ife, maximum effact, the duration of residual effect when discontinued, contraindications, side-
effects and interactions. in our study, all of the agents were assumed 1o achieve their maximal
effact within 15 minutes of administration. Also assumed were the absence of side-effects,
contraindications and imteraction effects. An example calculation of the net-score is shown in Table
16 where nitroglycerine of 1 mag/min is being added.

Another assumption was that residual effect of an agent could be ignored. Such anaigesic
agents zs momhine, which can have a residual sffect lasting two hours or longer, are exceptions.
For all anaigesics, the expectod effect is prorated by interpolating between the current effect and
the logarithm of the residual effect duration in haurs. In the example of momhine, since it can lower
MAP and HR, one must take into sccount morphine's residual effect once discontinued when
computing the nat-score of ancther agent being instituted.

(m) HR APS MAP APD SVRI PAD PAM PAS PVYRI WP CVP CI SI
Target-L. 60 60 70 1002000 6 6 15 2556 6 6 2.2 ) Pattern
Curents> 04 67 84 114 2102 26 33 42 260 24 20 2.7 27 44476
Target-H 10 90 100 140 2400 16 16 30 285 16 16 35 47
Diflarence 0 0 0 0 0 10 17 12 0 8 4 0 -8Nel-DIff
D % 0 0 0 0 0 83 108 40 0 650 26 0-18 266

(b) Now sdd - Nitraglycerine @ ug/kg/min

Efisct% 0 -0 -0 -0 -10 -4§ -10 -90 -90 -i6 -16 16 16
Pradicte> 04 60 @5 9031883 22 30 38 234 20 V7 3
Difiarencs 0 0 O 0-137 6 4 8 29 4 7 0 2Nel-DF

DWf % 00 0O O -7 42 86 268 -8 26 5 0 -5 186

Tabla 18. anticipated hemedynamic eRests of adding niveglyeaing at 1 mag/min. Opt-L and Opt-H are tha aptimal lowar
GRY UppS! TaNga 187 each of the paramaters. The Difierenca is cbimingd by SublRsHng the curent/pradiot valus fam 1e
§§ m‘ggﬁm saare ReAnglised essamiing B it lswaruppss range. The Nst-Diit i3 eimply the
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73.4 Adjustment of Dosage Levels

Where a new therapeutic agent is added, the computation of the net-score is done as outlined.
However, often the dosage level of an agent is adjusted up or down once it has already been
started, or that the agent is discontinued akogether. With such changes, the dosage response must
be adjusted differently, depending on whether the expected effects woukd increase or decrease the
paramaeter value.

Two heuristics were developaed; the first deals with an increase in the dosage of an agent. |if
the expected effects for that agent are proportional to the dosages, the result is simply the
diference between the effects under the new and old dosage. For instance, i the patiemt has
already received 250 mL of albumin, and the dosage effects for albumin at 250 and 500 mb are
15% and 20%, respactively, then by giving an additional 250 mL of aibumin, another 6% change in
hemodynamic effects is expacted. The heuristic also applies 1o situations where the axpected
offact is inversely proportional 1o the dosage levels, and when the drug-dosage is raduced or
discontinued. A second heuristic applies to reducing any agents with positive expected effects, as
in the case of weaning the patient from inotrapas. In such instance, there is zero expaected effect
from the reduction in dosage. The assumption was that the body can sustain the physiologic
effects brought on earfier by the agent despite the diminishing drug effect from the decrease in
dosage. Examples of how the heuristics are applied under different situations are shown in Figure
20.

Dosage %Eflects %Effacts %Effects %Effects

1 5 153 wn | S| sl
2 . e L 10 o - 10-
o%[" -4%|: vt :_]u%

: 10+ PR

S AR m P A 10T g 8
4 | 15 14 5 | 15 5

Unite Agent-A Agent-B Agent-C Agent-D

Figure 38. Examplss of naw dozage ofiesis 63 & reault of changss in dosage level of the tharapautic agents. In Agsnt-A, 8
damensn in daang will reaull in O eupssiad ofias? chgngs. thiz B &amuming the kady will suatain o pasitive eFiest brought en
asrlisr at the original highsr daangs lgvel. This is oftan the cage with pasitive inotropss such as dopaming. Ageni-B repressnts
the typicn) piataau efiest oRan s2an on Gl and uring whan dopamine is given at high dosss. Agant-C is typica) of vasadiiators
suzh &8 nireglycanng. Lew-isze dobutaming cverts 8 nagative but diminighing affest on SYR! timilar to that dsacribed in
agant-D. The deasgs unita ere arditary.
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7.3.5 Combining Effects of MuRtiple Agents

Often the CVICU patient is on two or more active therapies, being fluids, inotropes and/or
vasoactive agents. The interacting effects of these agents ars complex and dynamic, depending
on the condition, dosage level and pharmacodynamics. In this study, two addftional heuristics were
develaped 10 allow 1o combine the expacted effects on the hemodynamic parameters when
muRiple agents were invoived.

One hauristic is that if there was no change 1o an existing agent, the expected efiect for each
of the hemadynamic parameters would remain as zero. This assumed that the agents would reach
maximal sifacts within § minutes of institution and sustain a plateau effect for as long as the agent
is being infused at the cumrent dosage level. When multiple agents are adjusted at the same time,
the min-max heuristic is used. This heuristic applies 1o agents to be added, coitinued at different
dosages, or discontinued but with residual effect. Specifically, the maximum expected effect of a
parameter is used if all of the agents exert some effects on that parameter in the same direction.
For opposing effects, the differance from all the apposing expected effects on a parameter is used.
For example, if both dobutamine at 2 megkg/min and nitroglycerine at 1 meg/min were to be
administersd, for those parameters where the expacted efiect batween the two agents are similar
in magnitude, the larger of the two is used. If the expected offects of the two agents for 8 given
parameter are opposing, the ditierance of the two effects is used. An example of this computation
shown in Table 17.

(a) HR DBP MAP SBP SVRI PAD PAM PAS PVRIWP CVP CI S8
Targell. 60 60 70 100 2000 6 6 15 255 6 6 2.2 33 Pattem
Curent=> Q4 67 04 114 2102 26 33 42 260 24 20 2.7 27 44476
Targel-H 110 00 100 140 2400 16 16 30 285 18 16 3.6 47
Difersnce 0 0 0 0 010 17 12 0 8 4 0 -8Net-Diff
Dift % 0 0 0O 0O 063 08 40 O 60 25 0-18 266
(b) Now add - Dobutamine @ 2ug/kg/min

Efflect® 0-90 -0 0 090 0 © 0 O 0 10 10

(¢) Now add - Nitroglycerine @@ 1ug/kg/min

Efiezt% 0 -0 -10 -90 -10 -16 -10 -0 -0 -16 -16 16 16

(d) Combinad efiacts of Dobutamine and Nitraglycerine

Eflacts% 0 -0 -i0 -90 -0 -1§ -10 -10 -0 -16 -16 i6 16
Pradict=> 84 60 85 1031883 24 30 3B 234 20 97 3 I
Diferance 0 0 ©0 0-137 8 4 8 21 4 1 0 2Nel-Dff
DIff % 0 0 0 O -7 4 886 26 8 26 § 0 -5 168

Tabie 17. The antcipated hemodynamic effects of inetituting two agents simultansously. In this sxample, dobutamine at
2ughig/min and nitraglyosning at 1ug/g/min, are compited and shoum in tarms of thair nat difference from the optimal ranges
and the cumulative efigct of instiuting the agents. Optimal-L.-H, and Curante> reprezant the optimal therapsuiic ranges and
hemedimamic veiues cumently undsr evalustion. Note that the expssted eflects for PAD are -10% and -15% for dobutamine
and nivaglyaaning, reapsctively. Aosording o the max-min hauristic, the ne! efiest heoomas -18%.
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73.6 Planning the Imerventions

Planning the interventions invoives selacting preferrad intervention and crtiquing therapies
instituted, all within context of the existing condition and the therapies already instituted or
proposed. The planning process is shown in Figure 21. During each cycla, the plan 1o selact
imerventions would begin once the constructed pattems are matched to known pattems and
conditions.

Two steps are involved in formulating an intervention plan. First, the constructed pattems are
matched 10 one or more pending strategies. A strategy can be one of: continue monitoring; perform
a diagnostic test; select a therapeutic intervention. The time-delay algonthm is used to reconcile
and invoke pending strategies. Second, for each strategy invoked, an intervention choice is
selectad; the ranking algorithm is used to selact from atemative agents/dosages if appropriate.

For electrolyte-replacements and diagnostic tests, the choice is specified diractly by the
invoked strategy. Fluids and bleeding treatments are guided by protocols. For instance, the agent
used fo treat bleeding depends on the levels of PT-INR, PTT and PLT. The amount of fluid is
determined by the net-scoring and ranking algorithms. For critiquing, there are five scenarios:

¢ |f the patient is on vasoactive therapy, the net-scoring and ranking aigorithms would be
invoked during sach cycle o crtique possible changes in dosage.

o Any time there is a change in an actual inotropic or vasoactive therapy, the net-scoring and
ranking algorithms are invoked to critique the appropriataness of the change; an altemative
dosage is proposed i # has better hemodynamic responses than the dosage being
changed.

¢ Revarse prolocols are applisd 1o therapies 10 see if they met the criteria justifying their use;
curently, all therapies instituted are checked excep! for inotropes and vagoactive agents.

¢ The opporunily to wean inotropes and vasoactive agents is explored during each cycle,
&nd weaning is propased if the predefined criteria are met (see saction 7.3.8).

o The target range for HR, MAP, CVP, PAD and PAWP are chacked during each cycle for

(sas saction 7.3.9).
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Figure 21. ™e procsss of pianning the intarventions.

Before praducing the output, each intervertion choice is compared with the patient's curvant
contewt. For auample, if the choice is 1o administer 1000 mL of ingars laciate, but the patient has
already received ringers, or ringers had already bean proposed earier, then the recommendation
would be appropristely annotated. What remain are apporunities not exploited or prablems not
investigated. The instituted and propossd intervantions from the most racent two hours are always
kspt in comext. An arbitrary criterion on radundant recommendations was s, spscifically, i an
iMervention choice hae already basn proposed or &ciually instiuted within the last hour, 8
aariier. For therapsutic agents proposed, the expscted change in nel-acore over the next 15
minutes from the curvent score is displaysd in percentage. An interpretation of the condition
sxpacted in the naxt time period is provided (see next section). The percentage change and
imerpretation summarze the overall sxpsctsd impact of the recommandations and critiques on the
patiant's condition.
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7.3.7 Reasoning Over Time

An impontiant part of reasoning is the timing for selecting intervention strategies. A time-delay
algorithm was developed 1o deal with panding severity-dependent gtrategies, such as check-lines-
in-8-minutes and reduce-volume-deficit-in-10-minutes. Within the study. the time delays were set 10
10 minutes for patiems with mild severity und § minutes with modarate severity. if the change in
pattem is sevare, the strategy is invoked immediately. For any strategy that has been matched
from a constructed patiem, the aigorthm decrements this time delay during each cycle until the
time becomes 0 minute. Any pending sirategy with a 0 minute in its time delay is invoked
immediately. |

Another role of the time-delay algorithm is to reconcile the timing differance between pending
strategies. For example, a hemodynamic status pattem of 53040 from the immediate past state (&
minutes ago) had matched the strategy "reduce-volume-deficii-in-10-minutes”, which was still
pending. If the currant state bacame 61030, "reduce-volume-deficit-now” would be matched. The
algorthm compares the time-cielay in both pending strategies and retains the one with 8 lesser
time-de'ay value. In the example, "reduce-volume-deficit-now” is retained since it has a time delay
of 0 minutes.

A state-transition madel, shown in Figure 22, is used 1o faciltate reasoning with the patiant
data over time. Five distinct states were defined: pravious, cumant, pradicted, proposed, targat.
Each state maintains s own set of physiologic data and nel-score. The reasoning is illustrated
hare starting at stage 2 within the figure:

o The eupscted hemodynamic effects and the net-score from selecting one or more
imarvention choices are computed based on the target ranges in the target state and stored
in the propossd state.

¢ The sxpscied sfiects and net-acore from any change in the aciual therapy are computed
based on the target state and stored in the predictad state; if no change was recorded &t
siage 2, the exponential smoothing average is used to predict the hamadynamic effects.

o The eupscied sfiects and net-score from the pravious time pariad are assumed 10 be in the
pravious state.

o The nel-acores of the curent, pradicted, proposed and previous states are compared
against each other to determina the overall impact of the propased and aciual interventions.
An interpretation is generated based on the comparison.

o The cuant state bacomes the previous siate and the cycle stars over again by reading in
another set of patient data into a new current state in stage 4.
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The expscied impact of any propossd and actual intervention can be determined by
cOMpaning the net-scoras batween the states. For instance, let's assume the net-scores are 30 for
the previcus state; 20 for the curant state; 25 for the pradicied state; 6 for the proposed state. The
following chearvations can ba mads:

e The previous state has the woret scors.

¢ The current state has a lower score than the previous state.

o The pradiciad state has & higher acore than the curant state.

¢ The pradicied state has a lower scora than the pravious §iate.

¢ The proposed state has the bast score.

An imamrstation can ba madae from the above chasrvations: the patient has improved from the
previous state, but the therapy instituted is expactsd to worsen the condition; instead, the proposed
iMervention should be instituted, since i is expected to have the most improvement. The
iMemretation pracess wae generalized during knowledge acquisition; for any comparison, & state
ean ba lsss than, sgual 10 or greater than another. With six state-paire each having thres
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oulcomes, the permutations are 3% but some are inconsistent, leaving only 75 combinations.
Examples of the permutations are shown in Table 18. Due 1o its complexity, this method of
interpretation was only partially implemented in the study. Currently, the interpretation is generated
based on comparing the current state against the previous, predicted and proposed states.

Proview | Curvent | Prodicted | Proposed | Intorprotation.

Yable 18, Exampies of intamvetation of the impast of intsrvantions when the nelsasvss batwasn statss are compared. The
table raads fram isR o ight with four siatas pius the canalusion as one eat. For instanas, in the firet set. we have the faliowing
intampratatinng: (a) the nat-ganre of previous state is graste’ than onss fam the cument, pragdictad and propnzed statas, so e
previous state s he wamt of all otatas; (b) Ae nat-acore of cument siate is batisr than previous but warse than pradictad and

pronsaed 319, 80 T therapiss in predictad and propassd are eisctive; (c) pradictad state i batter than previous and current
autmmwmg.g,nsug;mmmgmmsmmtmgm;mmmmmm;vwmm
otates, canfirming it is the prefemed choics; (o) conalusion states the final intemretation that propoesd state has the bast

The primary objactives in the CVICL are to stabilize the patient's hemadynamic rasponses,
pravent complications and ensure prompt Fecovery. Reaching those objectives requires an
aggressive approach 1o discontinuation as well as institution of medications. An axample is the
waaning of a patien, who has become vasadilated, from nitraglycenine. Cumant weaning practices
for cardiovascular agents used in the CVICU are informal, range from & few hours 1o 1 or 2 days
post-ap, depanding on the physiolagic state of the patient and the clinical impression of the staff.

Because of its complexity, only 8 modest atiempt was made in this study to formalize the
weaning of medications. An assumption was that weaning should be pursued as soon as the
patisnt's hemodynamic siatus patiem has bscome stable for & predefined paricd. Candidate

agents for weaning were the inotropic and vasoactive agents.
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Weaning is considered when, for at least a specified period, the predefined percentage of
values from each of the four continuously measured paramaeters (HR, MAP, CVP and PAD) of the
hemodynamic status pattem have remained within the target range for the patient. Two control
values are set for each drug - 8 weaning-instigation period and a within-range percentage. The
weaning-instigation period is the minimum period within which the four hemodynamic parameters
must remain within the target range before weaning can be considered. The within-range
parcenage allows for some tolarance on stability; & expresses for each parameter the proportion of
values that must be within target range. Based on observations from the critiqued leaming cases,
the two control values were sef st two hours and at 80%, respactively. The settings require no
more than § exceptions from tamget range among the 25 S-minutely values of each parameter
recorded over the two hours. i this criterion is met by all four parameters, weaning can be
instigated.

Since weaning the agent involves & change in therapy, the drug-dosage response computation
is automatically invoked to determine the effect of weaning. For instance, i the proposed weaning
of ritrogiycerine should result in a higher net-difference score than previously obtainable, then
weaning is not recommended. This situation can accur when the relevant proportion of
hemadynamic parameters ware within target range but barely 80, allowing the discontinuance of
the agent 1o take enaugh out-of-range values 1o violate the minimum requirement.

73.0 Redafining Targst Ranges

Where provicusly defined target ranges proved unachievable or unrealistic, # bscomes
nacessary 1o revise the ranges to accommadate the patient's curent condition. This situation
aoours in patients with stiff ventricles or active bissding during the early post-oparative periad,
whoae condiion subssauently improved, thus raquinng range adjustment.

Tha clinical jucigment 1o redefine the 1arget range is inherently complex, requiring knowledge
on the patisnt's history, pre-, inirs- and post-oparaiive conditions, and immediste bsdside clinical
auamination. Ideslly, this should ba the task of the CVICLI physician, since it is nat yet faasible 1o
have the system access &ll of the variables that can influence the decision-making process. Once
redsfined by the physician, the new ranges can then ba racorded in the system 10 guide future
therapiss. Since this study was retrospactive in nature, it was net possible to ask the staff to assist
in redefining the ranges for the historical cases. Hence, only &8 modest altlempi was made 10
recognize instances whare redefinition of the target ranges was waranted. The redefinition applies
anly 1o the continuously maasursd parametars of the hamadynamic status patiem (HR, MAP, CVP
and PAD). The algorithm is & modification of the weaning protacol described eaier.

First, an out-of-range percent limit is established; this limit defines the percentage of values
cutside of the target range parmissible within 8 time period for a8 hemodynamic parameter. Sesond,
an out-of-range pariod is also dsfined; this period determines the length of time within which the
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out-of-range percent limit is 1o be applied. In the study, the out-of-range percent limit and out-of-
range period were set at 75% and for two hours, respectively. The settings meant if the values of
any one of the four hemodynamic parameters remained out of the target range for more than 75%
of the time within the past two hours, then we should consider redefining the target range.

At present, only one pair of percent and period limits is used based on cbservations from the
leaming cases. The restriction required the parameters to be considered under the same premise.
Several defauk ranges were set up to faciitate the redefinition process. For example, feasible
target ranges for MAP are 85-80, 70-85, 75-00, 80-95 and 85-100. A heuristic is used 1o pick the
appropriste range: Take the madian MAP value over the last two hours whare MAP's had been out
of range. For each of the default ranges, determine if the median MAP is at the centre of that range
by subtracting i fiom the lower and upper range limit 1o see i the two differances are equal. i the
madian MAP is close 10 the centre point within a given range, then the two haives on each side of
the MAP would be equal or close in magnitude. This range then bacomes the newly redefined
range for MAP. An alert massage is aiso issued to indicate the change.

73.10 Updating the Drug-Dosage Reasponss Tables

While each patient must rely on ganaeral drug-dose tables initially, the system provides for
thase fables 10 be the starting values for a customized patient-specific drug-dose table. This
process involves assessing the sffactivenass of each therapeutic agent instituted, and updating the
individual's table 1o render # increasingly patient-spscific over time. First, at 15 minutes after any
change in therapy, the madian values of the hemadynamic parameters are comparad with those
prior 10 the change. The dilferance for each parameter is exprassed as a fraction of the original
supscted sffect. For ingtance, if the origina! expecied sfiect of 1 meg/min of niraglycenne on PAD
is -0.1, but # tumad aut to ba only -0.08 whan the before and after PAD values were comparad,
then the onginal expscied sfiect is updated to -0.06. All other dosage levels are prorated
sccordingly. This procass is repasted for each of the hamadynamic parametars.

Subssguently, # there is another dossge chenge on the same agant, the same calculation is
repaated 1o dslerming the naw expacied aliect. However, one has 1o average this nawly dervad
expacisd sfiect with its courteman obtainad earlier. Refering 10 our pravious example, if the naxt
adjusiment of nitraglycerine fram 1 to 2 meg/min only brought abaut & -0.04 change, the newly
computsd value is sveragsd with the -0.06 obtained earier io bscome -0.06. The same calculation
is applied 10 the other dosage levels as well. This ad-hoc approach fo resolving drig-dasage
response vaniations is simplistic but it was a practical means of incoporating individual differences
in drug<osage response over time. This concept of customizing the generic drg-dosage
response tables over time within a patient's cortext ig further illustrated in Figure 23.
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Nitroglycerine Dosage mcg/min
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Figure 23. The dosage efect customization for PAD &t 1.0 mag/min of nirogiyosrine. The fret adjustment resultad in only
0.08 expecied efsct, wherass he 18cond adjustment is -0.04. The dosage efect update aigarthm requires the e to be
overaged. ghing <0.05 as the final expectad efect for PAD at 1 mag/min of nitragiyosnn.

7.4 The Yechnical Design
The technical design of the decision-supporn systam prototype is summarized in this section.
The section covers the prolatype's system architecturs, historical data files, modes of operation
and types of output. Detailad tachnical design of the prototype in ARTIM code is in Appendix H.
7.4.1 System Architecture
The prototypa's system architecture has five components: domain knowledge base; madel
base; patient data base; reasoning and comirol rules; user interface. The contents of each
component &7e summanzed as follows:
¢ The domair knowlsdge base contains the known physiologic pattems, conditions and
intervention strategies and choices, the standard reference ranges, the therapeutic agents
and thair dasage affects, and the therapsutic protacols.
o The model base consists of computstional madals, functions and variables used such &g
the axpanential smaothing averaga, and tha net-differance scoring and ranking algorthms.
o The patient data base maintains the patient's clinical dats being analyzsd, which are the
hemadynamics, blood gases. fluid intake-cutput, laboratory data and therapeutic
imerventions. Also included are the different patient states, customized referance ranges,
inlempretations, interventions and aclive selactions derived by the system during the
18asoning Process.
¢ The reasoning and control rules &re procedural in nature and &re used to drive the
reasoning pracess in 8 deterministic fashion.
¢ The user interface consists of niles and functions used to prompt the user for input and to
display output. The standard ARTIM studio windows interface is also used 10 provide an
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imeractive expianations environmemt for justifying rule invocations and viewing the
knowledge base during the analysis of a historical CVICU case.
Even though the terms knowledge and model bases are used, they are only text-files loaded into
the ARTIM program during execution. As such, no extemal data, model or knowlsdge-base
management system was used. The five components of the prototype are shown in Figure 24.

MODEL BASE REASONING CONTROL

Compumtions) Mndsls
« imasti-ovy oo Yo e o)

- Validsto hisoricaldats AL
- Wtionalim dals ito paltemns it

- Match clinical conditions

- Evaluate institusd thavepiss
- Compe predicted net-wore
- Propow therapiss

- Compune proposed ast-ecore
« Campare tharapiss

- Evaluste uates

ZMRN

INTERFACE

antques, alare

data. caleulptions
recommandationa

?Eauﬁ §d Tha fve majsr mmﬁ of the promhme. The diraction of the amous indiesiss whethar the

743 Histories! Dats Files

The patiert dsta from all higtorical CVICU cases - hemadynamics, intake-output, laboratory
and blood gases resulis and tharapautic imerventions - were storad as text-files. Data recorded at
the same fime had the same collection dateAime stamp and weres considered a sel. Each historical
case had four files: the hamodynamics at 1-minute intervals; the customized lamet ranges from the
axperi physician; tha Isboratory, blood gas and intake-cutput data; the therapsutic interventions
(consisted of agent name, dosage, and dateRime staried and stopped). Examples of the files are
shown in Table 19. A system configuration file was used to specify nin-time characteristics, such
as whether or not to update the general drug-dosage response tables.
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Hemodynamics Laborstory Actual therapies
DATE 14-MAY-91 DATE 14-MAY-91 START-DATE 14-MAY-91
TIME 1155 TIME 1200 START-TIME 1200

HR 106 MODE IMV THERAPY-CODE 223100
ABPS 113 VRATE 8 DOSAGE 4.6

ABPD ¢8 FIO2 70 STOP-DATE 14-MAY-91
ABPM 153 O25AT 98 STOP-TIME 1569

END CT 15 END

DATE 14-MAY-91 URINE 30 START-DATE 14-MAY-91
TIME 1186 END START-TIME 1130

HR 106 DATE 14-MAY-81 THERAPY-CODE 122400
ABPS 102 TIME 1210 DOSAGE 80

ABRD 61 MODE IMV STOP-DATE 14-MAY-91
ABPM 72 PO2 178 STOP-TIME 1200

PAPS 19 PCO2 32 START-DATE 14-MAY-91
PARD 14 H 95 START-TIME 1130
PAPM 16 SA0290 THERAPY-CODE 122500
VPB 1 BASE 1 DOSAGE 27

END WBC 10.0 STOP-DATE 14-MAY-91
DATE 14-MAY-91 HB 9.0 STOP-TIME 1200

TIME 1167 HCT 26 START-DATE 14-MAY-91
HR 105 PLT 181 START-TIME 1130

ABPS 104 PT 14 THERAPY-CODE 12230
ABPD 87 PTT 26.7 DOSAGE 10

ABPM 70 NA 130 STOP-DATE 14-MAY-91
PAPS 20 K40 STOP-TIME 1200
PARD 16 CL 108 START-DATE 14-MAY-91
PAPM 18 CO223.2 START-TIME 1200

VPB 1 OSM 293 THERAPY-CODE 41120
END BUN 3.6 DOSAGE 0.0

DATE 14-MAY-01 CREAT 80 STOP-DATE 15-MAY-01
TIME 1188 GLU 8.5 STOP-TIME 0834

HR 106 IONCA 1.12 START-DATE 14-MAY-91
APBS 69 CA 2.00 START-TIME 1201
ABPD 57 PHOS 0.47 THERAPY-CODE 12240
ABPM 69 MG 0.64 DOSAGE 50

PAPS 10 CK 438 STOP-DATE 14-MAY-0
PAPD 13 ALB 27 STOP-TIME 1300
PAPM 18 THROT 47 END

END END

Customized Target Ranges

DATE 14-MAY-01

TIME 1158

WR 80 120

ABPM 70 85

cl 28 32

CVP 10 14

PAPD 10 14

Yabie 19. sampia input dats fiss from a case. Each eet of data is eaparated by an END alguse. This aliows the system i
raad in ono 3! of dats &t 8 ima up to eash END marker. Nots that the nams of the therapsutic agent is codifisd as 8 fve-digit
RuMbgr. ANy change in 19 G0aaG0 of an agent i3 Testad &3 8 Rsw intsrvention wih its cwn tert and etop dates and tims?.
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7.4.3 Mode of Operation

The system operates in & monitoring mode, simulating a real-time environment by reading in

one st of patient data at a time and producing recommendations and critiques as appropriate. The
system stops when there is no more patient data or when halted by the operator via the ARTIM
studio imterface commands. The major processing steps of the system are summarized below.
These steps are for initialization only:

Set up system parameters, 9.g. update drug-dosage tables, etc.
Read in the customized target ranges and update the default reference ranges.

These steps are repetitive:

Read in the next available set of hemodynamic data.

Read in any other patient data up 1o the time-stamp of the hemoadynamic data.

Validate the data in the cuent state.

Rationalize the data and construct physiologic pattems.

Match the constructed pattems to known pattems and condftions.

Match the classified pattems 1o intervention strategies.

Use the time-delay aigorithm to rationalize any pending imtervantion strategies

Invake intervention strategies with 0 time-cialays 10 select the intervention choices.

i the chaice is a electrolyie-replacemant, chack context before recommending.

i the choice is & fluid, compute net-score for ameunt; check context bafore racommending.

i the choice is a diagnostic test, chack context before racommending.

i the choice is for bleeding, check protocols then context before racommending.

if the choice is to radsfine range, check context bafore crtiquing.

i vasoactive agent is present, compute net-scora for preferred dosage, then chack context
bsfore ertiquing.

i inotrope and/or vasosciive agent prasent and dosage changed, compute nat-score for
prafervad dosage, than chack carext balore critiquing.

Use revarse protacols to chack all therapias sxcept for inairapas and vagoactive agents,; chack
eomext bslors crliquing.

For every therapy instituted, assess the actual drg-dosage response and update the general
drug-dosage response tables 1o bacoma patiam-apacific.

Chack context and imerpret impact of interventions and parceniage improvamant in net-gcora.
Display output, which includes patient data, aleris, critiques and recommendations.

Discard data older than the pradsfinsd time limit (currently set 1o twe hours).

Move conients of cuman alate ivo previous state.

Read in another set of data and repeat process.
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Al the beginning of each case run, the computer program prompts for the case identification
number. Then the program asks for the type of output desired, with the choices being any one of
detailed, summary, inclusive, assessment or patiem. After the first set of historical data has been
processed, the program asks 10 see i it should continue processing the remaining data. i the
answer is yes, then the program bagins 1o process all the data until the end of file is reached;
otherwise, the program asks for another case identification to be entered. The input sequence is
shovn in Figure 25. At present, the program has 1o be re-initialized prior 1o running each case this
is 10 delete schemas and values specific 1o the patient data created during the previous run. An
example is the ganeral drug-dosage tables, which naed 1o be reset to their original vaiues.

ART - IM/SUN
File Create Browse Run Debug Options  Window

Please enter name of input file (Q to quit)y?  *pBAES7310°

Do you want detail, summary, assessment, inclusive or pattem (D/IS/A/IR)? |
Exscution staried at (01-APR-83 1502)

Filename = /Hp-Sun.space/cvdata/p9857310

Do you want to loop automatically (y/in)? y

Flgure-28. The Susio layout of ARTIM, Showing ¥he input 3s5usnos of @ ypiaal run. The aompuiar ganaretad tat is
Shoum In raguiar tast, wharees 1o uasy input Bt @ highlightsd in Bals and falies. In this example, an indlugive mun B
requsatad on the staiad petisnt case.
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7.4.4. Types of Output

Four types of output are available - pattem analysis, detailed and summary reports, and
dosage-response assessment. The nature of each output is described below.

Pattem analysis was done to analyze the critiqued lsaming cases; constructed patiems were
matched against known pattems and conditions, pattems not in the knowledge base were
displayed. The knowledge base would be updated and case rerun until all unknown pattems were
classified. An example of the pattemn analysis repont is in Figure 26.

The detailnd report provides & chronological primtout of the patient data, instituted
imerventions, net-score values, recommended interventions, alerts and critiques, as well as the
pradicted and proposed patient conditions. The report, shown in Figure 27, allowed one 1o evaiuate
the consistencies of the recommendations and critiques.

The summary repon, shown in Figure 28, lists only the recommendations and critiques from
each case and was used for tabulation during validation of the test cases.

The drug-dosage assessment repont is a chronological listing of the computed drug-dosage
responses for each intervention instituted. The assessment report, shown in Figure 29, allowed
comparison of the expacted and actual responses for sach hemodynamic paramaetar from the
drug-dosage effects.
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filenams=~ /Hp-Sun.ppace/cviala/p9824860.854 input-file= /Hp-Sun.epace/cvdale/poideseo

DATEN-TIME ELAPSED HEMOTREND LAR ABG 10 COAG  CONDITIONS
I0-MAY-9) 1822 3104404044040 0 0444444 O ((NORMAL HEMODYNAMIC-STATE))
I0-MAY-9] 1857 3454304044040 0 0444ddd © ((MILD HYPOTENSION))
30-MAY-0! 1002 IS0 4404044040 0 0444434 0 ((NORMAL HEMODYNAMIC-STATE))
DATI-MAY-0] 2100 no maiching i< pattorn found for 444434
30-MAY-9] 1912 3604304044040 0 044443 0O ((MILD HYPOTENSION))
DATIN-MAY-0] 2100 ao matching i-c patisrw found for 44434
I0-MAY-91 1917 3684404044040 0 0444434 0 ((NORMAL HEMODYNAMIC-STATE))
DATIO-MAY-0! 2100 o maiching i-0 patisre found for 44434
0-MAY-0] 1927 3754304044040 0 0444434 0O (OMILD HYPOTENSION))
DATI0-MAY-0] 2100 no maiching i-o pattsre found for 44434
YO-MAY-9) 1938 3504404044040 O 0 44443¢ 0 ((NORMAL HEMODYNAMIC-STATE))
DWTI0-MAY-9] 2100 no matching i-0 pattern found for 44434
10-MAY-9] 2000 €08 44040 44040 0 63400 444446 0 (MODERATE METABOLIC-ALKALOSIS)
(NORMAL HEMODYNAMIC-STATE))
DATI-MAY-9] 2100 no msiching lahoratory pattemn found for 63400
I0-MAY-0| 2008 41044040 44040 0 0444444 0 ((NORMAL HEMODYNAMIC-STATE))
30-MAY-91 2030 43S 44040 44040 43040 0 444444 44544 (MILD HYPOKALEMIA)
(NORMAL HEMODYNAMIC-STATE))
I0-MAY-0] 2038 ¢40 44040 44040 0 D 444444 0 ((NORMAL HEMODYNAMIC-STATE))
DATI0-MAY-0] 2100 no maiching hemodynamic pantsrn found for 44030 hemo=()
I-MAY-0] 2080 4SS 4S060 $S0S0 0 0 444444 O ((MILDLY INCREASING-HEART-RATE) (MILD HYPERTENSION) )
I0-MAY-0) 2088 €60 4405044040 O 0 444444 0 (MILD INCREASED-FILLING-PRESSURES)
(MODERATE INCREASED-FILLING-PR
DATIO-MAY-R1 2100 no maiching hemadynamic trend patisrs found for 34030 hemo=()
JO-MAY-Q! 2120 4854400044040 0 0 ddddd4 0O NIL
30-MAY-9] 2125 490 44444 44040 0 0444444 0 NIL
IO-MAY-0] 2200 $25 44040 44040 0 63400 444444 0 (MODERATE METARQLIC-ALKALOSIS)
(NORMAL HEMODYNAMIC-STATE))
I0-MAY-9] 2208 $30 44040 44040 O 0 444444 0 ((NORMAL HEMODYNAMIC-STATE))
I0-MAY-0] 2210 $3S 4408044040 0 0 444444 O (MILD INCREASED-FILLING-PRESSURES)
(MODERATE INCREASED-FILLING-PRESSURE))
NATYI-MAY-91 829 no matching hemodynamic trend pattarn found for 44042 bemo=()
VI-MAY-91 834 1138 4500244004 O 0444444 0 (MODERATE REDUCED-RIGHT-FILLING-PRESSURE)
{MILD HYPERTERNSION))
YI-MAV-01 B840 1140 45002 44004 0 0444444 0 ((MODERATE REDUCED-RIGHT-FILLING-PRESSURE)
(MILD HYPERTENSION))
M-MAV-0] 048 1146 400244004 0 044444 0 (MODERATE REDUCED-RIGHT-FILLING-PRESSURE)
(MILD HYPERTENSION))

Figura 28. Typica) output of 8 patism-matshing analyais.
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DATE-N-TIME:32-MAY-91 2100 ELAPSED-TIME-SINCE-ICU-ADMISSION: 1 Wrs 26 Minutes
SCURRENY-THERAPY: Packed Cells started @ 260 mL
CACL2 cortinued @ 1000 mp
DOPAMINE @ § ug/kg/min
CURRENT-CONDITION: hemow(§3020) trende(43020) adge() labe(44044) coage() low(44ddd4d)
' MODERATE REDUCED-LEFT-FILLING-PRESSURE for Yast § minutes
MODERATELY DECREASING-FILLING-PRESSURES for last 15 minutes
MILD HYPOTENSION for last 1§ minutes
WODERATE TACHYCARDIA for Yast 1§ minutes
NORMAL JO-BALANCE as at 15-MAY-01 1900 hrs
ADPD ADPM ABPS CI CVP HR PAPD PaPW PAPS PAWP PVRI $I SVRI URINE €T
Torget -L 60 76 1002.6 & 60 10 30 16 10 Q260 33.0 2000 0.6 O
CURRENT-> 67 70 13 . . 1% ] 9 . 6.3 )
Target -W 90 00 140 3.5 323120 ¢ 20 X U4 235 47.0 2000 3.0 3 10 10
pitr-> o0 -§ 6 . .0 -8 -1 -4 . . e . 0
wife-> o0 $ 6 . . & @80 0 ] . o . 0

o0

..................................................................................................

In 16 MINUTES or at 12-MaY-01 2116
ABPD AUPM ABPS CI CYP WR PAPD PAPM PAPS PAWP PVRI SI SVRI URINE CT 1/0 WY ENet-DIff
PREDICT-> 68 73 141 . , 126 7T 10 12 . . . . 6.3 1 e 0
Dife-> 0 -2 ) . & 0 -l ' . . . 0 0 p 0
wife-> 0 ? 0 R I [ 0 ) . . . 0 0 0 0 64
PREDICT-CONDITION: hono-(blﬁ:b) trend=()
WILD REOUCED-LEFY-FILLING-PRESSURE
WILD HYPOTENSION
HILD TACHYCARDIA
PREDICT-SUMMARY: NET-DIFF PREDICTED YO IMPROVE BY 36 PERCENY

..................................................................................................

In 16 HINUTES or at 12-HAY-01 2116

ABPD ABPH ABPS C1 CVP HR PAPD PAPH PAPS PAHP PYR] ST SVRI URINE CT 1/0 QUT Ulet-DIfS
pROPDSE-> 66 78 136 . . 128 10 ¢ 20 T T 00
Diff-> o o o0 . . & O 0 0 . o e 0 0 0 0
§@ife-> 0 0 0 . 6 0 0 0 , e 0 0 0 0 9

SPROPOSE-AGENT: ringers 1!:!010 @ 1000 mL
PROPOSE-CONDITION: hemow(54040) trend=()
HILD TACHYCARDIA
CRIVIOUE-SUHKARY: PACKED CELLS HOY MEEDED WITH HORMAL WCY aKD HB
BINGERS LACTATE PROPOSED FOR MORHMAL OSH AND e
PROPOSAL SHOULD IMPROVE WET-DIFF BY PERCENT

Flgure 27. An euampis of tha dstailsd repont.
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Figure 28. An example of the summary repor.
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Figure 20. An example of an assessment report.
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CHAPTER 8
PERFORMANCE VALIDATION

The mathadology used 1o validate the performance of the prototype, and the results of the
validation are described in this chapter.

8.1 Mathodology
The validation approach, guidelines and methods used to validate the prototype are described

in this section.
8.1.1 Approach

The essence of the validation was 1o apply the profatype to critiqued historical cases and
compare results. Spacifically, using the 13 historical cases reserved exclusively for testing, the
inerventions proposed by the prototype were compared with thase of the expert critiques. A
parallel comparison was made of the instituted interventions for the same cases against the expert
critiques, and the parformance of the prototype gauged against that of the staff.

While the comparison between prototype and staff had to be based on equal knowledge, #
was necessary that the computer knew of interventions inatituted, since these interventions
preciuded use of forward knowledge (e.9- the conssquences of an intervention) and, at any instant,
formulated the proposals bafore addressing the instituted interventions. The instituted interventions
were than crtiquad by the protatype, with the output for the time instant duly annotated.

The 13 test cases included 390 instituted interventions of types covered by the prototype. The
expan critiques addsd 107 furiher intervertional everts, o make 506. Processing by prototype
oould, and did result in some proposal of imerventions outside the 506 in nature and/or time; these,
44 in numbsr, cauld not be evaluated propery, and were categorized as "questionable”.

The relstive perormance of the proposed and instiuied imerventions against the expan

findings were alzo included as pant of the validation.
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Historical . Instituted
Tost Cases intferventions |

(300) L. CoOnsistency
of Responses

Frequency Counts

Critique by Critiqued for Chi-square test
Experts interventions
(309+107=508) Consistency

of Responses

11

Proposed
interventions

(573+44=817)

Figure 30. summary of the validstion approash. Rectangies are data’nowledge; Gircles are processss.

While the concept of the research was 1o craate a viable decision-suppont syJtem running in
realtime, the validation, of historical test cases, was run as a straight job on a computer
workstation. The typical case, covering two days in the CVICU, took about five hours running
sxclusively on the SUN/ELC workstation (more on run-statistics in section 8.2.2).

Bsfora running a test case, the initial target ranges defined by the expert who critiquad the
case were manually enerad as pan of the historical patient data. The drug-dosage-table-update-
flag was #8t in the configuration file so general drug-dose tables were automatically updated 1o
bacome patisni-apscific during the run. When minning a case, the “inclusive™ aption was spacified
1o ganarate all threa types of culput at the sama time, i.e. tha detailad, summary and sssassmant
raports. Any run-lime emors (ranging from system erors, missing input data records, invalid input
dats, 1o system lock-ups) that cccurad were aleo recorded.

A 24-hour limit was piaced on each case run; any run not complated by the end of the 24-hour
pariod was manually abored. This was bassd on expariance from developing the prototype that
any caee that took longar than 24 hours to run had probably run ino a memory-swapping
deadiock, requiring the ARTIM program 1o be aborted. Occasionally, the program aborted due 1o
invalid and/or missing input data, absent therapeutic agent codes and/or invalid dosages. These
errors wera rsctified and the cases re-run.

At the end of aach run, the total number of rules fired, the total time # took 1o execute the
program, and the number of fules fired par second were recorded from the screen. The instiuted
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and proposed interventions from each test case were tabulated using 8 Lotus spreadsheet and

compared with the expert critiques based on the predefined validation guidelines (see next

section). Detailed tracings of the reasoning steps were performed to explain any ditferences noted.

8.12 Validetion Guidelines

Five imervention categories were defined based on the types of imerventions. The names of the

categories and the types of imerventions inckided for validation are:

inotrope

¢ increasing and weaning of dosages for agents such as dopamine, dobutamine and inooore.

Vasosotive

¢ increasing and weaning of dosages for agents such as norepinephrine and nipride.

Fluld

o crystalioids, being normal saline, ringers lactate and DEW.

o ocolioids, bwing 5% and 25% albumin.

Blseding

o therapeutic agents for biseding. being packed cells, fresh-frozen plasma, platelets,
cryopracipitate, protamine and amicar.

¢ Elactrolyte-raplacements, such as MgSO,, NaHCO,, KC! and CaCl,

The apprpriatenass of each iMervention was rated in one of four validation categories related
10 the expent critiques: consistent, aquivalent, questionable, and inconsistent 1o which no-response
was addsd for the absence of an intervention when the expert had suggestsd one. The five
validation categorias are defined as follows:
where the imervertion accumsd within an hour of one suggested by the expan that was the same
drug with the sama direction of change in its dosage. For instance, if the expan had suggestied
increassd dopaming, and  such an imervention was instiuted or proposed, then # would be &
consistent respongse.
Equivalent
whera the iMervention acoured within &n hour of one suggested by the exper among & list of
ahiematives. For instance, if the eupan had sxpresesd an inditterance to the use of ealioid o
crystalioid, and if either agent was instiusted or proposed, then it would be an equivalent response.
Guassilonable
where the expert had exprassed reservations about the appropristeness of an intervention under
the circumstance, or raquired further information before reaching a conclusion.
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inconsistent

where the iMtervention occurred within an hour of one desmed inconsistent by the expen based on

the protocols. For example, i the expert had indicated # was improper 10 raise the level of

nitroglycerine given the patient's condition, and ¥ an increase in nitroglycerine was instituted or

proposed, then & would be an inconsistent response.

No-response

whaere the expent had suggested an intervention, but no such intervention choice was instituted or

proposed within the hour. For example, i the expert had recommendad ringers (actate to be given,

and there was none instituted or proposed, it is considered a no-response.
Also includad in the validation were other categories of responses unique 1o the profotype,

which are:

o the number of diagnostic tests proposed, being chack CVP/ART lines, hypertension,
dysrhythmia and dysfunction; confirm CVP/ART lines; perform madified Trendelenburg test.

¢ the number of programming emors, including software emors that caused the program fo abont,
or emors detected in the output. Examples included division-by-zero, attempls 1o access
delsted schamas, duplicate recommendations and memory-swapping deadiacks.

o the number of dala entry emors on the test cases, inciuding wrong agent codes, dosage (svels,
dates and/or times and missing data.

¢ the number of unclassified physiolagic patiems.

In tallying the categorized responses, some additional guidelines were provided to ensure realistic

ocounts dealing mainly with the lagistics of the validation process, they are:

o Each time there was an instituted or proposed change 1o an intervention, such as an addition,
a change in dosage, o7 @ digcontinustion, the iMervention had to be validated against the
oxpen critiquos and tallisd undar one of the five validation categories.

agsin, # weuld ba courted separately only i the time imarval bsiwesn the wo
rscommendations were at lsast one hour in duration. The reason for this nile was that these
rapresentsd continuaus quality improvement apporunities that could have bsan exploisd.

¢ For any unclassifisd pattems that were in the output, regardiess of the numbar of times &
patiem ocoumsd within and betweaen the cases, it would only be counted once. Thus, if tha
hamodynamic #tatus pattem 43010 appeared 65 timas from the 13 test cases, it would still ba
couned as one unclassified status patiem.
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o The prototyps was not 1o be modified during the validation process, despite any software erors
noted when running the test cases. This was 10 avoid changing the behavior of the prototype
by fixing the emors, which could render the results incomparable.

8.1.3 Validstion Methods
The chi-square statistic, x°, was the validation method used 10 analyze the frequency counts of

the categorized responses. Specifically, yx* tests for the homogeneity of the proportions of

responses within each category from the prototype and the staff against the expen critiques. ¥ the
responses from the prototype and the staff were comparable in quality, the proportions would be
similar for all catagories; hance, no significamt differences would be expected.

The x* mathod consists of defining the null-hypothesis, caloulating the expected value of each
cell within the contingency table under each category, derving the x? statistic, obtaining the
probability value from the y? distribution table, and deciding whether to reject the hypothasis or not.
In our study, the null-hypothesis was that the consistency of ierventions proposed by the
profotype and those instituted by the staff were no different based on the expen critiques. The
hypothesis can be stated as foliows:

Ho: the proportions of consistent iterventions proposed by the prototype
and those instituted by the stati were equal.

Ha:  the proportions of consistent interventions proposed by the prototype
and those ingtituted by the staff were unsqual
and tha squation for calculating the chi-square is
= L|(Q-EP/E)
where O is the abseived frequency and E is the expacted frequency. The level of significance used
was 0.01 since mulliple comparisons were expscied.
A cualitstive mathad was also included as part of the validation. The methad involved

aulcome model suggested by Wyatt (1800). The judgments consisted of crtiguss on the
eancaptusl and struciural design of the ptctyps, the reasoning eapabilily in tefms of consistency
and sfficisnoy, and the oversl! accuracy and completensss of the test rasulis.

82 Valldailon Resukis
The validstion resulis are presenisd in this saction. The resulis consist of the characieristics of

the historical cases, size of the prototype, run-ime characteristics, test resulis, detailed findings
and subjsctive judgments.
8.2.1 Characteristics of Historieal Cases

The charactenstics of the histonical leaming and test cases were summarized and shown in
Table 20. The cases wera compared based on sex, LOS (in days) and the type of pressure
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monitoring used. From the table, it can be ocbserved that: there were more male cases than female
in both groups; median LOS was 2 days for both groups; PA-catheter was more frequently used
than CVP-only in both groups.

SEX LOS D TYPE OF MONITORING
Male | Female | ¢ ; 3 4 CVPonly | PA-<catheter
i 9 4 4 6 | @& 1 4 9
Test 10 3 3 6 | 3 1 5 8

Table 20. Charactarietios of the hetorical ceses.

822 Size of the Prototype

The size of the profotype was judged by the number of sicts, facts, schemas, rules and
functions definad, known as the entities. However, no guidelines had been provided initially to
standardize the entities in terms of their size and coding style. As a rasult, the entities in the
prototype varied from a few to over 100 lines of ARTIM code. Thus, the statistics rspresenied only
an indirect estimate of the size and complexity of the pratotype. The type and count of the ARTIM
entities are shown in Tables 21 (a) and (). The "otal” column in the tables contains the total count
of an entity type, which can be as a rule, function, fact, variable, siot or schema.

;

T Ingut
irterpret

Manage

Eﬁ ___| DESCRIPTION__ _ _GGOLUNT YOYAL
20
30
i

Compare 13

Propase - geners! _39

Proposs - fluids protocols 10
Propose -

bleeding protocos

Prepare
Phase-Control__

Tabie 21 (8). ™ type end count of the ARTIM gniitiss dafinsd in the protoia.
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'YPE_________ | DESCRIPTION - COUNY__ | TVOVTAL |
Funetion Both ARTIM- and user-defined functions 161 161
Global Variable | All Flobal varnables 95 95
Feot Defined and asserted facts 0 0

| Slot Muki-valued slots withiwithout inheritance 109 254

- giglwaluod siots 55

homs atient-specific schemas 58 1,002
Control schemas L]
Conditions 120
Drug-dosage levels 238
Diagnostic 1 48
Abnormmality-hemo 268
Abnormality-hemo-trend 80
Abnormality-coag 24
Abnormality-io 28
Abnormality-lab _60
Abnormality-abg 33
Abnormmality-coag-io 5
Therapeutic agents 72

Table 21 (D). ™e tyne and count of the ARTIM eniities definad in the prototype.

82.3 Run-Time Characteristics

The mn-time characteristics were: the minimum, maximum and average figures on the total
run-time, tota! rules firsd and number of niles fired per second; the number of cases abored in 24
hours; the number of sofiware and data emors; the number of missing agents; the number of
unknown physiolagic pattems. The characteristics are fabulated in Tables 22 (a) and (b). The total
rin-time shows it took only 4.8 hours on average 10 run each of the seven test cases, firing close 10
48,646 rules par run; but the other six cases had 10 be aborisd afier 24 hours. The sofiware erors
includsd duplicate and missing therapy rasommendations. The data emors were due to wrong drug

1o the knowledge base, with mast baing miscellansous madications such &s vasotac.

o — TWCASES |MINIMUM | MAXIMUM | AVERAGE | TOTAL
[ Yotal Aun-Tima in Hours 7| 07 | 186 __| 48
Total Rulss Firsd 7 20,715 60,080 48,646
Rulas Firad par Second 7 09 12.8 8.6
Aborted in 24 Hours ] ]
Program Emor 13 15
Data Eror 13 40
| Missing Agent 13 1 12

Table 22 (). Run-timo statistios of the 13 tast casss.
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HEMO-SYATUS | HEMO-TREND | COAG 10 LAB ABG
45 19 10 3 18 6

Tabie 22 (B). T™he wl number of uninown physiciogic patiems reportad. Note 1hat aach LNIGUE LNIIOWN PaNSM was

oountad once only, regardiens of how many Smas That patiem appeared.

82.4 Yoot Results

The frequency of the inerventions proposed by the prototype and those instituted by the staff
wem tabulated by the imMervention types under the five validation categories. Inotropes and
vasoactive agents wero further subdivided as incroasing, weaning and no-change in dosage. Other
responses counted were the categories unique 10 the prototype, such as check-lines and check-
dysrhythmia, as well as run-time statistics and unknown pattems. An example of the tabulated
results from a test case is shown in Table 23.

PROTOTYYPE
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Crystalioid

i}
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Protamine
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Dopamine
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Nitroglycerine

e

= ”Pgi‘_ )

N/C

=|

ipride

mﬁ-‘

=Dl

V.4
1ol ‘1

xR

-

N
8

e m—

HEO,

hme 'S

Confirm linas

Check dysfunstion

Chagk hy
Program ervor

rension

Dgts emor

e e
Hemo patiem

10 patiem

[Coag pafiem

[-Lab pattem

Tabla 23. an exampie of the tabulsted resulls for one 163t case. Legend: C-consistent. E-gquivalent; lHnoonsistont:
O<qusatiangble; N-no reapanas; T inwesasd; ¢ <vaansd, N/G-nashange.
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Once the individual frequency counts were tabuiated, they were aggregated over all 13 test
cases by the five itervention categories under the five validation categories. The aggregated
counts of the imerventions proposed by the prolotype and those instituted by the staff are tabulated
separately and shown in Tables 24 (a) and (). Since some of the cells within the two aggregate
tables contained zero counts, these empty celis had to be merged with others before the chi-
square teet could be performed. This is because chi-square requires a8 minimum frequency count
of five in each cell (Hamett 1982). To eliminate zero counts, the five validation categories were
collapsed into two: consistent and inconsistent, consistent including consistent and equivalent,
inconsistent including inconsistent, questionable and no-response.

- — — IS S

Consistent | Equivalent | inconsistent | Questionable | No-Response
inotrope L1 0 10 2 )
ive 14 2 @ 28_ 38
| Fluld 44 23 4 1 12
| Blsading k[ 0 ) 8 2
Elsotroly 84 o 2 0 82
Yotal | 821 25 _68 N 18!

33
10 12 8

2 2 E

18 9 8 1
116 0 17 12 9
258 oL s | 107

Tables 24 (b). Agoregstsd Fequancy caunts of the Intarientions, as inatituted by the staff.
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The two aggregste tables were merged into one summary table by paining the responses from
the prototype and the staff by imervention category then by validation category, to form five
intervention groups. A PC-based statistical software package called Numerical Cruncher Statistical
System (NCSS) was used 1o compute the x* statistic for each group. The x? values oblained were
compared against the y® distribution table &t a signilicance level of 0.01 with one degree of
freedom, which has a critical vakie of 6.63. The frequency counts of each intervention group, the y?
vakies and the comesponding p-values are shown in Table 25.

The resulls show the fluid, bleeding and electrolyte imervention groups had y’ vales
exceeding 6.3 and significant p-values (p<0.0001). For these three groups, one would reject the
null-hypothesis that the proportions of consistent and inconsistent interventions were equal
betwesn the prolotype and the staff. On the other hand, the inotrope and vasoactive groups had x’
values of 0.108 and 1.966, respectively, and insignificant p-values (p>0.01). The null-hypothesis
was accepted in that, for the inotropic and vasoactive agent interventions, the proportions of
consistent and inconsistent iMerventions were equal between the prototype and the stalf.

2| PvaLue |
0.108 0.743
T 52
inconsistert | (9.1% 48.8%
p—— —=00 =
Vasoastive | Consistert - 67 1986 | 0161
, l { %0 .
16.19 0.0001
98388 | o00c01
2152 | 0.000
Inconsistent 84 .98
itk S N - ) (24.8%)

Tabls 88. A summary tabls containing the fve intarvention groups. showing e z° and pvalus for gash group. The
parENRgs undsmasth each 4gQregats count is ha peraantags of congistant and incongistent reapaness for eash group.
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The summary table shows that, for the fluid group, the percentage of consistent rasponses
from the prototype was 71.3%, versus 39.4% from the staff. For bieeding, the percentage of
consistent responses from the prolotype was 88.6%, versus 47.4% from the staff. Based on the
significant p-values (p<0.0001) and the higher parcentage of consistent interventions for these two
groups, one can conclude that the prototype performed significantly better than the staf in
recommending tharapies for fluid replacement and bieeding. The opposite is tue with electrolyte-
replacement therapies, which were only §0% consistent for the prolotype, versus 75.2% for the
stafl (p<0.0001). For the inotrope group, the parcentage of consistent interventions was 50.8% for
the prototype, 53.2% for the staff; for the vasoactive group, the percentages were 49.5% and
§7.2% for the prototype and staff, respectively. The p-vaiues for bath groups were not significant,
suggesting the prototype performed no batter than the staff in providing inotropic and vasoactive
therapies.

8.2.5 Detalled Findings

A datailed braakdown of the fluid group by intervention type and validation category is shown
in Table 26. From the table, it can be observed that the prototype comectly proposed the use of
crystalioid for 44 timas, versus 3 times by the staff. Akhough only 83% of the prototype's proposed
use of crystalioid were consistent, this percentage was much higher than the 8% from the staff. In
fact, crystalioids were not instituted by the staff 88% of the time when recommanded by the expen.

For albumin, the prototype recommaendsd the use of an equivalent crystalioid agent 23 times,
which concurred entirely with the expan. These findings suggest the prototype was able to avoid
the use of albumin by recommending crystalioid, which would have been squally acceptable. This
has a cost-saving implication, since a 250 mL boiile of §% albumin costs §100, while 1 lire of
crystalloid, such as ringers, costs only $1.25. From the 13 test cases, a poteritial saving of over
$2.500 could have baen realized i crystalioid therapy had been used instead of albumin.

ggkﬁ Consistent | Equivalent | Ineonsistent | Questionable No-Aseponss
Crystalloid ) )
- prototype | 44 (B3%) 3 (4%) 10 (15%) 12 (18%)
- giaf 3 (8%) 1 (3%) 33 (89%)
Albumin '
- prototype 23 (92%) 1 (4%) 1 (4%)
- gtafl 23 (79%) 4 (14%) 2 (7%)

Table 28. A dstailsd bresldown of the Auid group by intgrvention type and validation category. The parantage to the right
of tha Faquancy count is s row parcantags.
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A detailed breakdown of the bleeding intervention group is shown in Table 27. The table shows
89% of the proposed interventions by the prototype were congistent, versus 47% by the staff. In
particular, 87% of the proposed interventions regarding packed cells were consistent, as opposed
1o 50% by the staff. Considering the relatively high fraquency of usage for packed cells in the
CVICU to treat active bieading (over 40%), it would appear the prototype could improve the cost-
effective uso of packed cells significantly.

AS PROPOSED BY THE PROTOTYPE

:Ph;dlm Consistert | Equivalent | Inconsistent stionable | No-Responss
J § (13%)

- (10096)
Protamine 3 (™)
(100%)

Amicar 5 (13%)
o (100%)
Packed 20 (51%) 2 (67%) 1 (50%)
Colls (87%) (0%) (4%) _
Auto-trans 1 (3%) 1 (50%)
| (50%) (80%)
Vitamin-K1 3 (8%)
_ (100%)
Crye 2 (5%) 1 (33%)

____|(e7) (83%)

Yotal | 39 (100%) 3 (100%) 2 (100%)

Bo% %) @

Inconsistent | Questionable | No-Response

1 (8%) 2 (33%)
(25%) (60%)
3 (23%)
_ (100%)
£ ] 719@(17%)
(83%)
Packed 10 (56%) 5 (38%) T (17%) T (100%)
Calls 50% (29%) (6%) 6%)
Auvtc-trans | 2 (11%)
| (100%)
Viemin-K1 2 (15%) T (16%)
| (67%) (33%)
Grye 2 (15%) 1 (17%)
_ (67%) (33%)
Yotal | 18 (100%) 13 (100%) | 6 (100%) 1 (100%)
(47%) (34%) (16%) (3%)

essh 63!l B the ealumn pRreaNtEGe; the ESM2ARSD Undemanth 8 the row parasntage. Legend: FFP - resh-rozen plasma,
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While 75% of the fresh-frozen plasma (FFP) interventions instituted by the staf were
considered inconsistent or questionable, the prototype was 100% consistent with the expen
critiques in proposing when FFP was needed. The use of protamine and cryoprecipitate by the stalf
was the least satisfactory, being 100% inconsistent. While the prototype was 100% oorvect in
proposing the use of protamine, # was only 67% oonsistent with cryoprecipitate. Closer
examination of the program logic revealed that the emors were due 10 the unavailabilty of
Iaboratory results and sofiware emors in handiing the CT results. Thase findings suggest current
practice on treating active bleeding is not consistent.

The profotype parformad no better than the staff in the use of inotropes and vasoactive agents.
Detailed breakdowns of the inotrope and vasoactive imtervention groups are shown in Tables 28
and 29, respectively. For the inotrape group, the respective frequencies across all validation
categories batwean the prototype and staff were aimost identical, suggesting the prototype made
the same proportions of consistent and inconsistent rasponses as the staff. For the vasoactive
group. the prototype had 97 responses that ware consistent, versus only 68 by the stafi. However,
the prototype aiso had 68 responses that ware inconsistent or questionable, versus only 28 by the
siafl. Thase observations suggest the prototype was more aggressive in critiquing vasoactive
tharapies, bun it did so at & higher risk of proposing inconsistent therapies. Tracings of the program
logic revaaled the impraper encoding of the net-scoring/ranking algonthms and the comparison of
iMarvertion choices against the patient's context ware likely the sources of the amors.

A detailed breskdown of the electrolyte irtervention group is shown in Table 30. The table
shows that for the prototypa, only §0% of the responses were consistent, varsus 75% for the ataff.
The protctype also had 40% no-rasponses, veraus only 6% for the stafl. Tracings of the pragram
lagic revealsd the main source of amors 10 be due 1o unclassifisd laboratory patiems. A few were
caused by a sofiware aror in not baing able to obtain the proper laboratory results from the
appropriate gchemas.
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AS PHOPQ;D BY THE PROTOTYPE
- N

INOTROPE_| Consistent | Equivaient | inconsistent | Questionable | No-Responss
Up 13 (23%) 2 (11%) 18 (47%)
{42%) {6%) 52%
* Woan 38 (63%) 13 (88%) 2 (100%) 16 (47%)
(54%) (19%) (3%) (24%)
» SaMme 8 (14%) 4 (@1%) 2 (6%)
(67%) (29%) (14%)
Yotal | 57 (100%) 19 (100%) 2 (100%) 34 (100%)
‘ 51% (17%) (2%) (30%)
AASINSTITUTED BY THESTAFE ______ —
INOTROPE | Consistert | Equivalent | inconsisters ionsble | No-Response
» Sariup zg%("o'%) a:% (47%) (41;_3_) (48%)
* Wean 44 (83%) | 6 (100%) 10 (83%) 16 (46%)
(50%) (8%) (13%) (20%)
- 8ame 2 (6%)
I (100%)
Yotal | 53 (100%) | 6 (100%) 19 (100%) 33 (100%)
(48% 5% (1756) J 30%

Tabile 28. 4 dstailed braaiiown of the inotvaps intsrvention group. The parcentage to the right of the frequancy count in
saoh call is the calumn parcentage: he perantage undsmaath each oount is the row psrentage.

ER— = M

| VASO Consistent | Equivslent | Inconsiaternt | Questionsble | No-Response

~Up 20 (21%) | 1 (50%) | 16 (40%) | @ (7%) & (18%)
(44%) (%) (38%) (4%) (14%)

*waan % (76%) 16 @0%) | @1 (76%) | @7 (82%)
(54%) (11%) (15%) (20%)

> aame S % | 1 (50%) | @& (@0%) | 6 (18%)
(18%) (6%) (47%) (20%)

Total | 87 (100%) | 2 (100%) | 4D (100%) | @8 (100%) | 93 (100%)
MRC ) (%) 1 @0%) 1 (14%) | (16%) _

VASO Conslstent | Bquivalert | Ineensistent | Guestionsble | No-Respanss
- §iRF/up 2 (34%) | & (80%) & (31%) 2 (16%) 6 (19%)
6% (12%) (12%) (6%) (16%).
* Wasn 43 (B2%) | & (50%) 5 (31%) § (42%) 25 (81%)
(52%) (6%) (6%) (6%) (80%)
- 8AWe -3 (4%) - 6 (38%) § (42%)
__l(21%) (43%) _ (36%)
Total | 68 (100%) | 10 (100%) | 16 (100%) | 12 (100%) 31 (100%)
50% (7%) 12% (8%) (22%)

Tabla 20. A dstailed brasidouwn of th vasoasiive intsrvention greup. Tha paraantage shawn to the right of the hequency
caunt in esoh esll i3 ha calumn peraanteas. the pareantens undemasth eash caunt ig the row pareantage.
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AS PROPOSED BY THE PROTOTYPE

SLECTRO | Consistent | Equivaient | inconsistent | Questionable No-Response

K 83 (83%) 48 (80%)
(82%) %

™ R

: 2 (2%) 10 (12%)
(17%) 83%

IO, 2 (28%) 2 (100%) 9 (11%)
68% (6%) 8%

Yotel | 84 (100%) 2 (100%) a2 (100%)
(1%) 4

ELECTRO | Consistent | Equivalent | inoonsistent Quen ig::?g No;ﬂggm me |

K 7 (64%) 6 (35%) :
(89%) (%) (1%) (8%)
(T 8 (%) 7T @1%) 6 (80%) 4 (04%)
| (32%) (28%) (25%) (15%)
Ca 0 8% 2 (12%) 4 (94%) 3 (3%)
___ _(50%) (11%) (17%)
HEO, 2 @1%) ) LI 8%)
Yol | 116 'L(mm '1‘)‘7 (_mo%',')""",')'z (100%) | @ (100%)
[@5%) (1% 8% (8%)

Table 30. A dataiisd braskdiown of the elsoirolyia intarvantion graup. The parmantage fo the right of the frequsncy count in
mmnnmmnmg@.mmmmmmmmm

The fraguencies of the diagnostic interventions produced by the prototype are shown in Table
31. The irtarvertions consisted of CVP/ART lines 1o be checked and confirmed, requests to
parform the madifisd Trendslenburg positioning, and ehecking for problems whan no pratacol was
available (.e. hypsrension, dysiythmis and cardiac dysfunction). The 13 teat cases had included
nursing notes that mentioned 26 occasions where the transducers were "re-zerosd” (nat shown in
table). The table shows 32 accasions where the protatype had proposed to check CVP/ART lines
for missing data. and 86 occasions whars the data had appeared spurious, raquiring confirmation
by the siaff. The 127 proposed intervartions 1o eheck for problems would have aleried the etaft,
svon in the absence of formalized protasols in the system. Al of these diagnostic interventions
raprasentsd clinic! quality improvemant opporiunities, since they would prompt immediate
attantion of the staff.

Ghaek lines | Confim lines
32

glon | Dysfunetion | Dysriyihimis | Trene

85 4 13
5igs of diagRaaiic intgrvention preducsd by the protolyps.
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There were 12 ooccasions where the experts had indicated an opportunity (o redefine the target
range for certain hemodynamic parameters, and another § occasions whers cardiac output
assessment should have been done. Neither the staff nor the prototype had offered such
imerventions. The prototype aiso failed 1o produce any recommandations 10 wean the patient from
inotropic or vasoactive tharapies. However, the hamodynamic data from those test cases where
the prototype had failed to respond were not examined 1o determine the cause, due 1o the
extensive efionts required.

8§28 Sublective Judgments

Subjective judgments of the conceptual and structural design of the prolotype, the reasoning
capability in terms of consistency and efficiency, and the overall accuracy and completeness of the
tost rasuits are summarnzed below.

Conceptual and Structurel Design

The concsptual framework and the knowledge representation scheme used were considerad
appropristy bscause one was able 1o adequately express the relevant cardiovascular and
therapeitic management knowledge (Ringland 1887). The use of schamas and rules allowed the
resulting knowledge components 1o be defined at a granular level suitable for solving the problem,
i-0. distinguishing the clinical conditions and providing the appropriate therapautic management
racommendations. The primitives consisted of physiologic parameters and patiems, condition
namaes, patient states, intervention sirategies, therapsutic agents and dosage lavels, eic. which are
the nomencatures commonly ussd in the CVICU environment.

The sources of expart knowledge were based on texthooks, experience of two exper
physicians and revisw of 13 historical CVICU cases. i appearad the knowlasdge to diagnose and
mansge hypovolemic hypotension was extracted successfully, as was demonsirated by the
perormance of the piolotyps. Tha only drawback was the inherent uncadainty with the general
drug-cdosage response tables and the net-scoring/ranking heunstics, which could have baan further
vaniiad with multiple sxpsrs.

However, the siructure of the prototype was insdaguate due 1o limitations in the proagramming
langusge used. Spacifically, the ARTIM sofiware fool lacked the appropriate database access
functions, which had foreed the struciural design of the proiotype to be entirely schema-driven,
using extemal files only for input data processing. While ARTIM was flexible as a list programming
language. it lacked even such basic functions as date and time handling, which resulied in exira
sfiont spant in developing these functions.

Reasoning Capability

In tarms of reasoning consistency and efficiency, the prototype was not able to deal with
complex cases satisfactonly, whare the patient had multiple agents and/or therapsutic maneuvers.
Tha problem was due to an excessive amount of processing and looping when numarous
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schemas were involved and/or created. The situation inadvertently caused memory-swapping o
look up, leaving program abortion as the only recourse. However, the control knowledge was
clearly defined and separated from the other parts of the knowledge base. A comparison of the
rules revealad only 44 out of 193, or 23%, were "protocol” rules. The remaining 77% were control-
oniented, which includad those that read input, compute and compare patient states, display output,
and othars that primarily maintain and update the knowladge base.

The separation of imervention strategies and choices appeared efective, since the line of
reasoning was not obscurad by the wmerous physiologic pattems and therapautic choices. By
defining the intervention strategies and choices as schemas, one can easily expand their number
without requiring additiona! rules. However, this was at the expense of having & restricted line of
reasoning. For instance, the present system does not allow explick sequencing of intervention
strategies other than by time. There is no easy way 10 implement & strategy that would say "ry
treatment A first, if it does not work, then try treatment B ..." - which is an acceptable practice within
the CVICU.

On the other hand, the use of computational drig-dosage response and net-difference scoring
madels tended 10 obscure the line of reasoning at times. Since the overall response was based on
the cument hemoadynamic values and the expscted efiscts of cerain agents/dosages, any
fluctuations in their values could impact the results. This was notable when the ganeral drug-
dosage response tables were updated with the actual sffects from cerain patients. Thus,
dspanding on the currant hemadynamic values and/or the averaged expscied effects at the time,
the prototype could propose 10 increase the dosage of an agent at one interval, only to then
dscraase it at the next.

Assuracy snd Completensss

Tha overall acouracy and completenass of tha test resulis appeared adsquate. Aihough the
parormance acceplance leval was only 2% whan all five imervantion groups were includad, the
averaged acceptance lsval for the fluid and blesding intarvention groups was 80%, baing 89% for
blsading, offset by 71% for fluid. The prototype performed poorly in proposing elsctrolyte-
raplacement tharapies, mainly caused by missing laboratory paiiems - & problem easily rectifiable.
The usage patiem for inolrapes and vasoactive agenis by the prototype and the #laff was similar;
bath had acceptance levels averaging at §0%. Alihough unimpressive when compared with the

patiems. For protacols not yet implemented, diagnostic tests such as check hyperension were
used &s place-holders 1o display the apprapriate interventions nesded.
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CHAPTER®
DISCUSSION

This chapler discusses the overall performance of the prototype, the knowledge representation
and reasoning approach used, the prototype's fechnical design, the need for formalized therapeutic
profacols in the clinical setting, the cutstanding issues and a future work plan. The general intent of
the discussion is 10 analyze the work undenaken and determine the value of the research within
the context of imensive care medicine.

9.1 Oversll Performance of the Prototype

The prolotype validated 80% of the proposed therapies for fluid replacement and active
bleading (80% for blesding. 71% for volume depletion). All of the figures were significantly superior
10 the therapies instituted by the staff: 44% overall (48% for blesding; 40% for volume deplation).
The significant differances could have led to some quality improvement #f the automated protocols
had been implemented when the patients were in the CVICU.

Closer examination of the protacol niles for bissding shows these protocols were more
siraightiorward. Specifically, the protocols were based on the detection of active bleeding through
CT, coupled with: abnormal laboratory levels in HB, HCT, PT, PTT and/or PLT. As long as such
condiions pravailed, one should expsct the protocols 1o be applied successfully. Whara the
potasals fallsd, they ware atiributed 1o easily rectifiable programming ewors, @.g. emonesus
irtempretation of the cumulative CT levels. The main reason for the lower staff acceptance rate was
the lack of formal guidelines 1o treat blesding. An example is the over-eager use of protamine
snd/or fresh-frazen plasma for ireatling sctive bleading with suspacisd coagulopsthy. Somatimas
this was dana sven whan racent Iaboratory resulis indicated normal lavels of PT and PTT.

Application of the protacols for fluid, vesosctive, inatropic tharapiss ware more complicated,
thay maquimd dstestion of hypovolemic hypotension, and selection of the agent based on drig-
dosaga reaponse and net-difference computations. The cuwent hauristics for deriving patient-
- ge rasponses and net-diferance scores ware the main cause of unprediciability in the
propossd interventions. In parlicular, the inconsistent dosage responses caused considerable
varniability in the net-score compirtation. Similary, the min-max heuristic is a questionable maihod
to combine the amicipsted responses when multiple agenis were boing manipulated
simukansously. But there is litle iterature regarding the pharmacodynamics of cardiovascular
aganis and fluid tharapies at tha lavel of dstail requirad by the algorthms.

148



The quantitative aspect of the drug-dosage response tables was aiso inherently problematic,
having been construcied from the consensus of just two expert physicians. The addition of further
axperts and time would help, but accumulating quantitative data from a deployed system would
ikely be of much greater vaiue. Technically, one may aiso devise multipie drug-dosage response
and net-score computation algorithms that could be dynamically compared and reconciled based
on some yet-lo-be-defined criteria. An sxample of this type of multiple modaling is in forecasing,
where results from several prediction models are averaged to reduce the magnitude of forecast
omors (Buia 1087).

Despite its poor performance, the use of patient-spacific drug-dosage response and net-score
computation is conceptually sound and was appealing 1o physicians. This is how a clinician would
reason when planning and assessing therapy choices - by diagnosing the problem, proposing an
appropriste treatment, assessing its effectiveness through observing the physiologic response, and
amending the therapy whare appropriate. The use of 8 composite index such as the netdifference
soore is not new: the best examples are those for deriving severity indexes in the ICU. However,
the use of such indexing schames for therapy management on a moment-io-moment basis has not
been reporied, and requires further investigation.

The 50% level of acceptance for the electrolyte replacement therapy was unexpected, but not
inexplicable. Most emors were caused by missing laboratory pattems necessary for invoking the
protacols. Other problems requiring further investigation included the pratotype's inability to invoke
the rules 1o redsfine the target range. wean the use of therapeutic agents or prpose the
measuremant of paniadic cardiac output.

In general, the validation results of the prototyps seam comparable to those of MYCIN during
the eary stages of iis development and validation (Shorliife 1885). In the evaluation of MYCIN,
only 68% of iis tharapy recommaendations were rated &8 accaptable by exper svalustors (the
eomeaponding accepiance rating for the five spacislists on the same cases was only §6%). From
the parapactive of pragress, though, i was disappairiing in that, despie the two decadas that have
spannad since tha incsption of MYCIN as one of the firet madical expen systems, the development
of expsd dacision suppor systems in clinical medicine still remains very much an an.

Ailempts 10 compare the validstion resulis with other similar systems were limited, as not
many formal banch-lesting results have bean published. A retroapactive study conductsd &t the
LDS Hospital (East 1002) with 97 ICL patients to extract ventilatory management fules suggested
the use of such cages for ule extraction was emorprone and not reliable. The finding was also
supporied by this study, where the expert CVICU physicians knew that some interventions had
been bassd on manus! PAWP measurements taken but not entered into the monitor network.
Other decisions could have bean based on bedside examinations not recorded in the chan, such
as chacking for edema and periphsrs! pulse. Neveriheless, informal comparison with other more
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advanced dacision-support systems already in limited routine use are favorable. Examples include
the expen ventilatory management system at the LDS Hospita! (Henderson 1992) and ONCOCIN,
an expert cancer therapy management system at Stanford University (Hickam 1985), which have
both been evaluated to periorm at an expert level with the acceptance of their therapy
recommendations at 92 and 70%, respectively.

Factors affecting the performance of the expen ventilatory management system were
timeliness and accuracy of the input data; in ONCOCIN they wers due to the system's
iMerpretation of the protocols, which tendad 1o be rated as sxcessive by the expert physicians. In
the prototype, the inapprapriate therapsutic recommendations were due to the use of unverfiable
heuristics and expert rules. Thus, our existing prototype requires substantial refinement and further
testing before it can procesd with any field-trial in 8 clinical setting.

92 Knowiedge Representation and Reasoning

A unique feature that distinguished the prototype from the expent ventilatory management
system at the LDS Hospital is in the use of physiologic pattems. The pattems are the most
important pan of the prototype, since they serve to identify the clinical conditions present, and fo
invake the comesponding therapsutic strategies and choices.

The successful use of patiem-recognition for diagnosis in the ICU has also been reponed
eisswhera. Examples include faulk madels where patiems of selective physiologic vanables were
classified to praduce alamm signals (Bensken 1987); visual patiems of physiologic states in circular
diagrams for disgnosis of shacks (Siagel 1983); severity index score for identification of abnormal
physiolagic functions (Bland 1083); the ssquential clinical scenes for hemadynamic manitoring
(Cohn 1088). Perhaps the most comprehensive patlem-racagnition sysiem develaped 1o date is
that of the QMR consuRation system for imtemal medicine, whera the clinical findings for over 600
disenses are slored as binary bit-map patiems for rapid ratrisval pumposes (Miller R 1986).
Howsver, liiile has bssn raparied on the use of patiems for automated therapsutic Mansgemant.

in the prototype. 468 patiams waere classifisd from the laaming cases. Anather 101 unknown
pattems wers identified during the validation of the test cases, i.e. an addition of 22%. One would
expact the numbar of unknawn patiems 1o dscrease rapidly as new cases are added. While the
&-digh patiem code allows over 32,000 panmulations, analysis of the 26 historical cases only
revealsd S67 pattems in total — & rather small fraction quite manageable for routine use.

Distinctive in cur prototyps is the ssparation of the iniervention strategies from choices, which
allows easior control of the reasoning process. Thus, the protacol rules only neud to be defined
once and not repeated with the individual patiems. The maintenance of the pattems bacomes
easiar since they can bs added by creating the comespanding schema without baing concemad
with the reasoning process. This approach is similar 1 ihat used in VQ-ATTENDING (Miller 1986),
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which explicitly separated strategic knowledge about treatment goals from tactical knowledge
sbout management choices for achieving those goals. The advamage as reported by Milier, is to
aliow 8 more comprehunsive and logical set of goals to be defined independent of the logistics and
managemant.

The use of computational madais in the prototype is an illustration of using multiple knowledge
sources for clinical problem-solving. Examples were the exponantial smoothing average and the
drug-dosage response models, whare the quantitative nature of the physiologic datas and their
pharmacodynamic relationships with therapeutic agents were expioited to the fullest. The inclusion
of computational models extends beyond the use of experiential knowledge, which is mostly
qualitative and subjective. This is where the computer can supplement the quaiitative problem-
soling skills of clinicians by providing quantitative manipulation of multiple physiclogic variables, a
task which is difficult and impractical to do manually at the bedside.

Many expert systems that include the use of quantitative knowledge have been described.
Examples include the IFRID hybrd mile-based expert system that is capable of continual
experiential update through a statistical database (Hughes 1990); the KUSIVAR knowledge-base
support system for machanical ventilstion that uses a mathematical model for optimal arterial
oxygenation (Rudowski 1080); the ONYX cancer therapy planning system is an ONCOCIN
exiension that combines decision theory, simulation and Al planning techniques to derive complex
therapy plans (Langiotz 1086). Such quantitative approaches were reporied 10 have greatly
expandad the capability of expart systems 1o include domaing and problems that are inherently
quantitative, uncertain with a continuum of solutions; these are also situations that cannot be easily
addressed by exper rulas alons.

Tha use of ditferer states 1o reprasent the patiant's conditions over time was explored in the
prototype. as was spacific achamas 10 keap track of instituted and proposed irterventions bsing
proceseed. Thase approaches are nat new; VM was the firet expen system for ICU vertilation
mancgement that used siate trensilion 1o madal the patient's candition over time (Fagan 1088).
COMPAS (the earier version of the vamilstion management sysiem at the LDS Hospial) used 8
bisckbosrd architecture that had similar knowledge struciures (Sittig 19808 & b). Another was the
reprasenistion and handling of temporal infformation in ONCOCIN (Kahn 1986). A prablem with
thase knowlsdge siruciuras is that thelr mairenance is inherartly complax, a8 was the case with
the prototype. However, judging from the inconsistent recommendations made in some of the test
cA%68, # May ba nacassary lo include complied causal rules bassd on known physiologic madels.
Despite the acided complexity, the use of causal knowlsdge should improve the consistency of the
patient states and the therapy recommandations over time.

Perhaps the most complicatsd aspsct of the prototype is its reasoning process, which is
entiraly deterministic. The reasoning process consists of nules and schemas that tightly control the

181



nile fiing sequence. Though an effot was made 1o caparate the comrol knowledge from the
domain knowiedge, there was & tradeoff between the ease of manipulating the domain knowlsdge
and the flexibility of the reasoning process. Presently, any change to the reasoning process would
precipitate modification of the control rules, which proved 1o be 8 major undertaking during the
inkial development of the prototype.

Nevertheless, the conceptual decision framework of the prototype is sound and can be easily
expanded 1o include other clinical problems in the CVICU, e.g., cardiac dysfunction, puimonary
hypertension, sepsis and renal failure. The process of classifying the pattems, maiching the clinical
conditions and developing the therapautic protocols would be identical 1o the one with hypovolemic
hypotension. The use of the historical CVICU cases were invaluable in the construction and
validation of the prototype, and will iikely continue to be the method 1o incomporate cther clinical
problams ino the knowladge base.

93 Technical Design Considerstions

Regarding the technical design of the knowledge representation scheme, the resulting
knowlisdge structure adequately represenied all relevant aspacts of hypovalemic hypotension and
therapsistic managemaent at the proper granular level. Evidence includes the relative ease of expen
physicians in understanding the reasoning process, and the abilty of the prototype to provide
recommandations using only the information and knowledge given. Nonetheless, the knowledge
base is considered 8 suriace model, without underlying cardiovascular or general physiologic
knowlstige. The use of causal knowladge based on physiolagic madaling would have increassd
the complexity of the prototype and did not ssem wamarited. However, this pramise could change
aver time, aspscially i clinial cardiovascular models representing the patient's states over time can
be conatiucied. Once developed, i wauld be feasible 10 use exper fles and computational
shuations whaera the undarlying physiolagy of the clinical prablam is nasdad (Paiil 1988).

The tachnical design of the reasoning process was ad-hac in nature, adapling as much as
possible to the decision-making steps that were dasmed logical to the human experts. As guch, the
overall eanmtrol siiciura is not eniirely robust, and it is not cartain whather this reasoning approach
is adsquate for managing other types of clinical prablems within the intensive care domain.
Unfortunately, Al and expert systems research has provided few consensus or standards. An early
analyais of MYCIN (Clancay 1983) offered the clear separation of tha thrae types of knowledge -
the domain, control and support knowlsdge. The last knowledge type refermed mainly 1o the
nomenclaturas necessary 1o exprass the first two within the system. The Arden syntax (Clayton
1960) provided some guidelines on knowledge struciure and raasoning whan daveloping axpan
systems, but 8t present the syriax applies 10 individual rules only, with no rasolution on the design
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of mare compiex systems, especially those involving the use of protocols. The episadic skeletal-
plan refinement approach used in ONCOCIN (Tu 1989) aliowed the selection of therapeutic
protocols, but # appeared 100 language-, piatform- and domain-specific to be adapted to other
arsas, such as the CVICU. Currently, the design of any reasoning and control process in protocol-
based expen dacision-support systems remains the responsibility of the knowledge engineer.

The use of the commarcial ARTIM expert system shell strongly influenced the technical
implamantation of the prototype. The absence of any database-access capability within ARTIM
forced the use of schemas as the only form of patient database, with only a minor use of the
extemal sequential text-file feature. & is questionable whather the object-oriented approach to
develaping exper dacision-support systems can scale up in a production environment, i one has
10 deal with numercus patient and othar records. The design choice is especially importart if one
were 1o inegrate the dacision-suppon system with the traditional hospital information systam (HIS),
which is mostly database orisnted (Kwa 1987).

The size of the knowlsdge base developed in this study is trivial when compared to other well-
established systems such as QMR, the expert consultation system for intemal madicine, which
ocontains over 40,000 piaces of relations and entities. Nevartheiess, the prototype was not able o
compiste analyzing the more complicated test cases and had 1o be aborted after running for 24
hours. This is a cause for concem, since the prtotype was aiready running on 8 SUN workstation
with 24 MB main memory and 60 MB of swap space, with over 400 MB disk storage capacity. The
Inck of indexing and database-access capabilities in ARTIM was the crippling factor, since much of
the ressoning pracess resoried 10 repstitive laoping thmugh the hundrads of schamas defined
within the knowledge base. The size of the knowlsdge base would have been much smaller had
ARTIM baan sble 1o scceas extamal databasss, whare most of the patiems, conditions and drug
schemas could have besn storsd. Also, the processing time would have shortensd # ARTIM had
providad indeving of its schemas, allowing schamas 10 ba referanced directly, rather than through
is exigting “For ... do ..." looping construct.

Canaidaring the knowledge for trasting hypavolemic hypatension conetiiuies less than a tenth
of the entire CVICU domain, it would seem impossible 1o further axpand the pratatype under the
existing implamentation without rendering i totally inoperable for some cases. The propased
solution is 1o sdopt an imtegrated datsbass approach whers most of the knowlsdge bases &re
storad in the database, which in tum can be accessible by the expert system madule during the

FBR20NING Process.
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9.4 Use of Formalized Therapautic Protocols

in recent yoars, there has been an increasing focus on protocolized care. This idea is not new,
but is an umbrelia label for practice algorithms, protocols, guidelines. standards and other terms
about appropriate clinical care (IOM 1982). Perhaps the most familiar form of protocolized care is
the use of logic flowchans and aigorithms for depicting the provision of care under different clinical
sitluations. Examples include the decision-tree aigorithms for fluid managemant in the ICU
(Shosmaker 1988) and for the management of hypotension in the CVICU patient (Modry 1886). In
thase algorithms. conditional branches based on the results and pattems of centain physiologic
maeasuremenis are providad 1o show the diagnoses and interventions required under a given set of
clinical conditions.

A more elaborate form is the use of formal protocols, whare guidelines for interventions are
pre-defined relative 10 a spacific circumstance, which may be further customized for the individual
patient. An example is the manual post-operative doctor's order and nursing care protocol sheets
ueed in the CVICU at the UAH, which aliow the pravision of patierd-specific therapeutic agents,
target physiologic parameter settings, and types of nursing care required. Another racent approach
is the use of care maps. which explicitly state the expacted outcome for each type of clinical
problem, after provision of cenain therapeutic imMerventions. For instance, in the manual ICU care
map for treating uncomplicated myocardial infarcts, the goal for treating ischemia is 1o have the
patient pain-fres by the sscond day of hospitalization (Griffith 1002).

Probably one of the most ambitious etiorts 10 date in formalizing care is by the Institute of
Medicine (IOM) in United States, which has developad a general framework for the provision and
svalustion of clinical practice guidelines (IOM 1682). The framewori includas the rationale for
practice guidalines, the dsfinitions on the differant typas of guidelines and their attributes. the
methods and pracsdures 10 devealoping the guidelines, and an assessment instrument to centify the
soundness of paricular guidelines. The nasd for practica guidelines is obvious according 1o |IOM:
wide variatians exist in practice paitems and use of heakh sewices, while rasearch indicates
inappropriate use of many inMervertions and sarvicas, for which the oulcome &7a uncenain in many
cases.

The IOM positian is paniculady relevant 10 this research study. For instance, during the
development of tharapsutic protacols, the use of crystalloid varsus colloid remained a conimvaersial

albumin, for sdama and chronic obstructive pulmanary disease). Anather was the preferred level of
base defich reguiring treatment, which varied fom -2 10 <4 units depsnding on the physician.
Similarly, the curent practice of administanng topical nitropaste Q4H as 8 standing order after the
patient is weansd from nitraglycerine has basn a tradition rather than rational judgment.
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Even where manual profocols were in place, many physicians pursuod other paths
unscnstinized prior to the review from this study. Examples inciuded the simukaneous weaning of
patients from multiple agents, the lack of or inaccurate hemodynamic target range definition, and
the inadequate frequency of cardiac output assessment. These conditions represent quality
improvement opportunities that could be expioited f some detailed practice guidelines or protocols
were established. More importantly, the use of formal protocols is & necessary pre-requisite to
being able to systematically compare the relative effectiveness of interventions and their impact on
patient autcome in the CVICU.

A computer is not a necessity for formalized protocols and care plans (and must not be
unyieldingly rigid when it is). Howaver, flowcharts and cther formalized documents for manual use
must be modest in complexity to be practical. Even the physical document size must be restricted.
With care maps, the range of exceptions challenges human usage. And it must be remembered
that all such documents have o be used routinely at the bedside in a clinical setting.

Automated protacols, on the other hand, hold some promise in their ability to improve the
quality of care. A 2-ysar randomized clinical trial conducted at Regensirief Institute found a 400%
increase in the delivery of preventive care associated with the use of the reminder system
(McDonald 1984). Researchers at the LDS Hospital in Utah have reported significant
improvements in the quality of care with the use of computer-based therapeutic protacols
(Pestotnik 1900, Elliott 1881). But # is important to nate that the most successful systems to date
are all imegratad with the HIS. The types of dacision-suppon offered by these systems are mostly
reminders and alents for exception conditions, ambadded controls for therapeutic imerventions,
dacision-assistance for order processing. and identification of high nisk patiens, based on
irformation already within the HIS.

Several outstanding igsues remain: validity and reliability of the computational medels for
calculating dosage response and net-difference scoring; nesd for group consensus among cvicu
physicians on the protacols; pratotype refinement and enhancement of additional features; call for
& major technical design review on the prototype's architecture; influence on the users of their
parceived value of decision-suppor systems. These issues are discussed below.

As noted eariier, the validity and reliability of the drug-dosage response model came into
question during the testing of the prototype. In particular, the min-max algorithm needs to be
revised and possibly raplaced by other more sophisticated means of combining the effects of
changing multiple agents. The net-differance scoring algorithm used 1o select a therapeutic agent
needs additional heuristics to improve its ability to handle unique situations. An sxample is to prefer
the existing tharapy instead of an aliemate with a lower net-score, if the current hemodynamics are
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believed to be inaccurate. The adaptive model for the drug-<dosage response tables was also
problematic as it affected the consistency of the therapeutic recommendations. The dynamic
behavior of the drug-dosage response model should be futher investigated.

Only individual consensus on tre protocols was obiained from the four expert CVICU
physicians. This was done by meeting with the physicians and reviewing the written protocols with
them, explaining the rationale of the protocols, and seeking their concurrence during the process.
The physicians accepled the protocols in principles, but expressed concems in some of the
protoco! rules, such as the use of colicid versus crystalioid and of bicarbonate. No group mastings
have besn held to discuss these concems and finalize the prolocols; this would be a necessary
step before any clinical trial.

Sensitivity analysis should be conducted on the prototype to determine #ts behavior under
varying parameter settings. For instance, the severity weight factors used in determining the net-
ditterence score could be altered 1o observe any change in the system's performance. The patient-
specific drug-dosage response update aigorithm could be de-activated to compare the resuls
when only the general dose rasponse tables were used. The validation guidelines could also be
modified 1o determine if they would make any diffarence in tallying the responses.

Other foatures not considerad in the initial prototype may be contemplated as pant of the
refinement process. The features include automatic setting of inilial target ranges when given the
pre-, intra- and post-operative data, use of ditferent assessment schedules for evaluating
therapeutic agents based on maximal effect durations, and adoption of the Arden syntax (Clayton
1080) 1o standardize the expent rules. The nursing notes on re-zaroing, repoasitioning. and the time
of chast X-rays, etc. collscted during the chart review couki be incomorated into the system as
imendsd 10 provide more flexibility and incraased functional cepability for the prototype.

An imporant issua is the technical implementation of the prototypa in ARTIM, which in its
prasent form is inappropriate for furthar expansiun. The miost serious problem lies in the profotypa's
insbilty to handle complex cases without locking up the system, which would be fotally
unaccaptable in a clinical envinment. A related issue is the nesd 1o eventually imagrate this
dacision-support sysiem with the HIS 1o accees other patient data in a real-time fashion, guch as
demagraphics and care plans. A major move fowards using a database approach is suggested,
where much of the static knowledge base and dynamic patient schamas can be stored as
eviemal database access routines (nor is it equipped with any tools for building 8 window-based
userinerface). However, until a decision can be made, the immediate goal should be to continue
with the prototype under the existing system environment to improve its performance level.
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Perhaps the most important issue is the perceived value of this type of decision-suppornt
system in a clinical setting. Akhough results from the retrospective validation process
damonatrated the prototype can better manage hypovolemic hypotension, the ultimate success of
such s system is dependent on factors bayond that of validity testing. Three issues come to mind,
the first being the credibility of the system, which relies on the accuracy, reliability, consistency and
acceptability of the protocols. Establishing this credibilty requires the ongoing participation of
influential clinical staff 1o develop and maintain the protacols. Second, for the system to be
accepled info rutine use, one must damonstrate the system can lead to an improvemant in the
quality of care and possibly patient outcome. Thus, ongoing evaluation of the system must be
plannad and executed. Once the benefits of this system can be demonsirated, s acceptance by
the staff would be aimost assured. Athough the study did not address the need for an effective
user imerface, this would be the third issue requiring attention, before the prototype is implemented
as a badside system for routine use.

0.8 Future Work Plan
The future work plan outlined in this section is = eummary of the outstanding problems and

future, the study would continue under the existing envirunment. The tasks are summarized as
foliows:

Refine the Pratotype.

The validation of the tast cases lsd to the identification of problem areas requiring further
invertigaiion and refinement. Examples include the computations! models for dosage response
and updste calculations, net-differance scoring, and any programming logic erors encountered
durng tha 1esting of tha cases.

1 Sanslilviiy Anslysls.

Sanailivity analysis should be conducted to dstermine the impact of changing selected
configuration setings on the parformance of the prototype. Examples include the use of differant
seventy weight factors for net-acore computation and madified validation guidelines.

Review tha Resuiis wWih the Bupanis.

The expent CVICU physicians should review the test cases again with the output from the
prototype. The review would allow the appropriateness of the propoged interventions to ba more
accurstely determined.

Run the Teet Cases 88 @ Learning Set.

The tesi cases should now be used as & second set of leaming cases where the unknown pattems
ara maichsd to conditions and intarventions, and incorporated into the knowledge base.
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Sesk Group Consensus on the Protocols.

The expert CVICU physicians should meet as a group to discuss any concem with the protocols
and finalize them. Efforts should be underway to begin developing protocols for other clinical
problems within the CVICU, such as ca " ~ dysfunction, puimonary hypertension, sepsis and
renal failure. i is important to keep up the momentum as enthusiasm could wane after a prolonged
period of inactivity.

Enhance the Prototype.

Features not implemented in the inftial prototype should now be reviewsd and incorporated as &
second version 1o enhance the prototype's functionality. Examples include automatic inftial target
range definition, variable assessment schedules for therapeutic agents, adoption of the Arden
symax and simulated user input from selected nursing notes.

Prepare Additions! Test Cases.

Additional historical CVICU cases shouid be collected for a second-stage bench-testing, using the
same approach as before. This stage is highly recommended since the first validation exercise did
not prove entirely satisfactory, in that the prototype's parformance was impeded by amors that
should be resolved. Praceading directly 1o fisid-testing is not advised at this stage.

Revisw the Technical Design.

An important decision has 1o be made in tarms of whether or not to continue development of the
prototype under the current platiorm, i.e. uging ARTIM as the knowledge programming tool and the
Unix-based SUN workstation as the computer system. The decision would impact the technical
implementation of the next version of the prototype.
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CHAPTER 10
SUMMARY AND CONCLUSIONS

The effonts 1o develop and validate a decision-support system prototype for hemodynamic
management of hypovolemic hypotension in CVICU patients have been described in the preceding
chapters. A summary dascription is provided in this chapler of the work done and the conclusions
drawn as & resul of the study.

The hypothesis in the study was that expertise in hemodynamic management can be
formalized as computerbased protocols, which can provide therapeutic recommendations
significantly more consistent with clinical management goals than occurs with current practice. The
hypothesis was tested retrospectively on historical CVICU cases, where therapeutic imMerventions
for hypovolemic hypotension proposed by the prototype and those instituted by the staff were
compared in paraliel against expert critiques on the same cases for significant differences.

The goals of the research study were to formalize the hemodynamic management expertise,
construct a functional computer prototype comaining the encoded expartise, conduct formal bench-
testing to validate the prolotype's performance with imterventiona! events from historical CVICU
cases, and discuss the problems and issues in using computer-based protocols.

The formalization process consisted of constructing & conceptual framework for managing
hypovolemic hypotension, collscting hemodynamic and clinical data from historica! 40 CVICU
cases for leaming and testing, constructing 8 set of therapeutic protocols and critiquing 410
imerventions from 13 of the cases with two expar CVICU physicians, seeking consensus on the
protacols with two other expen physicians, and encading the formalized experiise in & computer
prototype.

Validation of the prototype was done with 389 irterventions from another 13 historical CVICU
cases. The rasulls showed that the proposed therapias for fluid raplaceamant and blesding from the
prolotyps wera signiiicantly batier than thase instiuied by the staff relative 1o the expan eriiques
(80% vearaus 44%, reapactively). Based on the validation results, the null-hypaotheais that the
proportions of consistent iMervertions wers equal among the prototype and the staff was rejected.
Further analysis suggestied that the prototype provided recommendations and critiques that might
have improved the quality of care if it had basn available when the patient was still in the cvicu.
The intraduction of this typs of dacision-support systems into the clinical setting also appearad
fimaly, as there has bsen &n increasing effort fo establish standards in the delivery and
assessment of care 10 improve its quality and outcome.

169



in conclusion, it is belisved the work presented in this dissertation has made a contnbution to
the field of medical informatics. Specifically, the study has demonstrated the use of multiple
knowledge sources, ranging from physiologic pattem-matching, therapeutic protocols, expert
reasoning heuristics, to computational drug-dosage response modeling, in a computer prototype 1o
provide alens, critiques and therapeutic recommendations. The resulting prototype performed
significantly better than the current practices within the CVICU in managing fluid replacement and
active bleeding in hypovolemic hypotension. The conceptual framawork and the reasoning process
of the prototype are both sound and capable of being expanded to inciude other clinical problems
in the CVICU. The study has aiso reaffimed the need 1o sesk consensus and buy-in from the
clinical staff, especially the physicians, in terms of developing and maintaining the protacols on an
ongoing basis.

Most importantly, the parceived value of this type of decision-suppon system by its ultimate
users cannat be over-emphasized. One must continually sesk to demonstrate that the system can
improve the quality of care and possibly patient outcome within the routine clinical sefting through
rigorous scientific experimentation and formal evaluation.
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GLOSSARY

ABG anterial blood gases

ABPD aneria! blood pressure diastolic

ABPM anerial blood pressure mean

ABPS anerial blood pressure systolic

Al anificial imelligence

Al/Rheum A/Rheumatology expert system by Kingsiand L, Bethesda
ARDS adul respiratory distress syndrome

ARTIM automated reasoning ool - information management
BSA bady surface area

CARG coronary anery bypass graft

Ca calcium

Ci chioride ions

co cardiac output

CcT chest tube drainage or loss

cv cardiovascular

cvD cardiovascular disease

CviCU cardiovascular intensive care unit

CvpP central venous pressure

CVP/ART line central venous pressure/aterial line

DS8S decision-suppon system

DTA digitalis therapy advisor

DEW daxtrose 5% water

DXplain diagnostic prompting system by Cimino J.

EDP end-diastolic prassure

EDV end-diastolic volume

filling pressures include central venous pressure and puimenary diastolic pressure
H hydragen ion

HB hamaglobin

HCO3 bicarbonate ions

HCT hematocrit

HP Hewlett Packard

HR heart rate

ICU intengive care unit

Vo imaka/output (refers to fiuid)

intra-op inira-aperative stage, being post induction

ion-Ca ionized ealcium

K potassium ions

FFP fresh-frozen plasma

LAP iaft atrial pressure

LHS left hand side

LOS langth of stay

Lv lsfi ventricular

LVEDP laft ventricular end-diastolic pressure

MAP mean artenal pressure

Mg magnesium ions

MYCIN medical expar system by Shorilitfe, Stanford University
Na sodium ions

NCSS numerical cruncher statistical system

ONCOCIN a cancer therapy management system from Stanford University

161



8sv

8SVRI

UAH

VAMA

Vo2
VQ-ATTEND
wT

osmolality

puimonary arterial diastolic (pressure)

puimonary anerial pressure diastolic

puimonary arterial pressure mean

puimonary arerial pressure systolic

puimonary arterial wedge pressure

patient data management system

platelots

partial thromboplastin time

prothrombin time - ratio

puimonary vascular resistance index

partial carbon dioxide pressure

partial oxygen pressure

post-oparative stage

pre-cperative stage

Quiok madical referance by Miller R from University of Pittsburgh
nght hand side

stroke index

stroke volume

systemic vascular rasistance index

University of Alberia Huspitais in Edmonton, Alberta

ventricular amhythmis management advisor by Gorry

oxygen consumption o
critiquing system for ventilatory management by Miller PL, Yale University
weight

162



REFERENCES

[Augenstein 1080] Augenstein JS, Peterson EA. Computerization: Problems in the input,
manipulation, and storage of iansive care unit data. in Textbook of critical care, p2698-275. Edited
by Shoamaker WC et al. W.B. Saunders, Philadelphia. 1989.

[Bankowitz 1989] Bankowitz RA, McNeil MA, Chaliinor SM, Parker RC, Kapoor WN, Miller RA. A
computer-assisted madical diagnostic consultation service. Ann Intem Med 110.824-832; 1989.

[Bensken 1087] Beneken JEW, Gravenstein JS. Sophisticated alarms in patient monitoring: a
mathodology based on systams engineering concepls. In The automated anesthesia record and
alarm sysems, p.221-228. Edited by Gravenstein JS, Newbower RS, Ream AK, Smith NT.
Butterworths Publishers, Boston. 1987.

[Bland 1083) Bland RD, Shoemaker WC. The severity index score as a method for data reduction
in the surgical ICL. Comput Biomed Res 16.305-402, 1983.

[Bradshaw 1080] Bradshaw KE, Gariner RM, Pryor TA. Development of a computerized
iaboratory alening system. Comput Biomed Res 22 575-587, 1089.

(Buchanan 1085) Buchanan BG, Shorlitte EH. In Aule-based expart systems. The Mycin
expanmente of the Stanford heuristic programming project. Addison-Wesley Publishing Co. Menio
Park, 19865.

{Butia 1087) Bufia ES, Sarin RK. Modam production/opsrations managemant. Eighth Ed. John
Wilsy & Sons, New York, New Yorik. 1087.

iClancsy 1083]) Clancey WJ. The spistemology of a rule-based expen system - 8 frameworis for
explanation. Art Intell (20):216-261; 1983.

{Classsn 1601] Classen DC, Pestoinik 8L, Evans RS, Burke JP. Computerized surveillance of
adverse drug events in hospital patients. JAMA 266.2847-2850; 1691.

163



(Clayton 1880] Clayton PD, Pryor TA, Wigertz OB, Hripcsak G. The 1989 Arden homestead
retreat. p.116-123. In Symposium on computer appiications in medical care. Ed. Kingsland LC.
IEEE Computer Society Press, Washington, DC, 1989.

[Cohn 1988) Cohn Al, Rossnbaum 8, Factor M, Sittiy DF, Gelemter D, Milier PL. Sequential
clinical “"scenes”: a paradigm for computerbased imelligent hemodynamic monitoring. In
Symposium on Computer Applications in Medical Care, p.5-10. SCAMC Inc. IEEE Computer
Society Press. Chicago, 1986.

[Colvin 1889) Colvin JR, Kenny NC. Automatic control of arterial pressure after cardiac sumgery.
Anassthesia 44:3741, 1080.

[Cullen 1974) Cullen DJ, Civetta JM, Briggs BA. Therapeutic intervention scoring system: A
mathod for quantitative comparison of patient care. Crit Care Mad 2.57, 1974.

[Dantzker 1001] Dantzker DR. Cardiopuimonary critical care. and Ed. WB Saunders Co.
Philadeiphia, PA. 1901.

[Darovic 1087] Darovic GO. Hemodynamic monitoring. WB Saunders Co. Philadelphia, PA. 1887.

[Daare 1088] Deane SA, Gaudry PL, Roberis RF, et al: Trauma triage: A comparison of the
trauma score and the vital signs score. Aust NZ J Surp 156:19,1986.

[de Asls 1988] de Asia RA, Benis AM, Jurado RA, Litwak RS. Management of postcardiotomy
hypaftension by micracomputercontrolied administration of sodium nitroprusside. J Thorac
Cardiovase Surp 89:115-120, 1086,

{de Dombal 1672]) de Dombal FT, Leapar DJ, Staniland JR, Homosks JC. Computer aided
disgnosis of acute abdominal pain. Br Med J 28-13; 1872.

[Esst 1660) East YD, Momis AH, Clemmer T, Wallace C.J, Handerson §, Sitig DF, Gardner RM.

Davalopment of computerized critical care protocols - A strategy that really works! p.564-868.
14th Symposium on Computer Applications in Medical Care, Washington, D.C. Nov 1990.

164



(East 1903) East TD. Henderson S, Pace NL, Momis AH, Brunner JX. Knowledge engineering
using retrospective review of data: a useful technique or merely data dredging? Intf J Clin Monit
Comput (8)250-262; 1002.

(East 1983] East TD. Personal communications regarding the ciinical tris! currertly being
conducted using the ARDS protocols on the ACT/PC clinical information system.

[ENion 1901) Elion C. Computer-assisted quality assurance: development and pefformance of &
respiratory care program. Qua/ Rev Bull (17)85-80; 1901.

[Fagen 1085] Fagan LM, Kunz JC, Feigenbaum EA, Osbom JJ. Extensions 10 the nle-based
formalism for & monitoring task. In  Ruls-based expert systems. The Mycin expeniments of the
Stanford heuristic programming project, p.397423. Edited by Buchanan BG, Shortiife EH.
Addison-Wesley Publishing Co. Menio Park, 1985.

(Gandner 1088] Gardner RM. Computerized managemant of intensive care patiens. MO Comput
3(1)36-44, 1086.

{Gardner 1080] Gardner RM, Sittig DF, Bud MC. Computers in the intensive care uni: Match or
mismatch? In Textook of critical care, p248-250. Edited by Shosmaker WC et al. W.B. §Aunders,
Philadelphia. 1986.

[Gardrer 10008] Gardner RM. Patient monitoring systems. In Madical informatics. computer
applications in health care, p.366-69. Edited by Shorliiffe E.H et al. Addison-Wesley Publithing Co.
Resding. 1000.

[GRrdner 1990b) Gardner AM, Shabst M. Computerized ICU data management: piifalls and
promises. Intl J Clin Monit Comput 7:88-108, 1800.

[Geddas 1680) Geddes LA, Baker LE. Panciplas of applisd biomadical instrurentation- 3rd Ed.
Jahn Wilsy & Sons, New Yoris, 1089.

[Gisaldl 1084) Gibaidi M. Biopharmacautics and clinical pharmacokinetics. Lea & Febiger,
Philadalphia, PA. 1984.

165



[Gony 1978] Gory GA, Siverman H, Pauker 8G. Capturing clinical expenise. A computer
program that considers clinical responses 10 digitalis. Am J Med 84:452-460, 1978.

[Grithth 1002) Griffith JR. The well-managed community hospital. 2nd Ed. AUPHA Press, Ann
Arbor, Michigan, 1902.

[Hamett 1082] Hamett DL. Statistical methods. Thid Ed. Addision-Wesley Publishing Co.
Reading, Massachusefts. 1982.

[Heakh 1978] Heakh Division. Sumica/ procedures and treatments. Cat.82-208. Statistics
Canada, Ontawa 1076.

[Heakkh 1085] Health Division. Sumgical procedures and teatments. Cat.82-208. Statistics
Canada, Onawa 1085.

[Mondarson 1002] Henderson S. Crapo RO, Wallace CJ, et al. Performance of computerized
protocols for the management of anerial oxygenation in an intensive care unit. Infl J Clin Monit
Comput (8):271-280; 1002.

[Mickam 1088] Hickam DH, Shonliffe EH, Bischoff MB, Scott AC. The treatment advice of a
computar-based cancer chematierapy protaco! advisor. Ann intem Med (103):928-936; 1986.

[Hughse 1900] Hughes CA, Gose EE, Roseman DL.. Overcoming deficiencies of the rule-based
madical oxpan system. Comput Methods Prog Biomad (32):63-7; 1990.

Hmmn Asad&my Prm. Wuhingon. pC. 19@2.

fKahn 1088] Kahn MG, Ferguson JC, Shorlife EH, Fagan LM. Rapreseniation and use of
temporal information in ONCOCIN. p.172-176. In Symposium on computer applications in madical
care. IEEE Computer Press Society, Chicago. 1985.

166



(Kingeland 1886) Kingsiand LC, Lindberg DB, Shap GC. Anatomy of a knowiedge-based
consultant system: AVRheum. MD Comput 3:18-25; 1988.

(Xnaus 1985] Knaus WA, Draper EA. Wagner DP, et ai: APACHE Ii: A severity of disease
classification system. Cnt Care Med 13.:818,1986.

[Kuperman 1901] Kuperman Gd, et al. HELP: A dynamic hospital information system. Springer-
Veriag. New York, New York, 1001.

[Kwe 1987] Kwa HY, van der Lei J, Kors JA. Expert systems integrated with information systems.
Comput Meth Prog Biomed (26):327-332; 1987.

[Langiotz 1987] Langiotz CP, Fagan LM, Tu §W, Sikic BI, Shortiiffe EH. A therapy planning
architecture that combines decision theory and anificial imelligence techniques. Comput Biomed
Res 20(3)270-303; 1687.

{Lav 1900] Lau F. Informal market survey of ICU vendors conducted at the 14th Annual
Symposium of computer applications in medical care. |IEEE Computer Society Press. Los
Alamitos, CA. 1900,

[Leyerie 1000] Leyerie BJ, LoBue M, Shabet MM. Integrated computerized databases for medica
data management beyond the bedside. It/ J Clin Menit Comput 7:83-88, 1980

[Long 16838] Long WY, Russ TA, Lacke WB. Reasoning from mutiple information sources in

amhythmia management. In Praceedings of the IEEE-83: Frontiers of Enginsaring and Computing
in Haalih Care B40-843, 1583a.

jLong 1683b) L.ong WJ. Reasoning sbout atate from causation and time in & madical domain. In:
Praceadings of the Intemational Joint Confarance on Ariificial Injelligance. Los ARos, CA: William
Kauimann; 230-232, 1983b.

fiarina 1981] Marino PL. The ICU Book. Lea & Febiger, Philadelphia, PA. 1901

MicDonald 1984] McDonald CJ, Hui S, Smith D. Reminders to physicians from an introspective
computer madical rscord. Annals of infam Med (100):130-138; 1984.

167



Miller 1988] Milier PL. Goal-directed critiquing by computer: ventilator management. Comput
Biomed Res 18:422-438, 1985.

Milier P 1988) Miller PL. Expert critiquing systems. Practice-based medical consultation by
computer. Springer-Veriag. New York, 1986.

Miller R 1088] Miller RA, Masarie FE. Quick medical referance (QMR) for diagnostic assistance.
MD Comput (3): 34-48; 1986.

Miller 1000] Miller P, Sittig D. The evaluation of clinical decision suppont systems. what is
nacessary vs. what is interesting. Med /nfo (15):185-90; 1990.

[Modry 1688] Modry DL, Chin WDN. Hemodynamic management following cardiac surgery, p.95-
110. In Cpen heart surgery - theory and practice. Edited by Callaghan JC, Wartak J. Praeger
Scientific. Westpon, Connecticut. 1986.

Morris 1001] Momis A. Computer algonthm for managing patients with ARDS. invited Quest
lecturer at the University of Alberta Hospitals, April 1801.

[Neaison 1088]) Neison SJ, ot al. Evaiuating RECONSIDER - A computer program for diagnostic
prompting. J Med Syst 9:370-388; 1985.

[O'Keafe 1087] O'Kesfe AM, Balci O, Smith EP. Validating expen system performance. IEEE
Expart. p.81-87, Winter 1087.

{O'Leary 1989] O'Leary D. The varification and valicdation of expan systems. Tutorial manual.
Intemational Symposium on Al, Mexico, 1601.

{Gh 7988] Oh TE. Intansive care manual. 3rd ed. Butterworths Piy Lid. Sydney. Australia. 1890.

{OMH 1801] Omiario Ministry of Health, Subcommittee of the Working Group on Critical Care.
Quidelines for madical technology in critical care. Can Med Assoc J, 144(12):1617-1632; 1981.

[Packer 1087] Packer JS, Mason DG, Cade JF, McKinley SM. An adaptive controlier for closed-
loop management of biood pressure in seriously ill patients. In Procaadings of IEEE Transactions

on Biomadical Enginaaning 8.612-618, 1887.

168



[Patil 1981) Patil RS. Causal representation of patient iliness for electrolyte and acid-base
diagnosis. Ph.D Thesis in Computer Science at Massachusetts Institute of Technology, 1881.

[Patil 1988) Patil R, Senyk O. Compiling causal knowledge for diagnastic reasoning. p.25-39. In
Selected mpics in medical artificial inelligence. Ed by Miller PL. Springer-Veriag, New York, 1888.

[Pestotnik 1900] Pestotnik S, Evans R, Burke J. Therapeutic antibiotic monitoring: surveiliance
using a computerized expert system. Am J Med (88).43-48; 1880.

[Pryor 1980] Pryor TA, Clayton PD. Decision-support systems: A tutorial. In 14th Proceedings of
Symposium in Computer Applications in Medical Care. 1980.

[Quaglini 1088] Quaglini S, Stefanelli M, Barosi G, Berzuini A. A performance evaluation of the
exper: system ANEMIA. Comput Biomed Res 21307-323; 1988.

[Rampil 1087} Rampil IJ. Intelligent detection of arifact. In The automated anesthesia record and
alarm systems, p.175-180. Edited by Gravensteii et al. Butterworth Publishers, 1987.

[Randall 1087) Randall JE. Microcomputers and physiological simulation. 2nd edition. Raven
Press, New York. 1887.

[Reid 1987] Reid JA, Kenny GNC. Evaluation of closed-loop control of arterial pressure after
cardiopulmonary bypass. Br J Anaesth 69.247-255, 1987.

[Rennals 1088) Rennals GD, Millei PL. Artificial intelligence research in anesthesia and intensive
care. J Clin Monit 4:274-289, 1988.

[Ringland 1087] Ringland GA, Duce DA. Approaches to knowledge representation: An
introduction. John Wiley & Sons, New York, 1987.

[Rubinson 1087] Rubinson L, Neutens JJ. Research tachniques for health sciences. Macmillan
Publishing Co. New Yoris. 1987.

169



[Rudowski 1080] Rudowski R, Frostell C, Gill H. A knowledge-based support system for
mechanical ventilation of the lungs. The KUSIVAR concept and prototype. Comput Methods Prog
Biomed 30.:59-70, 1889.

[Russ 1982] Russ TA. A Knowledge-based approach to ventricular arhythmia management. In
Proceedings of the international Conference on Cybemetics and Society, 10-14, 1982.

[Sercussi 1088] Sercussi B et al. Computer-aided diagnosis of acute abdominal pain when taking
imo account imteractions. Meth inform Med 25:184-188, 1986.

[Shabot 1087] Shabot MM, Leyerie BJ, LoBue M. Automatic extraction of intensity-intervention
scores from a computerized surgical intensive care unit flowsheet. Am J Surg 154:72-78, 1987.

[Shabot 1080] Shabot MM. Standardized acquisition of badside data: The IEEE P1073 medical
information bus. Intl J Clin Monit Comput 8:187-204, 1989.

[Shabot 1000] Shabot MM, LoBue M, Leyerle BJ, Dubin SB. Decision suppon alerts for clinical
laboratory and blood gas data. Int! J Clir: Monit Comput 7:27-31, 1990.

[Sheppard 1077a] Sheppard LC, Kouchoukos NT. Automation of measurements and
interventions in the systemic care of postoperative cardiac surgical patients. Medical Instrum
11:206-301, 1977.

{Snappard 1977) Sheppard L.C, Sayers BM. Dynamic analysis of blood prassur s respc.ise 10
hypotensive agents in post-operative cardiac surgery patients. Comput Biomed Res 10:237, 1877.

[Sheppard 1080) Sheppard LC. Computer control of infusion of vasoactive agents. Ann Biomed
Eng 8:431, 1880.

[Shosmaker 1070s] Shoemaker EC, Chang P, Czer L. Bland R, Shabot M, State D.
Cardiorespiratory monitoring in postoperative patients: |. Prediction of outcome and severity of
iliness. Cnit Care Med 7(5).237-242, 1979a.

[Shosmaker 1070b] Shoemaker WC, Chany P, Czer L, Bland R, Shabot M, State D.
Cardiorespiratory monitoring in postoperative patients: 1. Quantitative therapeutic indices as guides

1o therapy. Cnit Care Mad 7(5):243-249, 1979b.

170



(Shosmaker 18828]) Shoemaker WC, Appel PL, Waxman K, Schwartz S, Chang P. Clinical trial of
survivors' cardiorespiratory pattems as therapeutic goals in critically ill postoperative patients. Cnt
Care Mad 10(6):398-403, 1982a.

[Shosmaker 1082b) Shoamaker WC, Appel PL, Bland R, Hopkins JA, Chang P. Clinical tria! of an
algorithm for outcome prediction in acute circulatory failur>. Crit Care Mad 10(6):390-397, 1982b.

[Shosmaker 1083] Shoemaker WC, Appel P, Bland . Jse of physiologic monitoring to pradict
outcome and 1o assist in clinical decisions in critically il postoperative paticnts. Am J Surg 146:43-
§0, 1983.

{Shosmaker 1985] Shoemaker WC. Bland RD, Appel PL. Therapy of critically ill pastoperative
patients based ory uuicome prediction and prospective clinical trials. Surg Clin North Am 85(4):811-
833, 1685.

[Shosmaker 1087] Shoemaker WC. Physiology. monitoring, and therapy of critically il general
surgical patients. In Diagnostic methnds in critical care, p47-86. Edited by Shoemaker WC,
Abraham E. Marcel Daldser, Inc. 1987.

[Shoamaker 108v) Shocmaker WC. Shock states: Pathophysiology. maritoring, outcome
prediction and therapy. In Texthook of critical care, p.877-803. Edited by Shoemaker WC. WB
Saunders Co. 2nd Edition, Philadelphia, PA. 1989.

{Shorilifie 1086] Shorlite EH. The problems of evaluation. In Rule-based expart systoms. The
Mycin exgeriments of the Stanford heun'stic programming project, p.387-423. Edited by Buchanan
BG, Shortlifte EH. Addison-Wasley Publishing Co. Menlo Park, 1085.

[Blage! 1683] Sisgel JH. Integrated apnroachas 1o physiologic monitoring of the crtically ill. In An
intagrated approach to monite-: - ..« - 7. Edited by Gravenstein JS, Newbower RS, Ream AK,
Smith NT. Butterworths Publiste . 3~niv. 1983

[Sittig 1989a) Sittig DF, Gardner RM, Pace NL, Moris AH, Beck E. Computerized management of

patiant cara in a complex, controlled clinical trial in the intensive care unit. Comput Mathods Prog
Biomsd 30:77-84, 1989a.

171



[Sitig 1080b] Sittig DF. Pace NL, Gardner RM, Back E, Momis AH. implementation of a
computerized patient advice system using the HELP clinical information system. Comput Biomed
Ros 22:474-487, 1989b.

[Sivak 1987] Sivak ED, Gochberg JS, Fronek R, Sooft D. Lessons to be leamaed from the design,
developmeni, and implementation of 8 computerized patient care management system for the
intensive care unit. In Proceedings of 11th Annual Symposium of Computer Applications in
Medical Care, p.614-619, Washington, D.C. 1087.

[Staad 1002) Stead W, ot al. Designing madical informatics research and library resource projects
fo increase what is lsamed. Submitted to Comput Biomed Res January 1862.

[Teasdale 1074] Teascale G, Jennet B: Assessment of coma and impaired consciousness. A
practical scale. Lancet 2:81, 1674.

[Teres 1087] Teres D, Lomeshow S. Evaluating the severity of illness in critically ill patients. In
Diagnostic methods in critical care. Automatad data collection and intarpretation, p.1-17. Edited by
Shoamaker WC, Abraham E. Marcel Dekker, Inc. 1087.

{Thomas 1084] Thomas S.J. Manual of cardiac anesthesia. Churchill Livingston, New York, New
York. 1084,

{Tu 1089] Tu SW, Kahn MG, Musen MA, Ferguson JC, Shonliffe EH, Fagan LM. Episodic
skalstal-plan refinement based on temporal data. Commun ACM 32:1439-1455; 1989.

[Westenakow 1686] Westenskow DR. Automatic patient care with closed-laop control. MD
Comput 3(2):14-20, 1086.

[Wystt 1900] Wyatt J, Spiegelhatter D. Evaluating medical expert systems: what fo test and how?
Med Inform 15:205-217, 1890.

172



APPENDICES

APPENDIX A - CVICU FLOWSHEET

APPENDIX B - THERAPY GUIDELINES USED IN THE CVICU AT UAH
APPENNIX C - CRITERIA FOR DATA COLLECTION

APPENDIX D - PROPOSED THERAPEUTIC PROTOCOLS FOR CVICU
APPENDIX E - EMPIRICAL DRUG-DOSAGE RESPONSE TABLES
APPENDIX F -~ COMPUTATIONAL DRUG-DOSAGE RESPONSE TABLES
APPENDIX G - REVERSE PROTOCOLS

APPENDIX H - TECHNICAL DESCRIPTION OF THE PROTOTYPE

173



APPENDIX A - CVICU FLOWSHEEY

174



The CVICU flowsheet used at the University of Alberia Hospitals
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APPENDIX B - MANUAL PROTOCOLS USED IN THE CVICU AT UAH

manual protocol sheets not included

Pages 176-181 inclusive have been removed due Lo
poor print quality,
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APPENDIX C - CRITERIA FOR DATA COLLECTION
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NAME OF DATA VARIABLE _ | SOURCE TYPE INTERVAL
D systolic/mean ABP namic | post-op minute
Cardiac index/cardiac output hemodynamic | post-op 4-8 hours or as needed ‘
niral venous pressure hemodynamic_| post-op min, 1/4-6 hrs or as needed
Hean rate hemodynamic | post-op minute
Lef/right cardiac work indexes | hemodynamic | post-op 4-8 hours or as needed
Left/nght vent stroke indexes hemodynamic | post-op 4-8 hours or as needed
uimon systolic/diastolic/mean | hemodynamic | post-op min, 1/4-6 hre or as needed
@ work/stroke index hemodynamic | postop 4-6 hours or as needed
imonary vasoular resist.index | | namic | post-op 4-8 hours or as needsd
ystemic vascular resist.index | he namic | post-op 4-Bhoursorasneeded
o rate hemodynamic | post-op mintefatachad
m%{m / Hematrocrit 0 _pre-op/post-op | daily or as needed
White biood cells, platelsts I to | pre-op/post-op | daily or as needed
erym potassium laborato | pre-op/post-op | 2hov . cs needed
erum magnesium laborato _pre-op/post-op | daily or as neaded
Prothrombin/pantial time laborato _pre-op/post-op | daily or as needed
Serum Na,C1.CO2 Osmol laborato _pre-op/post-op | 6 hours or as neaded
erum oreatinine, BUN laboratory _pre-op/post-op | 6 hours or as needed
Albumin total protein laborato _pre-op/post-op | 1-2 day or as needed
lonized calcium, calcium laborato | pre-op/post-op | 4-6 hours or as neaded
Creatine kinase, phosphate Izhoratory _pre-op/post-op | 1-2 day or as needed
Resp made_ ventilation rate ventilation (postop | when adjusted
|_Fraction of inspired oxygen ventilation _post-op when adjusted
Pos. peak sxpiratory pressure _ | ventilation post-op when adjusted
ak inspiratory pressure ventilation __| post whan adjusted
Arerial oxygen ssturation biaod gases | pre.intra 2-4 hours or as nesded
anial oxygen tension blood gases | pre.intrapost | 24 hours or as needad
partial cambon dioxide tension | bload gases | pre.intra post 24 hours or as nesdad
Hydragen ions blood gases | pre.intrapost | 24 hours or as nesded
Base sxcess bland gases . pre.ntra,post | 2-4 hours or as neadad
Bicarbonate bland gases re.inira as nesded
Yemparature blood gases | pre.intrapost | 2-4 hours or as needed
Ejsstion fraction csih lsh pre-op once
g’afamc index, end-systolic vol. | cath |sb pre-op once
atolic volpres | cath lab pre-op once
Sgstgllslﬁiwolm,mssn ABP csth lab pre-op once
Wetdge pressure cath lab pre-op once
Heari rate cath lab pre-o once
Body surisce ares patient post-op 4-6 hours
s:;gisal prozadure patient pre-op once
Lo'ﬂh {-gtay patient post-op once
"deight patient re-op.post-op | once
[ Weight patient pre,intrapost | daily or as needed
Urine, chest-iubs & others Ou post-op hour.cumulative 24 hours
Blood products Input post-op as needed
IV fluids Input post-op as neaded
pautic interventions | Input st as needed_

2ot B Ah ey PRAA S A=Ay
mmmmmcwcu«mmmmuy Cath ab is cathatgnzation iaboratory.




CARDIQVASCULAR INTENSIVE CARE: MEDICAL CHART DATA COLLECTION
DATA COLLECTION INSTRUCTIONS AND GUIDELINES

1.

A.

111,
A.

1v.

DATA COLLECTION ENVIRONMENT

LOCATION
1. University of Alberta Hospitals Medical Records Department
2. Research cubicle within Medical Records ussigned for data collecticn

CHART AUDIT TIME FRAME
1. April 1, 1992 to September 16, 1992

SAMPLE

60 medical charts consisting of all CVICU inpatient admissions during the
summer of 1991

INCLUSION CRITERIA
1. patients whose surgical procedure is "Coronary Artery Bypass Graft®

EXCLUSION CRITERIA
1. patients whose lenqth-of-stay exceeds four days
2. patients with Intra-aortic Balloon Pumps

COMPUTER INFORMATION

Data is to be collected using

1. a NBCC notebook computer

2. Lotus }23W Software

SETUP - PRE-CVICU DATA [Filename: AUDIT.WK3]
Carqiac Catheterizatior ?acord

1. Record the followin,; data as entered on the cardiologist's consulting
letter and/or cardiac catheterization report;

a. Ejec "on Fraction £. AOS (at rest)
b. ESV g. AOD (at rest)
c. Cardiac Index h. AOM (at rest)
gd. LVS tat rest) i. BSA

e "VE (at rest)

2. Record all medications, according to the pre-set code list, that were
prescribnd at the time of the card.ac catheterization

Pre-operative Vital Signs
1. Record the fcllowing data as entered on the admitting nursing history:

a. height {cm)
b. weight (kgq)
c. systolic/diastolic bloou pressure (mmHg)
d. heart rate (bpm)
e, respiratory rate (rpm)
f. temperature (oC)

Pre-operative Laboratory Results

1. Using the cumulative laboratory result sheets, record the following
results obtained at the time of the patient's admission to hospital:
a. WBC 1. CREATININE
' B m. GLUCOSE

oy n. IONIZED CA
PLATELET CT o. CA

e. PT P. PHOSPHATE
£. PTT q. MG
q. NA r. CK
h. L s. TOTAL PROTEIN
i. co2 t. ALBUMIN
3. OSMO
k. BUN

2. If the patient was admitted for a period longer than a week prior to
surgery, then also record any laboratory results obtained in the three
days prior to surqery

Pre-operative Laboratory Results Notes:
1. Transcribe numerical results to the same number decimal places as shown
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en the cumulative laboratory sheets

2. Enter the date and time of the laboratory result as given on the
cumulative sheets

3. Note ir the TEXT column "Specimen hemclyzed®™ if so indicate on sheets

Pre-operative blood Gas Resylts .
1. Record the following data according to the Plcod gas requisition forms:
a. Date and time of blood gas analysis.
b. Ventilator Mode (if applicable)
c. SIMV rate (if applicable)
d, PEEP (if applicable)
.. Fi02 (3f applicable)

£. 02 SAT

qQ. PO2

h. PCO2

i. H+

3. PH

K. S$a02

1, Raae Excess
m, HCO3

n. Temperature

2. If the patient was admitted for a period longer than a week prior to
surgery, then also record any blood gas results obtained in the three
days prior to surgery

Intza-operative Vital Signs
1. Record the following data as entered on the anesthetic record upon
arrival in the OR and immediately following the pump run:
a. Temperature
b. Systolic/diastolic blood pressure
c, Heart rate

d. MAP
e, Ccvp
£. PCWP

Intra-operative Laboratory Results
1. Using the cumulative laboratory result sheets, record the following data
for the entire intra-operative period:

a, WBC l. CREATININE

b. HGB 1, GLUCOSE

c, HCT n. IONIZED CA

d. PLATELET CT o. CA

e. PT pP. PHOSPHATE

L. PTT q. MG

q. NA T, CK

h. K 8. TOTAL PROTEIN

i. co2 t. ALBUMIN

i OSMO u. BUN
Intra-operative Laboratory Results Notes:
1. Transcribe numerical results to the same nunber of decimal places as

shown on the cumulative laboratory sheets

2. Enter the date and time of the laboratory results as giver on the
cumylative gh~: s

3. Note in the TENT culumn "Specimen hemolyzed"™ if so indjicate on sheets

Intra-operative Blod Gas Results

1. Record the following data according to the blood gas requisition forms:
a. Date and time of pblood gas analysis.
b. Ventilator Mode
c. SIMV rate

d. PEEP

e. Fi02

f. 02 SAT

q. PO2

h. PCO2

i. H+

3. PH

K. Sa02

1. Base Excess

m. HCO3

n. Temperature (oC)
2. Record the results obtairied upon the patient's arrival in the OF ard

immediately following the pump run
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H. Post-operative Vital Signs
1. Record the following data as entered on the anesthetic record prior to

the patient leaving the OR:

.. Temperature
b. Systclic/diastolic blood pressure
c. Heart rate
d. MAP
.. cve
f. PCWP
1. Post-operative Laboratory Results
1. Using the cumulative laboratory result sheets, record the following data
for the entire length-ofestay in CVICU:
a. WBC l. CREATININE
b. HGB m. GLUCOSE
c, HCT n. JONIZED CA
q. PLATELET CT o. CA
", PT P PHOSPHATE
f. PTT q. MG
q. NA r. CK
h. K 8. TOTAL PROTEIN
i. co2 t. ALBUMIN
i. QSMO u. BUN

J. Post-operative Blood Gas Results
1. Transcribe the following data according to the white blood gas forms as
recorded on the anesthetic record prior to the patient leaving the OR:
a. Date and time of blood gas analysis.

b. Ventilator Mode
c, SIMY rate
d. PEEP

e, FiQ2

f. 02 SAT

q. PO2

h. pPCO2

i. H+

j. PH

k. 8a02

1. Base Excess
m. HCO3

n. Temperature (oC)
V. SETUP ~ POST~OPERATIVE DATA [(Filename: AUDIT.WKZ]

A. Post-operatjve Physician Orders
Record the following data:
1. Sectjon: I, Nursing Care, Item 5
a, CVP range in mmHg
b. PAD range in mmHgq
c. PAWP range in mmHg
d. LAP range in mmHg
Q. Replacement for Hct levels less than 28
2. Sectjon: 11, VENTILATORY MANAGEMENT, Items 1 and 3
a. Ventilator settings: ¢ FiO2, Effective VT, SIMV frequency, PEEP,
and maximum PIP
b. Weaning protocol: maximum FVC, minimum PO2, and maximum PCO2
3. Section 1J1. I.V.THERAPY, Items 5,6,7,8, and 9
a. Dopamine concentration, minimum MAP, start, minimum, and
maximum rates
b, Dobutamine conc, minimum MAP, start, minimum, and maximum rates
c, Epinephrine conc, minimum MAP, start, minimum, and maximum rates
d. Sodium Nitroprusside conc, max MAP, start, min, and max rates
e. Nitroglycerin conc, max MAP, PADP, and start, min, and max rates
4. Section: IV, PARAMETERS ~ NOTIFY CV RESIDENT FOR Items 3,4,5:,6,7, 17
Q. MAP range in mmHg
b. CVP ranqQe in mmhg
[ PADP range in mmHg

4. PAWF range in mmHg
e, LAP range in mmHg
f. maximum Serum Creatinine level

B. Transfer Physician Orders
3. Section: I. NURSING CARE, Item 1lb
a. Ventilator settings: § Fi02, Effective VT, SIMV frequency, PEEP,
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maximuym PIP
b. Weaning protocol: maximum FVC, minimum PO2, and maximum PCO2
[ Resident call protccol: maximum PCO2 and end tidal COZ
2. Section: IV, PARAMETERS - NOTIFY CV RESIDENT FOR, Items 2,3
a. Heart rate range
b. Systolic pressure range

SETUP - POST-OPERATIVE DATA NOTES:

1. Transcribe numbers as written. Omit any indecipherable data with an
explanatory note.

2. Record the date and time if they are hand-written on the Dectors Orders
sheets, If this information is missing, do not use the addressograph
stamp; leave the fields blank

3. If additional contjnuous jintravenous medications are ordered during the
length-of-stay in CVICU, then transcribe the new medicatjons if
hemodynamic parameters are provided in the Doctors Orders sheets

VI. CARDIOVASCULAR INTENSIVE CARE STAY (Filename: AUDIT.WK3)
A. Post-operative Laboratory Results

1. Using the cumulative laboratory result sheets, record the following data
for the entire length-of-stay in CVICU:

a. WBC 1. CREATININE

b. HGB m. GLUCOQOSE

c. HCT ne JONIZED CA

d. PLATELET CT o. CA

e, PT P PHOSPHATE

f. PTT q. MG

q. NA r. CK

he K 8. TOTAL PROTEIN
i. co2 t. ALBUMIN

. 0SMO u. BUN

Post-operative lLaboratory Results Notes:

1. Transcribe numerical results to the same number of decimal places as
shown on the cumulative sheets

2. Enter the date and time of the laboratory results as given on the
cumulative sheets

3. Note in the TEXT column "Specimen hemolyzed" if so indicate on sheets

B. Post-operative Blood Gas Results
1. Record the following data according to the white blood gas forms for the

entire length-of-stay in CVICU:
a. Date and time of blood gas analysis.
b. Ventilator Mode (if applicable)
c. AC/SIMV rate (if applicable)
d. PEEP (if applicable)
e. FiO2 (if applicaple)

£, 02 SAT

qg. PO2

h. PCO2

i. K+

b PH

k. Sa02

1. Base Excess
m. HCO3

n. Temperature (oT)

c. Respiratory Therapy Ventilation Monitoring
3. Record the following data for the entire length-of-stay in CVICU:
3, Date and time of assessment and ventilaticn changes.
b. Mode
c. SliV rate
d. Effective Vt

e. Peak pressure

f. PEEP

g- Fi02

h. §a02

i. Date and time of extubation

Respiratory Therapy Ventilation Monitoring Notes

1. Reccrd all ventjlator settings when entering Effective Vt and Peak
Pressure

2. Transcribe in the TEXT column all hard-written rnotes that describe the
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ratiorale for ventilator changes,

Jf there is a discrepancy between the r
forms, nurses notes, blood gas teguisiti
record the data found =n the monitoring
(regardless of the source} and note an exp

espiratory therapy monitoring
, and flow xneets, then
ms for all entries

anation in the "TENT™ column

Intake ang Output

1.

2.

3.

4.

Record all intravencus solutions, nascgastric intake, cardiac output
solutions, and oral intake with the volume provided during an one houy
period transcribed on the hour

Record all urine and chest tube output with the volume produced Jduring
an one hour period transcribed on the hour

Record any blood products with administration time and amount (ml),
according to the pre-set code list, as described in the nurses notes and
CVICU flow sheet

Record all Jackson Pratt, hemovac, and hasogastric drainage in the
"OTHER"™ column and transcribe the type of drainage in the "TEXT" column

Continuous Intravenous Medications

1.

2.

3.

Record all continuous intravenous medicaticns, according to the pre-set
codelist, as described in the nurses notes and flow-sheet. Transcribe
the medications on a minute-py-mjnute basis

If provided, record the starting and finishing times for the continuous
intravenous medications, according to the pre-set codelist

If rate changes are inserted into the CVICU flowsheet but are not
recorded in the nurses notes, transcribe the change to the nearest 15
minute interval and record the discrepancy in the "TEXT" column

Nurses Notes

1.
2.

3.

Record the surgical procedure and related diagnoses on the first line of
the TEXT column

Insert "WEIGHT" into TEXT column, record amount (kg) in the "WT" column
according to the time given in the nurses notes

Transcribe the following data:

a. sponge bath, post-operative bath as "bedbath"

b, chest x-ray

C. turning, positioning, and back care as "re-positioned”

d. chest physio

e. all visitors 25 "family"

£. zeroing and calibration of all central and arterial lines

qg. state of consciousness (eg. "restless", "agitated”, "drowsy")

h. elevation of the head of the bed by degrees

i. warming and cooling interventions (eg. "warming blanket",
j. pacemaker (cnly if turned on, do not record settings)

If the text is indecipherable or ambiguous, cornsult the CVICU Clinical
Nursing Unit supervisors for clarification

I1f the patient returns to the OR, then record intra-operative and post-
operative laboratory results, blood gas results, and hemodynamics.
Transcribe the event in the "TEXT" column. Record the patient's return
to CVICU

"fan™)

Medication Records

1.

2.

Using the green medicaticn record, transcribe all medications with
administration times and dosages, according to the pre-set code list,
that were given during the entire length-of-stay in CVICU.

If there is a discrepancy between the medication records and the nurses
notes, then use the time and dosage provided in the medication record.
Ncte an explanation in the "TEXT" column
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APPENDIX D - PROPOSED THERAPEUTIC PROTOCOLS FOR CVICU

Draft Version 1.5
October 8, 1992
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1.0 definitions for high and low values:

1.1 The common parameters used in the proposed protocols include: HR-heart rate, MAP-mean arterial
pressure, Cl-cardiac index, CVP-central venous pressure, PAD-pulmonary arterial diastolic, WP-wedge
pressure, SVRI-systemic vascular resistance index, PVRI-pulmonary vascular resistance index, CT-chest
tube loss, PT-prothrombine, PTT-partial thromboplastin.

1.2 Five parameters are used to form a hemodynamic pattern: HR, MAP, CI, PAD and CVP. Each
partern is labeled as an aberrancy and at least one specific therapeutic intervention can be defined for
each aberrancy. Many of the aberrancies are actually gradations in severity of the same clinical problem.
WP, when available, can be used to validate PAD. In the absence of pulmonary emboli, spasm, edema or
high airway pressure, WP is equal to PAD.

1.3 The therapeutic ranges for MAP, PAD and CVP are defined by the clinician as deemed appropriate
for each CV patient. Acceptable HR and CI are usually hetween 60-120 and 2.2-3.5, respectively. MAP,
PAD and CVP ranges should be tight especially early on post-op. Specifically:

(a) early on, MAP should be around 10-15% below pre-op value, with the absolute low value not usually
below 60 mmHg.

(b) CVP and PAD may need o be higher in the case of post-op cardiac dysfunction compared with pre-op
value and with no cardiac dysfunction.

1.4 For example, for a patient with pre-op MAP of 95 and when leaving the O.R. with MAP of 85, a
therapeutic MAP range of 75-90 would be acceptahle. If the patient is bleeding, you may adjust MAP
down to 70-80 for the next couple of hours. CVP and PAD may bhe set to 8-12.

1.§ Basic assessment is in § minutes interval, i.e. when MAP is low, it means over the last § minutes the
median MAP is below acceptable therapeutic range. This is due to the limitation in the resolution of
existing hemodynamic data obtained from the monitor, which is at one-minute intervals only.

1.6 When parameters are at wamnir.g-low or high levels, they are monitored over the next 10 minutes
before any intervention is to take place.

1.7 When parameters are at alert-low or high levels, they are monitored over the next S minutes before
any intervention is to take place.

1.8 When parameters are at critical-low or high levels, one would intervene immediately without any
further monitoring.

1.9 The interventions for warning, alert and critical levels of a given clinical problem are usually the
game, the difference is only in terms of timing as outlined above, e.g. with alert Jow MAP and CVP, the
intervention is usually to give volume if condition persists over the next S minutes; but with critical low
MAP and CVP one will give volume immediately.
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20

2.1

2.2

23

24

Hypotension associated with absolute hypovolemia due to volume-depletion and/or bleeding:

if

and
and
then

if
and

then

if
and
and
and
and
and
and
and
then

if
and
and
and
and
and
and
and
then

MAP = low
(CVP or WP or PAD) = low
(CT >= 3 mUkg/hr and CT < S ml’kg/hr for 3 hours) or (CT >= 5 mlkg/hr)

condition = active bleeding, hypotension, absolute hypovolemia
test = check for coagulopathy (see 2.2)

therapy = give volume (includes blood products, see section 10.0)
therapy = return to OR

test = check for coagulopathy

condition = active-bleeding

(PT-INR > 0.8) or (PTT > 40) or (platelets < 80000) or
(D-dimer > 2) or (Euglobulin-lysis < 90)

condition = coagulopathy aseociated with bleeding
therapy = treat-for-coagulopathy (see section 10.0)

MAP = Jow

(CVP or WP or PAD) = low

(HR = normal) or (HR = high and VPB < §) or (HR = high and sinus-rhythm present)
(CT >= | m/mrand < 3 mlkg/hr for 3 hours) or (CT >= 3 mlkg/hr and < § mUkg/hr)
(clinical-findings = cool and clammy-extremities and weak-pulse)

(URINE < 0.5 ml/kg/h) or (URINE >= 0.5 ml/kg/hr)

(VO-balance >= -1 litre) or (VO-balance < -1 litre)

trendelenburg-position not possible

condition = absolute-hypovolemia, hypotension, bleeding and/or oliguria
test = check all catheter lines, cuff-pressures and recalibration

test = check for coagulopathy

therapy = give volume

MAP = low

(CVP or WP or PAD) = low

HR = normal or high

CT < | ml/kg/hour

(clinical-findings = cool and clammy-extremities and weak-pulse)
(VO-balance >= -1 litre) or (VO-balance < -1 litre)

(URINE < 0.5 mlkg/hr) or (URINE >= 0.§ mlkg/hr)
trendelenburg-position not possible

condition = absolute-hypovolemia, hypotension and/or oliguria

test = check all catheter lines, cuff-pressures and recalibration
therapy = give volume
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2.5

2.6

27

if

and
and
and
and
and
and
and

and
and
then

MAP = low

HR = low

(CVP or PAD or WP) = normal or low

atrial-wire in place

CT < | mlkg/hour

(I/O-balance >= -] litre) or (VO-balance < -1 litre)
(URINE <« 0.5 mUkg/hr) or (URINE >= 0.5 mlkg/hr)
trendelenburg-position not possible

condition = absolute-hypovolemia, hypotension, bradycardia
test = check all catheter lines, cuff-pressures and recalibration
therapy = atrial pacing

MAP = Jow

HR = low

(CVP or WP or PAD) = low

atrial-wire not in place

CT < | ml/kg/hour

(1/O-balance >= -1 litre) or (I/O-balance < -1 litre)

(URINE < 0.5 mlkg/hr) or (URINE >= 0.5 mlkg/hr)
(preop-medication = negative-chronotrope) or

(diagnosis = heart-block or sinus-node-dysfunction or others)
trendelenburg-position not possible

condition = absolute-hypovolemia, hypotension, bradycardia
test = check all catheter lines, cuff-pressures and recalibration
therapy = give volume

MAP = low

HR = low

(CVP or WP or PAD) = low

strial-wire not in place

CT < | ml/kg/hour

(UO-balance >= -] litre) or (1/0-balance < -1 litre)
(URINE < 0.5 mi/kg/hr) or (URINE >= 0.5 mlkg/hr)
(preop-medication = negative-chronotrope) or
(diagnosis = heart-block or sinus-node-dysfunction)
volume-therapy failed

trendelenburg-position not possible

condition = absolute-hypovolemia, hypotension, bradycardia
therapy = give chronotrope
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28

29

MAP = low

(CVP or WP or PAD) = low

HR = low

CT < | ml/kg/hour

(I/O-balance >= -1 litre) or (1/O-balance < -1 litre)
(URINE < 0.5 mUkg/hr) or (URINE >= 0.5 ml/kg/hr)
atrial-wire not in place

volume-therapy failed

chronotrope-therapy failed

trendelenburg-position not possible

condition = absolute-hypovolemia, hypotension, bradycardia
test = check all catheter lines, cuff-pressures and recalibration

test = do EKG diagnosis

therapy = tum ventricular-pacer on and/or pacing swan catheter

MAP = low

HR = high

(CVP or WP or PAD = low or normal)

(Cl = low) or

(Base or CO2 or pCO2 or H = abnormal) or
(mixed venous O2 Saturation = low)

CT < 1| ml/kg/hour

(/O-balance >= -1 litre) or (/O-balance < -1 litre)
(URINE < 0.5 mlVkg/hr) or (URINE >= 0.5 ml/kg/hr)
> 10 ug/kg/min nipride for at least 3 hours
clinical-findings = no muscle rigidity
trendelenburg-position not possible

condition = suspected cyanide toxicity
test = serum thiocyanide level

therapy = stop nipride therapy

therapy = sodium thiosulfate
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3.0

31

3.2

33

Interpretation of Trendelenburg test when MAP = low and (CVP or WP or PAD) = low

test = trendelenburg position for 3 minutes

HR = low or normal or high

(MARP increases >= 10%) and (MAP = low)

(CVP or PAD or WP increases >= 10% and = low) or
(CVP or PAD or WP stays the same and = low)

CT < | mlkg/hour

(VO-balance >= -1 litre) or (VO-balance < -1 litre)
(URINE < 0.8 mi/kg/hr) or (URINE >= 0.5 ml/kg/hr)
vasodilator not present

condition = hypotension, absolute hypovolemia
therapy = give volume

test = trendelenburg position for 3 minutes

HR = low or normal or high

(MAP increases >= 10%) and (MAP = normal)

(CVP or PAD or WP increases >= 10% and = normal) or
{CVP or PAD or WP stays the same and = normal)

CT < | mlkg/hour

(VO-balance >= -1 litre) or (1/0O-balance < -1 litre)
(URINE < 0.5 mlkg/hr) or (URINE >= 0.5 ml/kg/hr)
vasodilator not present

condition = compensated hypotension and hypovolemia
therapy = none required

test = rendelenburg position for 3 minutes

HR = normal or high

(MAP stays the same or decreased) and (MAP = low)
(CVP or PAD or WP increases >= 10% and = low)
CT < | ml/kg/hour

(/O-balance >= .1 litre) or (I/O-balance < -] litre)
(URINE « 0.5 mlkg/hr) or (URINE >= 0.5 ml/kg/hr)

condition = ventricular-dysfunction, hypotension, absolute-hypovolemia
test = check for tamponade

therapy = give inotrope for cardiac dysfunction or

therapy = strip chest-tube, open chest in ICU cr OR if tamponade
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34

kR

36

test = trendelenburg position for 3 minutes

HR = low

(MAP stays the same or decreased) and (MAP = low)
(CVP or PAD or WP increases >= 10% and = low) or
(CVP or PAD or WP stays the same and = low)

CT < | ml/kg/hour

(VO-balance >= -1 litre) or (/O-balance < -1 litre)
(preop-medication = negative-chronotrope) or
(diagnosis = heart-block or sinus-node-dysfunction or others)
(URINE < 0.5 mVkg/hr) or (URINE >= 0.5 mlkg/hr) or
(BASE or pCO2 or CO2 = abnormal)

conditinn = bradycardia, hypotension, absolute-hypovolemia and/or acidosis
therapy = give chronotrope

test = trendelenburg position for 3 minutes

(MAP increases >= 10%) and (MAP = Jow or normal)

(CVP or PAD or WP increases >= 10%) and (CVP or PAD or WP = low or normal) or
(CVP or PAD or WP stays the same) and (CVP or PAD or WP = low or normal)

HR = normal or high

CT < | ml/kg/hour

(VO-halance >= -1 litre) or (I/O-balance < -1 litre)

(URINE < 0.5 ml/kg/hr) or (URINE >= 0.5 mlkg/hr)

therapy = vasoadilator

(C1 = low) or (BASE or CO2 or H or pCO2 or K or Ca or lonCa = abnormal)

condition = hypovolemia, acidosis, hypotension
therapy = give volume

test = trendelenburg position for 3 minutes

(MAP increases >= 10%) and (MAP = Jow or normal)

(CVP or PAD or WP increases >= 10%) and (CVP or PAD or WP = low or normal) or
(CVP or PAD or WP stays'  wume) and (CVP or PAD or WP = low or normal)

HR = neimal or high

CT < | ml/kg/hour

(1/0-balance >= -1 litre) or (VO-balance < -1 litre)

(URINE < 0.5 mlkg/hr) or (URINE >= 0.5 mUkg/hr)

therapy = vasadilator

(C1=normal) or (BASE and CO2 and H and pCO?2 and K and Ca and lonCa = normal)

condition = hypovolemia, acidosis, hypotension
therapy = reduce vasodilator
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4.0

4.1

4.2

4.3

Hypotension induced-by relative hypovolemia due to arnterial vasodilation:

if

MAP = low

(CVP or WP or PAD) = high or normal

HR = normal or high

SVRI = low or normal

PVRI = normal

C1 = normal or high

(K and Ca and pCO2 and CO2 and Base and H = normal)
clinical-findings = warm extremities and bounding pulse
URINE > 0.5 ml/kg/hour

vasodilators = present

condition = relative-hypovolemia, hypotension, normal cardiac function
test = check all catheter lines, cuff-pressures and recalibration
therapy = reduce vasodilator

MAP = low

(CVP or WP or PAD) = high or normal

HR = normal or high

URINE > 0.5 mlkg/hour

vasadilators = present

(K and Ca and pCO?2 and CO2 and Base and H = normal)
(clinical-findings = warm extremities and bounding pulse)

condition = relative-hypovolemia, hypotension, normal cardiac function
test = check all catheter lines, cuff-pressures and recalibration
therapy = reduce vasodilator

MAP = low

(CVP or WP or PAD) = high

HR = aormal or high

SVRI = low or normal

PVRI = normal

CI = normal or high

(K and Ca and pCO2 and CO2 and Base and H = normal)
clinical-findings = warm extremities and bounding pulse
URINE > 0.5 mVkg/hr

temperature > 38.0

condition = hypotension, normal cardiac function, pyrexia

test = check all catheter lines, cuff-pressures and recalibration, trendelenburg-position
therapy = give vasoconstrictor

therapy = active cooling of temperature
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44

4.5

4.6

if

and
and
and
and

and
and

and
then

if

and
and
and

then

MAP = low

(CVP or WP or PAD) = normal

HR = normal or high

SVRI = low or normal

PVRI = normal

C1 = normal or high

(K and Ca and pCO2 and CO2 and Base and H = normal)
clinical-findings = warm extremities and bounding pulse
URINE > 0.5 mli/kg/hr

temperature > 38.0

condition = hypotension, normal cardiac function, pyrexia

test = check all catheter lines, cuff-pressures and recalibration, trendelenburg-position
therapy = give vasoconstrictor

therapy = active cooling of temperature

therapy = give volume

MAP = low

(CVP or WP or PAD) = high or normal

HR = normal or high

SVRI = low or normal

PVRI = normal

Cl = normal or high

(K and Ca and pCQO2 and CO2 and Base and H = normal)
clinical-findings = warm extremities and bounding pulse
URINE > 0.5 ml/kg/hr

temperature > 38.0

vasodilator present

condition = relative-hypovolemia, hypotension, normal cardiac function, pyrexia

test = check all catheter lines, cuff-pressures and recalibration, trendelenburg-position
therapy = reduce vasodilator

therapy = active cooling of temperature

MAP?P = jow

(CVP or WP or PAD) = high or normal

HR = normal or high

temperature > 38.0

(WBC > 10) or (LOS > 3 days) or

(intravascular lines > 48 hours) or (condition = respiratory or urinary infection)

condition = hypotension, pyrexia, sepsis

test = check all catheter lines, cuff-pressures and recalibration
therapy = active cooling of temperature

therapy = give antibiotics
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47

4.8

if

and
and
and
and

then

MAP = low

(CVP or WP or PAD) = high

HR = normal or high

vasadilators = present

(K or Ca or pCO2 or CO2 or Base or H = abnormal) or

(SVRI = normal or high) or (PVRI = normal or high) or (CI = low)

condition = hypotension, cardiac dysfunction
test = check all catheter lines, cuff-pressures and recalibration
therapy = give inotrope

MAP = ow

(CVP or WP or PAD) = normal

HR = normal or high

vasodilators = present

(X or Ca or pCO2 or CO2 or Base or H = abnormal) or

(SVRI = normal or high) or (PVRI = normal or high) or (C] = low)

condition = hypotension, cardiac dysfunction

test = check all catheter lines, cuff-pressures and recalibration, trendelenburg-position
therapy = give inotrope

therapy = give volume
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Responses to therapy:

if therapy = give volume

and agent = crystalloid for at least 1S minutes

and MAP change after volume therapy < 10% and MAP = low

and (CVP or WP or PAD change after volume therapy < 10% and = low) or

(no CVP and WP and PAD present)
and URINE change after volume therapy < 10%
then
condition = crystalloid-therapy inadequate
therapy = repeat crystalloid-therapy
if therapy = give volume

and agent = colloid for at least 15 minutes

and MAP change after volume therapy < 10% and MAP = low

and (CVP or PW or PAD change after volume therapy < 10% and = low) or
(no CVP and WP and PAD present)

and URINE change after volume therapy < 10%

then
condition = colloid-therapy inadequate
therapy = repeat colloid-therapy

if therapy = give volume

and agent = volume for at least 15 minutes

and MAP = normal

and (CVP or WP or PAD) = normal

and HR = low or normal or (HR = high and sinus-rhythm present)
and CT < 1 ml/kg/hour

and (1’O-balance >= -1 litre) or (O-balance < -1 litre)

and (URINE >= 0.5 ml/kg/hr)

condition = volume-therapy successful
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10.0

10.1

10.2

10.3

10.4

10.5

10.6

Volume Resuscitation Protocols

if
and

and
and
then

if
and
and
and
and
and
and
then

if
and
and
then

therapy = give volume

(HCT within last 12 hours < 27 and HCT within last 12 hours >=24) or
(Hb within last 12 hours < 9 and Hb within last 12 hours >= 8)
ICU-admission since surgery < S hours

autotransfusion-system available

agent = autotransfusion

therapy = give volume

(HCT within last 12 hours < 24) or (Hb within last 12 hours < 8)
ICU-admission since surgery < § hours

autotransfusion-system available

agent = autotransfusion

therapy = give volume

(HCT within last 12 hours < 27 and HCT within last 12 hours >= 24) or
(Hb within lzst 12 hours < 9 and Hb within last 12 hours >= 8)
ICU-admission since surgery >= $ hours

autotransfusion-system not available

agent = crystalloid or colloid

therapy = give volume

(HCT within last 12 hours < 24) or (Hb within last 12 hours < 8)
ICU-admission since surgery >= § hours

autotransfusion-system not available

agent = packed-cells

therapy = give volume

OSM within last 6 hours < 280

weight-gain > 10% admission-weight

condition is not ARDS and COPD

clinical-findings = peripheral edema

(URINE >= | ml/kg/hour) or (URINE < 1 mli/kg/hour)
(VO-balance < -1 litre) or (/O-balance >= -1 litre)

agent = 25% albumin

therapy = give volume
condition is ARDS or COPD
HCT within last 12 hours < 40

agent = packed cells
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10.7

10.8

109

10.10

10.11

if
and
and

and

then

if

and
and
and
and

then

therapy = give volume

(OSM within last 6 hours >= 280) and (OSM within last 6 hours <= 300)
weight-gain < 10% sdmission-weight

(serum Na within last 6 hours >= 135) and (serum Na within last 6 hours <= 150)
(URINE >= | ml/kg/hour) or (URINE < | mlkg/hour)

(/O-balance < -1 litre) or (1/O-balance >= -1 litre)

condition is not ARDS and COPD

crystalloid-therapy not failed

agent = ringers lactate or normal saline

therapy = give volume

(OSM within last 6 hours > 360) or (OSM within last 6 hours < 300)
weight-gain < 10% admission-weight

serum Na within last 6 hours > 150

condition is not ARDS and COPD

crystalloid-therapy not failed

agent = DSW

therapy = give volume

OSM within last 6 hours > 300
weight-gain < 10% admission-weight
terum Na within lasy 6 hours < 13§
condition is not ARDS and COPD
crystalloid-therapy not failed

agent = normal saline or lactate ringers

therapy = give volume

OSM within last 6 hours < 29§

terum Na within last 6 hours < 150
condition is not ARDS and COPD
clinical-findings = edeina or
(weight-gain > 10% admission-weight) or

agent = 25% albumin

therapy = give volume

(OSM within last 6 hours >= 295) and (OSM within last 6 hours < 300)
szrum Na within last 6 hours < 150

condition is not ARDS and COPD

clinical-findings = edema or

(weight-gain > 10% admission-weight) or

agent = 5% albumin
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10.12

10.13

10.13

10.14

10.1§

10.16

10.17

if

and
then

if

and
then

if

and
and
then

if

and
then

if

and
and
then

if

and
and
and
then

if
and

and
then

condition = active-bleeding
PT-INR> 1.8
therapy = treat for coagulopathy

agent = fresh-frozen-plasma
condition = active-bleeding
PT-INR> ].8 and PTT > 40
fibrinogen < 1.§

agent = cryoprecipitate
condition = active-bleeding
PTT > 40

therapy = treat for coagulopathy
agent = protamine S0 mg
condition = active-bleeding
platelets < 40,000

therapy = treat for coagulopathy
agent = platelets

condition = active-bleeding
(diagnosis = liver dysfunction) or (pre-op medication = coumadin)
therapy = treat for coagulopathy

agent = fresh-frozen-plasma and vitamin-K !

condition = active-bleeding

(diagnosis = fibrinolysis) or (D-dimer > 2) or (euglobin-lysis < 90)
fibrinogen = normal

therapy = treat for congulopathy

agent = amicar

condition = active-bleeding

(diagnosis = fibrinolysis) or (D-dimer > 2) or (euglobin-lysis < 90)
fibrinogen = low

therapy = tyeat for coagulopathy

agent = gmicar and cryoprecipitate
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APPENDIX E - EMPIRICAL DRUG-DOSAGE RESPONSE TABLES
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THERAPY DOSAGE HR APSMAP AFD 8VR! PAS PAM PAD PVRICVP WP CI 81 URINE

« lsupral
low <0.1ug/kg/min 2 0 1 4 -1 1 L | £ IS B 1 1 0
madium 0.1-0.Sug/kg/min L N R L IR K N DR R et [ [ - |
high »0.5ug/Mgimin 3 ¢+ 1+ 1 2 2 2 2 2 -2 -2 3 3 2
- Dabutamine
vary-iow 0.5-5ug/kg/min o 0 1 -1 4+ 0 0 o o0 0 0 v 0
low 6-10ug/kg/min o 0 1« 0 -+ 0 0 O o 0 v 2 2 1
magium 11-20ug/kg/min Tt 1 1 1T Y 1 1T Y 1 2 3 3 2
high »20ug/kg/min Tt 2 2 2 2 2 2 2 2 2 2 3 2
- Dopamine
vary-low 0.5-5ug/ug/min T 0 0 O 0 0 o0 o o0 0 v 1 1
low #-10ug/kg/min 1 ¢ ¢ ¢ 1 0 0 0 0 Y v 2 2 2
madium 11-20ug/kg/min 2 2 2 2 2 1 1 1 2 2 3 1 2
high »20ug/kg/min 3 ¥ 3 3 2 2 2 2 2 2 2 2 1
- Epinaphrine
vary-low <0.04ug/kg/min t 0 0 - o 0 0 o o 0 0o 1 0 -1
low 0.04-0.0Bughkg/min 2 0 ¢ 9 T 0o 0 0 06 1 1 2 v A
madium 0.00-0.2ug/kg/min 2 1 1 9 2 1 1 1 1 2 2 2 2 -2
high »0-2ug/kg/min 3 2 2 2 3 2 2 2 2 3 3 2 2 9
ary-low <0.04ug/kg/min 6 1 1 1 1T 1+ 1 0 0 1 ¢+ 0 0 -
o 0.04-0.08ugkg/min 0 2 2 9 2 2 2 ¢ 1 3 2 0 o0 -2
madium 0.08-0.2ug/kg/min 1 3 3 2 3 2 2 2 2 3 2 1 449 2
high »0.2ug/Mg/min 2 3 3 3 3 3 3 3 3 3 1+ 1 3
Phos. inhibitor
-~ Amninone
o <Sug/kg/min o o0 0 0 4 0 0 0 1+ 0 O 1 19 0
madium §15ug/kg/min 1 4 4 9 2 9 1 2 2 2 A
high *16ugikg/min 2 2 2 2 2@ 2 -2 2 2 v 2 2 2 1
- Digoxin
low 1ug/ug/day 4 0 0 O 0o 0 0 0 o 0 0 ¢ 9 0
madium 24uglug/day 2 0 0 O o0 0 0 00 0 v 2 0
high Sughg/day 3 0 0 0 0 0 0 0 6 0 0 1 3 0
CHRONOTYROPE
Anagonigt
- Varapamil 0.05ug/kq or Img 4 1 9 9 2 1 -1 0 0 1 1 1 0
0.1ug/kg or Tmg 2 2 -2 -2 o 2 -2 -2 oD 0o -2 -2 -2 0
- Edrophanium  0.2ug/g 4 0 0 O c 0o o0 0 0o 0 0 -1 - 0
0.5upfg 2 0 0 0 0o 0 0 O o 0o 0 -1 - 0
1.0ug/kg 3 0 0 0 oo 0 0 c 0 0 -1 A 0
- Afraping 20ughg 2 v 1 1 e o0 o0 0 o 1 -1 T 9 0
40up/ig 3 1+ 1 9 0 1 1 0 1 -+ 1 0
- Propranainl 0.09up/kg 0.56mp 4 0 0 O o0 0 0 0 60 0 0 0 0
0.06ugMa 2 4 9 4 11 1 T 1 1 9 1 0
- Lahatalol alpha
bats
ey <0.02ug/g/min 4 06 6 06 1 9 0 3 0 0 o0 -1 -1 0
madium .02-.08ugMig/min 2 1 9 - 2 1 -1 4 14 0 0 2 -2 0
high »0.08ug/kg/min 34 2 2 2 2 4 14 19 4 1 -9 2 -2 0
VASOTROPE
iy <tuglg/min 0 4 1 - 4 9 1 4 0 -1 - LI 0
wdium 1-4ug/g/min 1 2 2 <« 2 1+ 4 4 1 2 2 2 2 0
high >4up/ig/min 1 3 3 3 3 1 14 4 -2 -3 2 2 0
- Mirogivoaring
=y <1 unfg/min o0 o 0O 4 0 0 0 O -4 -4 1 1 0
adium 1-4unfig/min g ¢+ 4 1 -2 9 4 -+ 9 -2 2 2 2 0
high »4ug/kg/min 1 2 2 2 -2 -2 -2 2 2 3 3 2 2 1]
- Nitedipine 8. 0.15mghg
iy 0.0400Bugkgmin 4 ¢ 2 ¢ 2 0 06 O O 1 1 4 O O
masium 0.0002upg/min 4 2 3 2 3 ¢ 1 1 DR TR B B B
high »0.2ug/kg/min 2 3 3 3 3 1+ 1 19 1 2 2 -2 -2 2
ECFV
sy stughg/min 0
medium 1-2ug/g/min 0
high *2ug/kg/min 0
- Cretalioids 4 10 1 ofiact as colloid
- &fhuin 6% if deplated 4 1 1 1 L R | 1
if nat daplated 2 2 0 o
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APPENDIX F - COMPUTATIONAL DRUG-DOSAGE RESPONSE TABLES
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THERAPY DOSAGE
INOTROPE
- lsuprel
ow <0. ugAg/min
<Bug/min
madium 0.1-0.5ug/Xg/min
hgh »0.8ug/Ag/min
- Dobutsmine
very-iow 0.5-Sug/Xg/min
ow 8-10ughg/min
madium 11-20ug/kg/min
high *20ug/ig/min
- Rapamine
vary-lmy 0.5-8un/min
() &-10ug/g/min
madhm 11-20ug/symin

conc log HWR ABPS

8o 2EYNZSecesna

OV ADPRDN Al

a

o9
g8

8838

[ ] R e Y-X.Y-Y-]
-
-

B £&58;

-t A2 DODODDOO

PITT T PPRETPE I P4

assasssaaans
2888588888

288338828 sz2zsrzd

“2ass0D
2888

CTTH

0.12
0.18

APM ABPD SVRI PAPS PAPM PAPD

0.05
0.07
0.00
0.10
0.1
0.1¢
013
0.3
0.14
0.18

0.05
0.01
0.03
0.08
007
0.08
0.10
0.12
0.13
0.14

0.0
0.08
010
0%
0.13
0.13
015

02
0.2
0.8
€30

0.08
0.08
0.0
0.12
0.3
0.13
0.18
0.18
0.2
028
0.30

0.08
0.08
0.10
0.12
0.13
0.13
0.18
0.16
0.2
0.26
0.30

0.05
0.08
0.10
0.12
013
0.3

0.08

0.21

o2

[}

0.08
0.08
0.10
0.12
0.1
0.3
0.5
018
028
[ X14
045

8! URINE
0.05
0.08
0.10
0.12
0.13
0.13
0.18
016 008
028 -0.15
0.y 0
045 -0.30
0.08
0.00
0.12
0.13
015 0.08
o7 007
020 040
gt on
0 0N
025 018
08 018
027 0
020 018
020 019
03t o
03 o
o o
0 0
0 024
036 025
0N 026
03 026
0y 027
03 028
0 028
03 020
03 03
040 00X
040 030
041 0N
041 034
042 032
042 032
043 0N
043 033
04 0¥
044 0¥
048 0235
048 010
000 000
008 008
0t 010
012 012
014 0%
016 018
018 018
020 02
029 02
0or 04
04 02
0 027
0 028
01 0
027 0%
08 0
020 0O
0 o



THERAPY

hgh

- Ephadrine
ow

madum
ngh

- Epinaphrine
very-low

madium

high

£pCatc
very-tww

madium

DOSAGE

>20ughg/min

<i6mg/m!

18-25my/m!
»25mym!

«tug/min

1<4ug/min

§-20ug/min

*30ug/min

<fug/min

14ug/min

$-20ug/min

- - - | - ‘ -
YNSRI s S B onvanevnadaak SEERNISH S33288t833888233388288823828338ag

oDDO
ey

DR DN -

D ol il il ol ot ) D At st ot D D D D e e kb b D D

BRE388383 3382222 2BEE2rRLb2sss bRy

et D i - o D

S
3

040

118

P A e )

b
83 BRkiksiy

S

0.32

DOO00DNNOD0D0D0D
22883388 REs

0.3

099900000000 000¢
c558ssssnicrer

0.41

2
S

0.05
0.2
0.7

028

028
0.30

0.08
0.07

0.08
0.12
0.7

028
028
0.Y0

0.08
007

0.10
0.10
0.1%
0.4
0.12
0192
0.13
0.13
0.1
0.4
0.18
0.15
0.18
024
0.3

0.0%
0.07

0.10
0.10
0.11
0.1

0.08
.92
0.7

038
028
0.30

£.08
0.01
0.02

0.05
0.07

0.10
0.10
0.99
0.1
0.12
0.2
0.1}
0.3
0.1¢
0.14
0.1
0.8
0.18
024
0.30

0.08
0.0
0.02

0.08
007

0.10
0.10
0.11
0.1

207

SVR!I PAPS PAPM PAPD

03¢

0.08
012
0.47

0.8
0.28
0.

0.0%
0.10
0.3
0.14
0.18
0.9
0.22

0.4
0.1
016
0.1
047
0.18
0.1
0.0

0.08
0.1

0.13
0.18

0.05
0.10

0.14
0.1%
0.6

0.08
019

0.1%
0.18

0.08
0.10

0.1¢
0.18
0.1
0.1
0V
0.18
0.10
0.0

0.1
0.1%
0.18

0.08
0.08
0.10

0.13

0.08
0.08
0.10

0.08
0.10
0.13
0.14
0.18
0.19
02

0.08
012
037

028
038
030

0.08
0.10
0.13
0.14
0.16
0.19
o

0.05
0.10
0.13
0.4
0.16
0.18
0.19

oooo090
222828



THERAPY DOSAGE
Ngh »20ug/min
- Narepinaphrine
ug/min
ow 0.04-0.08ug/Xg/min
madium 0.00-0 2ug/kg/min
hgh »0.2ug/kg/min
Phas.inhibliar
- Amrinone
ow <Sug/kg/min
madium - 15ug/kg/min
high »15ug/kg/min
- Digoxin
ng:r <0.2ma/day
madium 24my/day
high »4my/day
CHRONDTROPE
Aansgoniat
- Vgrapamd
iy 0.05yg/g or 3mg
matdium 0.1ug/kg or Tmg
high
-~ Edrophoniim
m
- Afmping
mo
20ugkQ
40ugig
- Propranoin!
m3
- Labstaiol
iy mg/min

SN ennewn -

G‘ﬂ’ﬂ‘““g

88388888

sBB8a3BLKRB BRkE

e -1-1-2-1-1-X-)
-
)

.
-

20ODOO:
238888

0.05
0.3
0.19
024

0.3

0.2
0.4
0.16
0.10

0.25
0.20
0.30

.06

0.05

Q.12
0.14
0.16
€.19

0.25
028
0.30

0.05
0.00
0.11
0.13
0.15

0.08
-0.08
0.12
0.14
0.1%

-0.08

012
0.14
D18
010

-0.28
028
030

0.0
0.00

y 0.13

0.18

0.23
£0.30

0.05
0.00
0.1¢
0.13
0.18
-0.08
.08
0.12
0.14
-0.48

0.05

012
0.4
0.16
0.19

028
0.
0.0

0.05

£0.13
018
0.2
o4n
030

0.0
0.0
0.1%
0.13
0.18

0.08
-0.08
012
0.14
Q.18

SVRI PAPS PAPM PAPD

024
037
028
0.32
0.35
0y
0.30
0.41
0.42
0.8
045

0.08
0.1¢
0.1¢
0.18

0.08
0.08
0.12
0.14
0.15

0.05

208

0.12
0.1¢
0.18
0.19
021
0.3
025
027
027
020
0.30

0.08
0.14
0.1¢
0.18
02
025
o
0.36
040
045

-0.08

012
.14
0.18
0.19

0.25
028
0.30

-0.08
0.00
AL
0.18
L0

€30

0.05
-0.08
018

0.08
0.08
0.12
0.14
0.18

0.1
0.14
0.16
0.19
021
0.3
(3]
027
o
0N
0.%0

0.08
0.4
0.14
0.18
0.21
025
oM
0.38
040
045

0.05

012
0.14
0.16
€0.19

025
0.28
-0.30

-0.08
-0.09
418

0.08
0.08
0.12
0.14
0.1%

0.12
0.14
0.18
0.19
021
on
025
027
027
0.0
0.3

0.08

012
0.4
016
0.10

025
0.28
0.30

0.0%
-0.00
0.13
0.1%

023
0.3

008
015
0.08
0.12

0.14
0.18

PVRI
0.2
0.4
0.18
0.19
0.21

025
o
027

0.05%
0.08
0.12
0.14
018

cwp
034
027
028
0.32
0.3%
0.y
0.30
0.4
042
0.8
048

008
-0.08
0.08

0.10
0.10
0.12
013
0.4
-0.18

005

o1
013
018

0.08
0.08
012
0.14
Q.18

we
024
027
028
0.32
0.38
0.37
0.3¢
0.4
042
0.8
045

0.08
0.1¢
0.14
0.16
0.21
0.2%
0.3
0.36
0.40
048

-0.08

0.12
0.4
018
.19
Q2
025
026
.30

-0.05
.00
€13
018
020

0.9

.05
-0.09
011
013
0.18

0.05
0.08
0.12
0.14
0.1%

[
0.25
0.26
026
027
07

.05

018

0.0
0.00
013
.18
0.20

€30

0.0%
a1
0.14
0.4
0.18%

0.0%
0.0
0.11
013
018

008
.08
0.12
0.4
Q.18

-0.0%

St URINE

024
027
0.28
0.3
035
0.3
0.3
041
042
4.6
045

Q.08
oM
0.4
0.18
0.2¢
0.0
038
038
04
045

0.1%
0.1%
018
0.18
0.5
0.1%
0.1%
0.15
0.18
0.16



ngh
- Nirogiycerine
ow

madium

high
-Niropaste

- Nigdipine

- Fhenylaphrine
iy
madium

high

ECFV

- gk
o
madium
gh

- Crystofolds

- Abumin 5%

<tughg/mn

1-4ughg/min

>4ughg/min

«tug/kg/min

14ughg/min

»dug/g/mn
14ug

Po-m

0.04-0.08ug/kg/min

0.09-0.2ug/kg/min
20 2ug/kg/min

<10mgy/m
10-20my/m!

»20mg/mi

1060 ™
RO m
250 m
S00 m
750 mi
1000 m

100 m

WV v w-

S
Prenabuedsloboad-

Bl Soanevmnsnrawen

)
NODREWa

gE283suyuasa

100

Wass224D <2<4000DD ==
*>883888 $8

N WNNNNN L s sl
8 BE33823&8s58=83

HR ABPS APMABPD SVRIPAPSPAPM PAPD PVRI CVP WP CI

0.7
00
€038
041
245

0.08
0.18
0
2.3

0.05
0.18
020
024
-

-OM
0.5

D4
27

0.08
0.1
D18

0.05
0.15
025
0.3

030
0.48

005 005
0.16 0.18
024 024
£330 0.3

43 4.9

bbbbdbbLS
t 133 21 343
bbbbbddbd
siggeRes
506L L5OLHLLHHES

0.05 0.08
018 018
€20 0.0
024 0.

021 07
0.3 0.3
005 0.08
015 D98
020 020
034 024
027 027
0.3 030
£0.08 0.08
011 011
018 0.8

0.08
0.1%
026
o
0.38
030
045

019
0.2
02
028
0.

2 S38g<gxes

- -
DOM

0.15

0.08
.00
0.13
0.18

bbb

bobbdHLS

PR RV RTSTR DSy
PBBANNVA - -

0.08
Q.15
€20
024
237
4.
0.08
.18
020
€34
0.27

0.08

£.11
0.18

0.91
0.18

£.08
-0.00
£.13
.18

SOEOLLALLLL0060808!
sizzz3223338822233

0.05
£.00
0.13
0.15

0.08
0.18

024
227

0.08
0.18

424
Q27

.08

411
018

0.08

0.19
0.1%

0.05
000
<£.13
0.18

-0.08
0.1%
-0.18

0.05
L/AL]
0.15

0.13
<20
024
Q.28
€30

8! URINE

0.13
0.20
0.24
028
0.30

Q.08
0.13
0.10
0.3



6 WR ABPS APMABPD SVRIPAPSPAPM PAPD PVRI CVP WP C! 8! URINE

DOSAGE ocone
200 m 200 230 021 021 021 021 021 021 021 02* 02
xw": ﬁ :—;g 3%: gg gg: gg; 024 024 02¢ 024 024
2 - . . - 030 030 0. . ;
- Abumin 25% 0 0% 0%
LR g 3381293 13
30 0. 30 030 0. 030 030 030 O. !
- Packed Cols 003
100 m 100 200 010 010 010 0.10 010 010 090 040 0.10
200m 00 230 013 013 0143 093 013 013 013 013 013
300 m WO 248 015 095 045 0.5 015 015 015 018 018
400m @0 260 017 047 0.7 OV7 0.17 017 047 047 097
#FP §00 m 800 270 020 020 020 020 020 020 020 020 020
100m 1000 200 010 010 010 090 010 090 010 0490 0.50
N00m W/ 230 D13 013 013 093 013 013 013 093 03
nem WO 248 015 045 048 045 015 048 048 048 018
400 m 400 280 047 047 047 0OV7 017 047 047 047 O.W7
800w 80 270 020 0320 00 020 020 020 020 020 020
~Auistranghiinn
100m 100 200 010 010 090 090 010 010 040 090 0.10
00m 00 23 013 043 013 093 013 013 013 01} 00)
00 m 00 248 015 095 0.8 0.18 018 048 018 0418 098
400 mi 40 280 047 0417 07 OVY 0497 097 047 047 007
§00 mi 800 270 020 020 020 020 020 020 030 020 020
= Lower Limb Eisvation 010 010 010 0.0 010 010 010 090 000
ANTIARRHYTHMICS
Aratytium
o <amymi 1 000
madium 2-5my/ ¢ 030 Q05 005 006 008 005 008
§ 048 010 0.0 090 010 0.07 008
4 080 013 013 04 O3 0.08 0.10
§ 070 048 0.16 -0.18 0.18 0.00 012
high »Smg/ml 6 078 018 018 018 018 0.10 0.3
7T 0485 020 020 020 020 0.99 0.4
8 000 03 030 0¥ 030 018 020
-Yylincaine
] omg/mi 1 000
madium &-5mg/m! 2 030 005 005 005 -0.05 0.05 0.08
3 048 010 090 010 010 0.07 008
4 080 H13 013 01 00 00a 010
§ 070 016 018 018 -0.16 000 012
high *»Emg/mi ¢ 078 018 018 018 0.8 010 0.9}
7 0485 020 020 020 G20 0.11 0.94
¢ 000 030 03 0¥ VX 0.15 020
Pracgngmite
o «2mgy/m) 1 000
madium &-Sma/mi 2 0% 005 005 005 00§ 005 008
3 048 012 012 0.12 012 007 Q08
4 060 005 018 018 018 018 008 0.10
8§ 070 008 0.2 02 02 02 000 012
high »&ma/ml 6§ 078 041 0235 025 025 025 010 013
7 085 093 28 028 020 H28 011 0.4
8§ 000 01§ 03 03 N 00 018 020
icaianenus Madingtiong
- Alvan.orerepamal Mg 2 030 005 008 008 008
4 080 D00 000 000 00D
¢ 078 012 012 012 N2
§ 08D 014 014 D4 D4
10 100 D18 D18 D18 D95
- tsmhine m 2 03 008 005 005 008
¢ 080 000 000 000 000
8 078 012 012 012 012
8 080 014 04 D14 016
10 100 015 Q.18 0195 01§

- Uidazolam mg/ml 0.30 005 -0.05 0.05 -0.05
0.78 012 012 012 012
00 0.14 D14 014 D4
100 015 -0.15 015 -0.15
70 005 005 008 -0.05
00 0.12 612 012 0.12
AD -0.19 019 019 -0.10
48
60

-

- Liprum my

X F-% B ¥ %)
o
8

-

023 00 0B 0N
026 026 026 026

888

210



Cardiac Drugs
- Gaptopré

-
-2 % F X '}

0.30

peseeD
S88a83

.28
0.30
0.0%
0.1%
020
0.24
027
0.3

005

012
0.14
0185

0.05
0

0.10
0.18

028
£.30
008
018
020
024
027
0.3

0.0%

012
Q.14
018

.05
0.13
£.18
019

0.30

028 0

0.3
008
01§
020
024
227
0.3

0.08

0.12
0.1¢
0.18

0.05
013
0.18
0.9

0.0

0.3
0.05
0.15
020
024
Q7
0.30

008

012
0.1¢
0.18

0.05
0.1}
0.16
0.1

0.30

AR

HR ABPS WAB;I.) SVRIPAPSPAPM PAPD PVRI CVP WP CI 81 URINE

£.08

£.43 005 005 005 005 005 005 005 0.05
©0.46 007 007 007 007 007 007 007 007
.19 000 000 600 000 -0.00 000 000 D00
022 010 010 010 010 010 010 0.0 0.10
030 0.15 015 045 0156 018 015 0.5 0.8



APPENDIX G - REVERSE PROTOCOLS

212



1.2

1.3

114

1.8

1.6

1197

if
then

if
then

if
then

if
then

agent = packed cells

(HCT within last 12 hours < 24) or (HB within last 12 hours < 8)
ICU-admission since surgery > S hours

agent = packed cells

(HCT within last 12 hours < 24) or (HB within last 12 hours < 8)
JCU-admission since surgery <= S hours

agent = ringers lactate or normal saline

(OSM within last 6 hours >= 280) and (OSM within last 6 hours <= 300)
weight-gain < 10% admission-weight

(serum Na within last 6 hours >= 135) and (serum Na within last 6 hours <= 150)
(URINE >= | ml/kg/hour) or (URINE < | mi/kg/hour)

(I/O-balance < -1 litre) or (1/O-balance >= -1 litre)

condition is not ARDS and COPD

crystalloid-therapy not failed

agent = DSW

(OSM within last 6 hours > 300) or (OSM within last 6 hours < 300)
weight-gain < 10% admission-weight

serum Na within last 6 hours > 150

condition is not ARDS and COPD

crystalioid-therapy not failed

agent = 25% albumin

OSM within last 6 hours < 29§
eerum Na within last 6 hours < 150
condition is not ARDS and COPD

agent = §% albumin

(OSM within last 6 hours >= 295) and (OSM within last 6 hours < 300)
garum Na within last 6 hours < 150

condition is not ARDS and COPD

(clinical-findings = edema) or (weight-gain > 10% admission-weight)
agent = fresh-frozen-plasma

condition = active-bleeding
PT-INR> 1.8
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11.8

1.9

11.10

nn

112

11.13

114

if
then

if
then

if
then

if
then

if
then

if

if
then

agent = protamine

condition = active-bleeding
PTT>40

agent = platelets

condition = active-bleeding
platelets < 40,000

agent = fresh-frozen-plasma and vitamin-K |

condition = active-bleeding

(diagnosis = liver dysfunction) or (pre-op medication = coumadin)
agent = amicar

condition = active-bleeding

(diagnosis = fibrinolysis) or (D-dimer > 2) or (euglobin-lysis < 90)
fibrinogen = normal

agent = amicar and cryoprecipitate

condition = active-bleeding

(diagnosis = fibrinolysis) or (D-dimer > 2) or (euglobin-lysis < 90)
fibrinogen < 1.§

agent = crystalloid or colloid

condition = hypovolemia or hypotension

agent = cryoprecipitate
condition = active-bleeding

PT>18and PTT >40
and fibrinogen < 1.§

214



APPENDIX H - TECHNICAL DESCRIPTION OF THE PROTOTYPE

215



DETAILED TECHNICAL DESCRIPTION OF THE PROTOTYPFE

A detailed technical description of the prototype is described in this Appendix. Features

ocovered are: the technology platiorm; the patient data base; the knowledge base for diagnosis: the
knowledge base for therapeutic management; the model base; the control knowledge.

TECHNOLOGY PLATFORM

The technology platiorm describes the hardware, software and network communication

resources used in the study.
Wardware

The prototype was developed on a Unix-based SUN workstation, model ELC-2, with 24
Megabytes (MB) main memory and 400 MB disk storage capacity.

A Hewlett-Packard Unix-based workstation, madel 8000 series 300, with 16 MB main memory
and 600 MB disk capacity was used 1o maintain the patient data files.

A DOS-based, deskiop 80286-PC with 2 MB main memory and 40 MB disk storage was used
to collect the patient hemadynamic data from the monitors.

A laptop 80286-PC with 1 MB main memory and 20 MB disk storage capacity was used by the
research nurse to collect the patient's clinical data during the chan review process.

A DOS-based 80286-PC file server was used as the physical medium to transport the data
collacted from the monitors an the desictop PC to the Unix machine.

The commercial Hewleti-Packard (HP) Patient Data Management System (PDMS) model

78502A running on the desidop 80286-PC was used to exiract the hemodynamic data from

the physiologic monitors in the CVICU.

Lotus-123 spraadshest version 3.0 was used to callect the clinical data from the madical charis

onto the laptep computer.

Novell version 2.15 was the natwork operating system used on the PC file server, where a

MICOM TCPA? gateway sofiware allows the transfer of data to the Unix worlstations.

A PC-based statistical package called Numerical Cruncher Statistical System (NCSS) was

useg for the analysis of the resulis.

The software davelopment anvironment on the SUN workstation consists of:

- Motit X-Window Manager on the SUN Berkerly Unix C-shell operating system

- SUN-based C programming language compiler for low-lavel data manipulation

- Commercial expert systern shell known as Automated Reasoning Taol for Information
Management (ARTIM) from Inference Comporation to davelop the prototype
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Communications

The physiologic monitors in the CVICU are connected vis a local network that can be
accessed using the Carepont. The Careport is & communication device used to store
hemodynamic data collected from the monitors for up to 24 hours in an electronic buffer.

The stored hamodynamic data from the buffer can be extracted with the data-save function in
the PDMS as ASCIl text files onto the desktop PC via a RS-423 serial communication link.

The SUN workstation is connected to the HP-8000 workstation via a hospital-wide ethemet
network, which allowad the HP 1o be used for storing the patient data files.

The athamet aliows the hamodynamic data 1o be transmitted from the PC file server to the HP
workstation by using the MICOM TCP/IP communications software package.

The deskiop PC where the PDMS resides is connected to the PC file server via a Novell
ARCNaet natwork, which ailows data collected from the Carepon to be stored on the central file
sorver bafore being transmitted to the HP.

The clinical data collscted with the Lotus spreadshest on the laptop PC were first transferred to
the desktop PC as exported text files, and then transmitted to the HP via the same route.

The SUN workstation is connscted to the University Computing Science Depariment via
intemet that allows routine system backup to he performed on the workstation.

A configuration of the technical environment is shown balow.

Laptop for
data collection

Workstaticn ~ Gateway
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PATIENT DATA
There are two categories of patient data. The first inciudes patient data read from extemal data

files, i.0. hemodynamics, laboratory data and therapeutic imterventions. The second are the

interpretations, alents, critiques and recommendations created intemally by the system during the

reasoning process. inemally, the data are distinguished as: the patient's clinical states; the

hemoadynamics and their trend; all curent and immadiate-past laboratory; blood gas and intake-

output data; as well as all of the historical data, imterpretations, interventions, recommendations

and critiques. The different data types are brisfly describad below.

Pationt States

» There are five distinct patian states: pravious; curant; predicted. proposed; optimal.

¢ Initially, only the optimal state exists, storing the tamget ranges pre-defined by the physician. As
the patient data are pmcussed, the ramaining states would be created and updated over time.

o Each state contains the physiologic pattems for the hemodynamics and trends, laboratory,
blood gases, intake-output and coagulation factors, and the clinical conditions identified.

o The states store the patient's physiologic pattems, which are matched to the intervention
sirategies and condition names (for display purposes).

o Examples of the current and optimal states are shown below. The patiem values and
conditions represent the patient state at a given time instant. The optima! state contains the
customized target range values for 8 patient spacified by the axper physician.

(defschema curvent-state

(is-a state)

(physiology-abg 44044)

(physiolagy-coag 44444)

(physiology-hemo 53020)

(physiology-hemo-trand §3030)

(physiology-io 444444)

(condition (moderate hypovolemia)(mild tachycardia)(moderate hypotension)
(maderate raduced-filling-pressuras)(mildly decreasing-filling-pressure)
(mildly increasing-hean-rate)(mildly decraasing-mean-arerial-prassure)
(normal acid-base-balance)(normal io-balance)(normal cagulation)))

(defscherna optimal-state
(APBM 70 88)
(HR 60 120)
(Cl 26 34
(CvP 10 14)
(PAPD 10 14))
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inermediate states store the resulls of the computed difference in hemodynamic values and
net-scores between two patient states. The results are used to determine the extent of
daviation one state has over ancther in evaluating the intervention's effectiveness.

Only a subset of the hemodynamic and imake-output data used for decision-making is
inckided 10 compute the state difference.

Six imermediate state schemas are present: predicted-from-optimal-state; predicted-from-
proposed-state;  proposed-from-optimal-state;  curent-from-optimal-state;  previous-from-
optimal-state; curram-from-pravious-state.

An example of the current-from-optimal-state is shown below. Each parameter has two values
occuming as a sequence (in brackets); the first number is the actual difference, the second
being the normalized difference in percent. Parameters with (NIL. NiL) have no actual values.
NET-DIFF is the net-cifferance score; the first number is the raw net-score, the sscond
normalized 1o the number of paramaters present (cumently just set to the same value as the
raw net-score).

(DEFSCHEMA CURRENT-FROM-OPTIMAL-STATE
(ABPD (0 0))
(ABPM (8 9))
(ABPS (64 45))

(Cl (NIL NIL))
(CT(NILNIL)
(CT-3HRS (0 0))
(CVP (NIL NIL))
(HR (0 0)
(10-BALANCE (0 0))
(NET-DIFF (54 54))
(PAPD (0 0))
(PAPM (0 0))
(PARD (0 0))
(PAWP (NIL NIL))
(PVYRI (NIL NIL))

(S| (NIL NIL))

(SVRI (NIL NIL))
(URINE (0 0)
(URINE-4HRS (0 0))
(WT (0 0))

Hemadynamics and Trends

The hemodynamic data read from the extamal data file are storad in a schema called current-
hemadynamics. Interpretation and exponential smaothing are applied to the data and the
rasulis are storad in the same schema.
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Each hemodynamic parameter occupies a8 multi-value siot within the schema, storing for each
time point its value, pattem-digit-code, smoothing-average and trend-pattem-digit-code.

As a now set of hemodynamic data is read. the previous hemodynamic data set is moved 1o
another schema called the previous-hemodynamics for comparison.

An example of the current-hemodynamics is shown below. Each parameter slot contains &
sequence of 7 values: current value; moving average; exponential smoothing average; cument
pattem digit code; pradicted pattem digit code; predicted vaiue based on linaar-regression;
duration inerval for prediction. Moving average, pradicted value and duration interval are not
used at present.

(DEFSCHEMA CURRENT-HEMODYNAMICS
(18-A CURRENT-STATE STATE)
(ABPD (68 AVERAGE 59 4 5 88 DURATION))
(ABPM (93 AVERAGE 85 5 5 113 DURATION))
(ABPS (172 AVERAGE 154 6 4 216 DURATION))
(BSA (NIL. AVERAGE SMOOTHED CODE TREND PREDICT DURATION))
(BTEMP (NIL. AVERAGE SMOQTHED CODE TREND PREDICT DURATION))
(C! (NI AVERAGE SMOOTHED CODE TREND PREDICT DURATION))
(CO (NI AVERAGE SMOOTHED CODE TREND PREDICT DURATION))
(CONDITION (MILD HYPERTENSION) (NORMAL 10-BALANCE))
(CVP (NIL AVERAGE SMOOTHED CODE TREND PREDICT DURATION))
(HR (100 AVERAGE 111 4 4 103 DURATION))
(HT (NIL AVERAGE 180 CODE TREND PREDICT DURATION))
(LCW (NIL. AVERAGE 5.7 CODE TREND PREDICT DURATION))
(LCWI (NIL AVERAGE 2.6 CODE TREND PREDRICT DURATION))
(LVSW (NIL AVERAGE 81 CODE TREND PREDICT DURATION))
(LVSWI (NI AVERAGE 23.6 CODE TREND PREDICT DURATION))
(PAPD (12 AVERAGE 13 4 4 12 DURATION))
(PAPM (17 AVERAGE 17 4 4 18 DURATION))
(PAPS (22 AVERAGE 22 4 4 23 DURATION))
(PAWP (NIL AVERAGE SMOOTHED CODE TREND PREDICT DURATION))
(PULSE (NI AVERAGE SMOOTHED CODE TREND PREDICT DURATION))
(PVR (NI AVERAGE SMOOTHED CODE TREND PREDICT DURATION))
(PVRI (NIl. AVERAGE SMOOTHED CODE TREND PREDICT DURATION))
(RAP (NI AVERAGE SMOOTHED CODE TREND PREDICT DURATION))
(RCW (NI AVERAGE SMOOTHED CODE TREND PREDICT DURATION))
(RCW! (NIL. AVERAGE 0.83 CODE TREND PREDICT DURATION))
(RESP (NIL. AVERAGE SMOOTHED CODE TREND PREDICT DURATION))
(RVSW (NI.. AVERAGE SMOQOTHED CODE TREND PREDICT DURATION))
(RVSWI (NIL AVERAGE SMOOTHED CODE TREND PREDICT DURATION))
(8! (NI. AVERAGE SMOOTHED CODE TREND PREDICT DURATION))
(8V (NIl. AVERAGE SMOOTHED CODE TREND PREDICT DURATION))
(SVR (NIL. AVERAGE SMOOTHED CODE TREND PREDICT DURATION))
(SVRI (NI AVERAGE SMOOTHED CODE TREND PREDICT DURATION))
(TEMP (NIL AVERAGE SMOOTHED CODE TREND PREDICT DURATION))
(VPB (0 AVERAGE 0 4 7 0 DURATION))
(WT (NI AVERAGE SMOOTHED CODE TREND PREDICT DURATION))




Laborstory, Blood Gases, Fiuld VO

The laboratory and biood gas data are stored in the curent-laboratory and curent-bloodgas
schemas, respectively. After the current time has passed, the laboratory and blood gas results
are immedistely moved over 1o the "previous” counterpans for storage and comparison.

Examples of the previous-laboralory and previous-bloodgas schemas are shown below. Each
parameter slot contains a sequence with 3 values: actual vaiue; pattem digit code; predicted
value (not used at prasent).

(DEFSCHEMA PREVIOUS-LABORATORY

(IS-A PREVIOUS-STATE STATE)
(ABNORMALITY-ABG 43200)
(ABNORMALITY-COAG 34744)
(ABNORMAL ITY-HEMO 45040)

(ABNORMALITY-HEMO-TREND 45040)

(ABNORMALITV-IO 444444)
(ABNORMALITY-LAB 32224)
(ACT (NIL. 0 PREDICT))
(ALB (30 3 PREDICT))
(BUN (4.7 4 PREDICT))
(CA (2.21 4 PREDICT))
(CL (111 7 PREDICT))
(CO2 (18.5 2 PREDICT))
(CREAT (86 2 PREDICT))
(DIGOX (NIL. 0 PREDICT))
(GLU (7.8 4 PREDICT))
(HB (0.5 4 PREDICT))
(HCT {27 3 PREDICT))
(JONCA (1.19 3 PREDICT))
(K (3.5 2 PREDICT))

(MG (0.85 2 PREDICT))
(NA (141 4 PREDICT))
(OSM (288 4 PREDICT))
(PHOS (1.03 4 PREDICT))
(PLY (138 4 PREDICT))
(PT (1.9 7 PREDICT))
(PTT (32.9 4 PREDICT))
(TPRO (NIL. 0 PREDICT))
(WBC (9.7 4 PREDICT)))

(DEFSCHEMA PREVIOUS-BLOODGASES

(1S-A PREVIOUS-STATE STATE)
(BASE (-2 4 PREDICT))

(H (34 3 PREDICT))

(HCO3 (NIL 0))

(PCO2 (29 2 PREDICT))

(PH (NIL 0))

(PO2 (111 R PREDICT))

(SAO2 (98 4 PREDICT)))
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intake-output are recorded on the hour only, and all newly arrived data are interpreted and
stored in the patient-io schema.

The patiet's cumulative intake-output balance in terms of total fluid intake, blood products
received, urine and CT output, and net |0 balance are all computed and recorded in another
schema called the patient-cumulative-io.

The two i/o schemas are used to determine the volume status of the patient and are shown
below. Each parameter siot in the patient-io schema contains a sequence of 3 values: actual
value; pattem digit code; predicted value (not used at present); in patient-cumulative-io, only
the actual value is stored in each siot.

(DEFSCHEMA PATIENT-IO
(CT (34 PREDICT))
(CT-3HRS (3 4 PREDICT))
(1O-BALANCE (0 4 PREDICT))
(URINE (11.14840681528662 4 PREDICT))
(URINE-4HRS (3.715408038428875 4 PREDICT))
(WT (0 4 PREDICT))

(DEFSCHEMA PATIENT-CUMULATIVE-IO
(BALANCE-BLOOD -270)
(BALANCE-FLUID -30)
(BALANCE-TOTAL -300)
(BLOOD-IN 0)

(BLOOD-OUT 270)

(CY 270)

(CURRENT-WEIGHT 84.2)
(EFFECT-DATE-BAL 04-JUL-91)
(EFFECT-DATE-IN 04-JUL-81)
(EFFECT-DATE-QUT 04-JUL-91)
(EFFECT-SECS-BAL 678661200)
(EFFECT-SECS-IN 678661380)
(EFFECT-SECS-OUT 678661200)
(EFFECT-TIME-BAL 1500)
(EFFECT-TIME-IN 1503)
(EFFECT-TIME-OUT 1500)
(INITIAL-HOUR 1801 2000)
(INITIAL-WEIGHT 84.2)

(IV 280)

(OTHER-IN 40)

(OTHFER-OUT 0)

(TOTAL-INPUT 320)
(TOTAL-OUTRUT 620)

(URINE 360

(WT 0))




Historical Data

At the end of each cycle, all previous data are stripped down and moved over 1o the history
schemas; these include hemodynamics, laboratory and blood gas data, intake-output,
conditions and interventions. Only the median value and the time period are retained.

At every 24-hour interval, the patient-cumulative-io schema for keeping track of the intake-
output is archived and a new one created for the naw 24-hour period.

Historical data are retained for: trend calculation for the hemodynamics; retrisving the last
laboratory results for PT, OSM, Na neaded in protocol evaluation.

Because of mamory size limitations, only the most recent two-hours of the hemadynamic data
waera kep! in the history-hamodynamics schema.

Iinterpretations

For every physiologic pattem constructed from the patient data. an interpretation is done to
match # 10 one or more known clinical conditions.

Each known condition maiched is stored in 8 new condition schema with & unique key for
subsequent retriaval; this allows the tracking of the patient's conditions over time and matching
them 1o the interventions.

Liue to memory limitations, only those conditions within the last hour were retained.

An example condition schema is shown below. Three siols contain schema names as
pointers: physiolagy-pattem, condition-name and intervention-schema. The condition may
point o a specific imervention-nr, which is uniquely assigned for each intervention. The status
slot is initially "active” and updated 10 "complete” once the patiem is no longer prasent in the
curvent state. The bagin<ate-time and end-date-time are aiso updated when initially created
and whan the patiem is no longer aclive, respactively.

(DEFSCHEMA CONDITION-EVENT--346
(INSTANCE-OF CONDITION-EVENT)
(PHYSIOLOGY-PATTERN PHYSIOLOGY-H-43030)
(PHYSIOLOGY-TYPE HEMOQ)
(BEGIN-DATE-TIME ( 4-JUL-81 1436))
(COMMERNT)

(CONDITION (MILD HYPOTENSION))
(CONDITION-NAME MILD-HYPOTENSION)
(CONDITION-NR 7)

(ELAPSED-TIME 10)

(END-DATE-TIME (04~JUL-81 1451))
(INTERVENTION-NR)
(INTERVENTION-SCHEMA)

(PATIENT-ID p10128920)
(RESOLVED-DATE-TIME (04-~JUL-91 1458))
(STATUS COMPLETED))




inmerventions

o There are two types of interventions: actual, proposed. Both share the same schema structure.

o For each intervention schema, one or more critiques and comments are included where
appropriate through the critiquing step.

e An example of an imtervention schema is shown below. The instance-of slot determines
whether the inervention is actual or proposed. For proposed, the value is proposed-
imervention-event.

(DEFSCHEMA INTERVENTION-EVENT-214
(INSTANCE-OF INTERVENTION-EVENT)
(PHYSIOLOGY-PATTERN)
(PHYSIOLOGY-TYPE)

(AGENT NITROGLYCERINE)
(ASSESS-CRITIQUE)

(ASSESS-DATE-TIME ( 4-JUL-81 1410))
(ASSESS-RECORD)

(ASSESS-SECS 678858200)

(COMMENT)

(CONDITION)

(CRITIQUE-SCHEMA CRITIQUE-EVENT--227)
(CTLOG-NR 41120)

(DOSAGE 1)

(DOSE-CHANGE)

(DURATION-DATE-TIME ( 4-JUL-81 1355))
(DURATION-SECS 678657300)
(FREQUENCY)

(INTERPRETATION-NR)
(INTERVENTION-NAME NITROGLYCERINE)
(INTERVENTION-NR 3)
(MAXEFFECT-DATE-TIME ( 4-JUL-91 1357))
(MAXEFFECT-SECS 6786567420)
(ONSET-DATE-TIME ( 4-JUL-91 1357))
(ONSET-SECS 678657420)
(OTHER-CRITIQUE CRITIQUE-EVENT--394)
(PATIENT-ID p10128024)
(PRINTED-ALREADY)
(PRINTED-SUMMARY)
(RESIDUAL-DATE-TIME)
(RESIDUAL-SECS)

(RESOLLUITION)

(REVERSE-CRITIQUE)

(ROUTE CIV)

(RX-NR 3)

(SCHEDULE)

(START-DATE-TIME (04-JUL-91 13585))
(START-SECS 678657300)

(STATUS ACTIVE)

(STOP-DATE-TIME (05-JUL-91 1300))
(STOR-SECS 678740400)

(STRENGTH "ug/min)
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* Selactions are schemas used to keep track of all active and inactive agents, tests, conditions
and any instituted or proposed changes in the interventions for the patient at a given time. it
reduces the need 10 continually ook up svery condition and intervention schema.

o Two such schemas are used: patient-selsctions; proposed-selections. Examplas of the two
schemas are shown below. The siots added, changed and deleted in both schemas are used
during each cycle to determine if there has been any changes in the interventions instituted or
proposed. Agents no longer active ars moved from the active-agent siot 1o the inactive-agent
siot at the end of each cycle. All agents pending bacome active if the dateAime match the
current dateAime.

(DEFSCHEMA PATIENT-SELECTIONS

(ACTIVE-AGENT (INTERVENTION-EVENT-213 DOPAMINE 8.5 "ug/hg/min®)
(INTERVENTION-EVENT-214 NITROGLYCERINE 1 "ug/min™)

(ACTIVE-CONDITION CONDITION-EVENT-408 CONDITION-EVENT-429)

(ADDED (INTERVENTION-EVENT-235 NIPRIDE 0 §))

(CHANGED)

(DELETED (INTERVENTION-EVENT-228 KCL 30 0)
(INTERVENTION-EVENT--228 CACL2 1000 0))

(HISTORY-AGENT (INTERVENTION-EVENT--212 EPINEPHRINE 2 "ug/min”)
(INTERVENTION-EVENT-215 AMICAR § MG)
(INTERVENTION-EVENT-216 PROTAMINE 80 "mg")

(INACTIVE-AGENT (INTERVENTION-EVENT-212 EPINEPHRINE 2 "ug/min”)
(INTERVENTION-EVENT-218 AMICAR § MG)
(INTERVENTION-EVENT-2168 PROTAMINE 50 "mg")

(PENDING-AGENT (INTERVENTION-EVENT--215 AMICAR § MG)
(INTERVENTION-EVENT-217 BICARBONATE 50 "mEQ"))

(PEFSCHEMA PROPOSED-SELECTIONS

(ADDED-AGENT)
(ADDED-TEST)
(ALTERNATE-AGENT-ACTIVE (ALTERNATE-INTERVENTION-454 NIPRIDE

0.6 "ughg/min")
(ALTERNATE-TEST-ACTIVE)
(CHANGED-AGENT)
(CHANGED-TEST)
(DELETED-AGENT)
(DELETED-TEST)
(NEW-INTERVENTION SELECT-COLLOID-CRYSTALLOID-NOW)
(PROPOSED-AGENT-ACTIVE (ALTERNATE-INTERVENTION~484 NIPRIDE
0.6 "ug/kg/min")
(PROPOSED-AGENT-INACTIVE)
(PROPOSED-TEST-ACTIVE (PROPOSED-INTERVENTION-432
CHECK-HYPERTENSION-IN-10-MINUTES 10 MINUTES))
(PROPOSED-TEST-INACTIVE (PROPOSED-INTERVENTION-223
CHECK-CARDIAC-DYSFUNCTION-IN-10-MINUTES 10 MINUTES)
(PROPOSED-INTERVENTION--225 CONFIRM-LINES-IN-8-MINUTES
§ MINUTES)))
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Critiques

All recommendations and critiques generated are storad as critique schemas for subsequent
display purposes.

The critiques inciude proposed diagnostic tests, therapeutic agents; expacted magnitude of
change in net-score; appropriateness of a therapy instituted.

For critiques specific 1o a given intervention, the name of the intervention schema is included;
other critiques are identified only by the date and time stamp o indicate the period to which the
critique have applied.

An example of the critique schema is shown below.

(DEFSCHEMA CRITIQUE-EVENT-304
(INSTANCE-OF PROPOSE-CRITIQUE-EVENT)
(ALTERNATE-SCHEMA ALTERNATE-INTERVENTION--392)
(CRITIQUE (NITROGLYCERINE @ 0.2 "ug/min” PROPOSED INSTEAD))
(CRITIQUE-DATE-TIME (04-JUL-91 1451))
(CRITIQUE-NR 9)
(CRITIQUE-SECS 678860860)
(PRINTED-ALREADY YES)
(REVERSE-CRITIQUE)
(XREF-SCHEMA INTERVENTION-EVENT--214))

KNOWLEDGE BASE FOR DIAGNOSIS

The knowledge base for diagnosing the patient's condition when given a set of clinical data
consists of the physiology patiems, the comesponding conditions, the therapeutic target and
standand referance ranges for the parameters, and diagnostic tests; thesa are discussed below.
Physialagle Patteme

Six types of physiologic patiems are prasant: hemadynamic status; humadynamic trand; blood
gases; laboratory; fluid intake-output; coagulation.

The hemadynamic and trend patiems are constructed from HR, MAP, CI, PAD and CVP; the
first patiem as static highlow codes, the second as the diraction and magnitude of change.
The biood gas pattem is constructed from H, pO2 and 2CO2 only, with two trailing positions for
The laboratory pattem is constructed from lon-Ca, i, Mg, CO2 and Ca.

The intake-output pattem is constructed from Urine, Urine-3HRS, CT, CT-3HRS, |10-Balance
and %WT-change.

The coaguiation pattem is constructed from HCT, HB, PT, PTT and PLT.
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Some related pattems, such as the hemodynamic and hemodynamic trend pattems, are
grouped in pairs 10 form group-pattems.

Most! of the pattems are sufficiently spacific such that one or more iervention strategies can
be assigned diractly. if not, the pattems are not assigned any imervention strategies.

Examplas of the physiology pattems are shown below.

(defschema physiology-H-63020
(is-a physiology)
(physiology-hemo §3020)
(physiclogy-type hemo)
(created 01-APR-92 1600)
(diti-diagnosis confirm-lines-in-8-minutes)
(diff-diagnosis trendelenburg-pasition-in-§-minutes)
(imervention reduce-volume-deficit-in-S-minutes))

(defschama physiology-HT-53020-43040
(is-a physiology)
(physiclogy-hemo 53020)
(physiolagy-hemo-trend 43040)
(created 01-APR-92 1600)
(diti-diagnosis confirm-lines-in-S-minutes)
(diff-diagnosis trendelenburg-position-in-§-minutes)
(intervention reduce-volume-deficit-in-5-minutes))

(defschema physiology-1.-32343
(is-a physiology)
(physiology-lab 32343)
(physiology-type lab)
(creatsd 01-APR-82 1600)
(imervantion give-potassium)
(imervention give-calcium)
(imervention give-magnesium))

(dafschama physiology-Cl-33454-443444
(is-a physiology)
(physiology-coag 33454)
(physiology-io 443444)
(craated 01-APR-92 1600)
(diti-diagnosis)
(imervention treat-coagulopathy-now)
(intervention stop-active-bleading-now))

Clinizs! CondRians

Each clinical condition represents a spacific problem, along with #ts degree of severity.

The conditions were all compiled with the physiology patiems from the leaming cases; they
include the patient's hamedynamic status, the ionic state, fluid intake-output balance and acid-
base status.
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Examples of these conditions are shown below. Each condition can be matched to one or
more physiology patiems.

(defschema markediy-decreasing-filling-pressures
(is-a clinical-condition)
(physiology-hemo-trend 43001 44001 44010 45010 44470 54470)
(severity markedly)
(condition decreasing-filling-pressures))

(defschama mild-tachycardia
(is-a clinical-condition)
(physiology-iab 61030 41041 41045 63204 53344 53404 53244 54030 56044)
(seventy mild)
(condition tachycardia))

(defschema mild-hypokalemia
(is-a clinical-condition)
(physiology-lab 03040 03041 03045 03204 03344 03404 33244 43030 43044)
(severity mild)
(condition hypokalemia))

(defschema maderate-hypotension
(is-a clinical-condition)
(physiology-hemo 42040 42034 42043 41001 41002 41003 41004 41005 62010)
(severity moderate)
_(condition hypotension))

Refarence Ranges

All of the physiologic paramaters have been assigned refarance ranges for classification. Each
range gives the physiologic limits, critical, alen and waming levels, both high and low
thragholds. The thregnolds are used for input data validation and the ganeration of a pattem-
digit-code bstween 0-7 for the given paramater.

Examples of the physiologic parameters with their referance ranges are shown below.

ranges: low -limit -crit -aler -wam -wam -alart -crit -limit high

(defschema referance-ranges
(APBM (mean-arenal-pressure 30 50 60 70 85 100 110 120))
(HCT (hematocrit 10 24 26 28 48 50 52 60))
(HR  (heari-rate 30 40 50 60 120 130 140 160))
(Cl (cardiac-index 20222426354.0455.0)
(CVP (central-vanous-pressure -1048 10 14 16 18 30))
K (potassium 253540506255587.0)
(SVRI (systemic-vascular-resist-index 1000 1400 1700 2000 2400 2800 3150))
(URINE (urine-output-per-kg 000.30.430.060.090.0 100.0))

(WT__ (weight-gain-loss-parcentage  -50 -20 -10 0 10 20 30 50)))




Diagnostic Stratugies

Diagnostic tests are used to confirm or rule out the presence of cenain clinical conditions and
to chack for obstruction or re-zeroing of the catheter lines.

Each test has a "wait-interval” that specifies the time duration that must elapsy before the test
can be invoked. When the test is invoked, the comesponding message is displayed, signalling
the nend to parform the test accordingly.

Examples of these diagnostic strategies are shown below.

(defschema trandalenburg-position-in-10-minutes

(is-a diagnostic-procedure)

(ctiog-nr 710000001)

(look-back (1 hours))

(message "put in Trendelenburg-position for change in ABP/CVP™)
(procedure-group trendelenburg-position)

(test-duration (0 minutes))

(wait-interval (10 minutes))

(defschoma chack-lines-in-5-minutes

(is-a diagnostic-procadure)

(ctiog-nr 710000005)

(look-back (1 hours))

(message "No data from CVP/ART lines, confirm for unavailability”)
(procedure-group chack-lines)

(test-duration (0 minutes))

(wait-interval (5 minutes))

KNOWLEDGE BASE FOR THERAPEUTIC MANAGEMENT

Several types of knowledge on drugs and dosage responses are required to generate therapeutic
management recommendations: therapeutic agents; drug<dosage respoiises; therapeutic
strategies; therapautic protocols; criteria for redefining hemodynamic parameier ranges and
weaning of drugs. These knowladge types are described balow.

Therapaiiic Agents

Each therapeutic agent has baen set up as a schema and contains certain pharmacologic
knowledge.

For simplicity, all of the drugs including colloids, crystalioids, inotropes and vasodilators are
assumed to be able 1o reach maximal efiect within 16 minutes and would always be assessed
for their effectiveness at the end of the 15-minute peried.




o An example of a therapeutic agent is shown below.

(defschema nitroglycerine
(is-a therapeutic-agent)
(assess (15 30 60 minutes))
(class colloid)
(ctiog-nr 41120)
(dose-response-model ing)
(effect-duration (1 2 4 hours))
(infusion-interval (0 minutes))
(look-back (1 hours))
(onset (5 10 15 minutes))
(max-effect (5 10 15 minutes))
(route CIV)
(strength mg/min)
(unit-amount 0.05))

Drug-Dosage Response Tables
o For therapeutic agents that have a hemodynamic rasponse, the magnitude of the effects are

quantified in drug-dosage schemas for the commonly used dosage levels.

¢ The inclusion of dosage responses for agents such as momhine and percocet is 1o determine
their resicual effects on the biood pressures, not for the selection of an altemnate drug.

o Examples of the drug-dosage response schems are shown balow.

(dafschema nitroglycerine-0.2 (defschema nitroglycerine-1
(is-a nitroglycerine) (is-a nitroglycerine)
(dosage 0.2) (dosage 1)

(ABRPD 0) (ABPD -0.05)
(ABPM 0) (ABPM -0.05)
(ABPS 0) (ABPS -0.05)
(Cl 0.08) (C! 0.16)
(CvP -0.05) (CYR -0.16)
HR 0) HR 0

(PARPD 0) (PAPD -0.05)
(PAPM 0) (PAPM -0.05)
(PARS 0) (PAPS -0.05)
(PAWP -0.05) (PAWP -0.16)
(PYRI 0) (PVR! -0.05)
(s 0.08) (81 0.16)
(SVRI -0.05) (SVRI -0.17)
(URINE 0)) (URINE 0))
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imtervention Strategles

intervention strategies are schemas covering general therapeutic and diagnostic strategies,
rather than for a tactic leading to a specific choice of agent or test.

A distinctive feature with intervention strategies is the built-in time delay before the strategy can
be invoked.

Other imerventions that are set up as diagnostic tests at prasent include checking for
hypenension, cardiac-dysfunction and dysrhythmia. They are only "place-holders” awaiting

future repiacement with the appropriate protocols.
Examplos of the imervention strategies created as schemas in the system are shown balow.

(defschama reduce-volume-deficit-now
(is-a intervention-procedurs)
(look-back (1 hours))
(message)
(procedure-group reduce-volume-deficit)
(watt-interval (0 minutes)))

(defschema raduce-volume-deficit-in-5-minutes
(is-a imtervention-procedure)
(inok-back (1 hours))
(message none)
(procedure-group reduce-volume-deficit)
(wait-interval (6 minutes)))

(defschema raduce-volume-deficit-in-10-minutes
(is-a iltervention-proceduire)
(look-back (1 hours))
(message none)
(pracedure-group reduce-volume-deficit)
(wait-interval (10 minutes)))

(defschema wean-agert-now
(is-a intervention-procadure)
(loolk-back (1 hours))
(message "weaning of agent suggested since patient has been stable”)
(procedure-group wean-agent)
(wait-intarval (10 minutes)))

(defschema ston-active-bleeding-now
(is-a intervention-procedure)
(losls-back (1 hours))
(message "retum to O.R. 1o stop bleading i needed”)
(procedura-group stop-blesding)
(wait-interval (0 minutas)))
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Therapsitic Protocois

The therapautic protocols for volume resuscitation have been set up as ARTIM nules to be
invoked when the corresponding intervention strategies are activatad after the pre-defined
watit-intervals have elapsed.

The ruies are used 10 select a specific fiuid therapy by determining the ionic state, HCT and HB
level of the patient at the time.

in active bleading. the rules examine the most racent laboratory results for coagulation factors
such as PT, PTT and PLT to determine the type of bload product and/or drug to be used.

A conditional check has baen included such that if the proposed agent has been
recommended earlier within a predsfined time interval, it would not be rapeated again. Rather,
a massage of "agent already proposed aarlier” is displayed.

Also embadded within each rule is the dosage-response computation o determine the exact
amount of fluid to be recommendad using the net-sconing aigorithm.

Once the intervention choice is made, a proposed intervention schema and a critique schema
are created to store the racommendation for subsequent display purposes.

Also updated is the proposed selections schema that contains 8 summary list of all of the
active and inactive proposed agenis and tests.

The basic structure of the protocol riles is illustrated on the following page. The example
shows the protecol for using ringers lactate.
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(defrule PROPOSE-Reduce-Volume-Deficit-10-7

=>

(schema phase-control
(rhase propose.select.choice)
(subphase reduce-volume-deficit))
(schema time-contro!
(hemodynamic-date-time (?current-date ?current-time))
(hemodynamic-in-secs 7hemodynamic-secs))
(schema proposed-selections
(new-intervention 7schema))
(schema 7schema
(is-a imervention-procedure)
(ctiog-nr 7ctiog-nr)
(message 7msg)
(procedure-group raduce-volume-daficit))
(schema ringers
(strangth 7strength)
(unit-amount 7unit-amount))
(schema patient-io
(WT (?wt ?wt-code 7))
(ind 70sm (last-result lab OSM 6 hours))
(bind 7na (last-result lab NA 6 hours))
( (and (numberp ?0sm)(numbem ?na)(number ?wi)(>= 708m 280)
(< wt 10)(<= 708m 300)(>= 7na 135)(<= 7na 150)) then
(bind 7agent ringers)
(bind Motal-nesded (* Pnesded 7unit-amount))
(bind 7schama (already-proposed ?agent))
(# (/= ?schama NIL) then
(ind 7critique (build$ ?agent already proposed earliar))
: (write-critique-only 7schema 7agent ?neaded ?critique))
else
(bind ?agent-seq (Ioad-aliemate-proposed-agent 7agent Motal ?strength))
(bind 7agent (nth§ ?agent-seq 1))
(hind 7neaded (nth§ 7agent-seq 2))
(hind 7critique (build$ ?agent @ needed 7strangth or normal saline proposed
for normal OSM and Na))
(bind 7schema (write-intervantion-n-critique ?agent 7nesded ?strength))
(bind 7seq (build$ 7schema 7agent 7nesded 7strength))
(put-schema-value propoead-selections proposed-ageni-active 78eq)
(write~critique-only 7echema packed-cells 7°packed-cells-neaded®)
(put-schema-value propossd-selections altemaste-agent-active 7seq)
(update-status-change tharapy proposed))))
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¢ One rule examines akemative therapy options whenever there is a change in the current
therapy. Akematives can be one of an inotrope, vasoactive agem, colloid or crystalloid. At
present, only other dosage levels of the same agent are considerad when the current dosage
lsvel of the agent is being changed.

(defrule PROPOSE-Aemative-Drugs
(schema phase-control
(phase propose.select.drugs)
(schema time-control
(hemodynamic-date-time (?cument-date ?current-time))
(hemodynamic-in-secs 7current-secs)
(admit-in-secs 7admit-secs))
= (¥ (not (slot-null phase-control therapy-changed)) then
( (not (slot-null patient-selections added)) then
(ind 7add-seq (get-schema-value patient-selections added))
(for 7added in$ ?add-seq do
(bind 7agent (nh$ added 2))
(bind 7name 7agent))
(bind ?imervention (mh§ ?added 1))
(bind 7start-secs (get-schema-vaiue ?intervention stan-secs))
( (> 7start-secs 7admit-secs) then
(bind 7ciass (get-schema-vaiue ?agent class))
(f (member$ 7ciass 'classes’) then
(# (has-children ?agent) then
(hind 7proposed (find-altemate-drug ?added add active 7°classes’))
(bind ?proposed-schema (nth§ ?proposed 1))
(bind ?agent (nh$ ?proposed 2))
(bind ?dosage (nth$ 7propossd 4))
(# (sq 7agent ?*nochange®) then
(ind 7eritique (build$ no change in 7name proposad instead))
(write-critique-other ?proposed-schema ?intervention ?critique
Peurvant-date Fcurvent-time)
olse
(it (/= 7agent ?°already-proposed®) then
(bind 7strength (get-schema-value 7agent strangth))
(# (same-akemative 7proposed 7addad) then

else
(# (eq 7dosage 0) then
(ind Tcritique (build$ discontinuation of ?agent proposed))
eleo
(bind 7critique (build$ 7agent @ ?dosage ?strangih
roposed instead)))
(bind 7critique (build$ 7agent @ ?dosage ?strangth proposed))
(write-critique-other ?proposed-schema ?intervention ?critique
Tcurant-date 7currant-time)
(bind ?seq *build$ 7proposed-schema ?agent ?dosage ?strength)
(put-schema-value proposad-selections proposed-agent-active ?7seq)
(update-status-change therapy proposed))))
...... change and deletion to continue but not shown
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o A rule specifically checks for the use of vasodilators; the recommendation is to wean down the
vasodilator if feasible. This is first chacked by computing the hemodynamic effects and net-
scores using the ditferent dosage-response schemas and determining if weaning could lead to
a lower net-score. This rule is shown below.

(defrule MANAGE-Check-Vasodilator
(schama phase-control
(phase manage.check.agent)
(elapsed-time 7elapsed))
(schema patient-gelections
(active-agent (7intervention ?agent ?7dosage ?unit))
(schema 7agent
(class vasodilator))
(schema currant-hemodynamics
(SVR! (?svri 7 7 7svri-code $7))
(SVR (7svr 7 7 7svr-code $7))
(CO (7co 7 7 7co-code $7))
(Cl (?ci 7 ? cicode §7))
=> (bind 7check no)
(f (and (numbem 7ci-code)(numbem ?svri-code)) then
(# (and (> 7ci-code 7*low-waming-code*)(<= 7svri-code ?*low-waming-code®)) then
(bind 7check yes))
olse
(f (and (numberp ?co-code)(numbearp ?7svri-code)) then
( (and (> 7co-code ?*low-waming-code®)(<= ?svri-code ?*low-waming-code®)) then
: (bind 7chack yes))
olse

(if (and (numbermp 7co-code)(numbem ?svrcode)) then
(i (and (> 7co-code ?*low-waming-code®)(<= 7svrcode ?'low-waming-code’)) then
' (bind ?check yes))
olse

(i (and (numbem 7ci-code)(numberp 7svr<ade)) then
(# (and (> 7ci-code ?*low-waming-code®)(<= 7gvr-code ?*low-waming-code®)) then
(bind 7check yes)))))
(i (8q ?7check yes) then
(build-combinsd-sfiects initialize)
(bind 7changesd (build$ ?imervention 7agent 7dosage ?dosage))
(bind 7propossd (find-aliemate-drug 7changed change vasodilator 7°vasodilator’))
(bind 7proposad-schama (nth$ ?proposed 1))
(bind ?agent (mh$ ?proposed 2)
(bind 7dosage (nth§ 7proposed 4))
{if (schamap 7agent) then
(bind ?route (get-schema-value ?agent route)))
(it (and (/= 7agent 7*nochange®)(/= ?oid-dosage ?dosage))
(not (same-aliemative ?proposed ?changed))
(not (and (eq ?dosage 0)(eg 7route CIV)))(not-active-proposal ?proposed)) then
(bind ?strength (get-schema-value ?agent strangth))
(i (» 7dosage 0) then
: (bind 7cnitique (build$ 7agent @ 7dosage ?strength proposed))
olse
...... continuation of the nile not shown
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Reveras Protocols

Reverse protocols have been set up as a series of ARTIM rules. Their purpose is to determine
the appropriateness of a therapeutic agent that has Jeen instituted by checking to see if all the
criteria that warrant the use of that agent have been met.

Al present, the inerventions checked are: packed-celis, albumins, ringers, DSW,
cryoprecipitate, protamine, diuretics, frash-frozen-plasma, protamine, amicar, bicarbonate, Mg.
K, and Ca.

The rules are invoked every time there is a change in the active-agents siot within the patient-
solections schema.

The criteria used in the RHS of these rules, such as the CT drainage, PLT, PT and PTT levels,
are the same as those used in the LHS as pattems that trigger the fluid therapy protocols.

An example reverse protocol rule for platelets is shown below.

nY»

(defrule MANAGE-Check-Platelets

(schema phase-control
(phase manage.check.agent)
(therapy-changad Ztherapy))
(schama cryoprecipitate
(is-a therapeutic-agent))
(schoma patient-selections
(acided (7schema platelets ?actual 7actual ?unit))
(schema maasure-units
(PLT ph-unit)
(bind ?ct (last-io-code CT))
(bind ?¢t-3hrs (last-io-code CT-3HRS))
( (and (< 7et 7*high-waming-code®)(< 7ct-3hrs 7*high-waming-coda*)) then
(ing 7critique (build$ no significant bleading so platelets questionable))
l:;bimi 7schama (write-critique 7scheama 7critique))
sise
(if (and (< 7et 7°high-waming-coda®)(not (numbermp ?ct-3hrs))) then
(oind Peritique (Build$ no significant bleading so platelets questionable))
(bind 7schama (wite-crtique ?schema 7critique)))
(f (and (< 70t *high-waming-cade®)(< 7¢t-3hrs ?°high-waming-cade’)) then
(bind 7pk (Iast-result lab PLT 12 hours))
(# (numbem 7ph) then
(# (» 7pit 40) then
(bind 7eritique (build$ platelets questionable with court @ "pht Mph-unit))
{ind 7comment (write-critique ?7schema ?critique))
slse
(bind Pcritique (build$ no platelets level within last 12 hours so should confirm))
(bind 2comment (write-critique 7schema Pertique)))
(it (not (schemap 7comment)) then
(write-appropriate-therapy ?schema platelets)))
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Range Redefinition

o An ARTIM rile has been created 10 examine the need to redefine therapeitic ranges.

o The ruls is based on the heuristic that # any one of the patient's MAP, CVP and PAD values
within the last two hours have been outside the predefined target range for 75% of the time or
more, then the range of that parameter would be redefined 1o bring the parameter into range.

o The redefinition is done by:

- finding the median value of the parameter over the past two hours
- looking up # set of predefinad ranges for that parameter

- chaosing the pair that would place the median value in the centre
- faking that pair to bacome the new range

o For simplicity, the rile is invoked for every set of hemodynamic data processed, and the
adjustment is immadiate as soon as the out-of-range criteria have bean met.

o Details of the range redefinition rule are shown below.

(defnile PREPARE-Radefine-Range
(schama phase-control
(imerval-avg (?interval ?interval-unit))
(elapsed-tiime 7elapsed))
(schema time-control
(hemadynamic-in-secs 7currant-secs)
(redsfine-range (?radefine ?redefine-unit))
(redefine-range-fraction Hraction)
(total-hemodynamics-kept (?kept Tkept-unit))
= (ind 7radefine-intsrval (conven-interval-io sec 7radefine 7redafine-unit))
(bind ?interval (conver-intarval-to sec ?kept kept-unit))
(i (< Fapt-interval 7radefine-imerval) than
(primout ™* WARNING, insutficient history for redefine interval ")
(bind ?radefine-interval 7kept-interval)
(i (not (slot-null tima-control last-redefine-in-gecs)) then
(bind ?last-radefine-aecs (get-schema-value time-control ast-redafine-in-secs))
'(,binad, 7elapsed (/ ?last-redefine-sscs ?interval)
elgo
(ind ?last-redsfine-secs 0)
(bind ?elapsed 0))
(bind 7last-radefine-secs (+ 7ast-radefine-sscs radefine-interval)
(for 2parameter ing 7°radefina-parameter-list® do
(# (not-within-range 7paramater ?raction ?elapsed) then
(redefine-range ?parameter 7elapsed)
(madity-schama-value time-control last-radefine-in-secs ?last-redefine-secs))))
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Weaning Protoocol

Ancther rule deals with the weaning of therapeutic agents once the weaning criteria have been
met.

¥ the paiient's hemodynamics have been within range for a8 predefined fraction and time
imerval, then one may attempt weaning down the dosage of the agent, provided that the
resulting nat-differance score after the weaning is acceptable.

The within-range fraction and period have bsen definad to be 80% and two-hours, respactively.
The nile is invoked for every set of hemodynamic data processed, and the recommendation to
wean the agent is displayed as part of the critique in the output.

This weaning nile is shown below.

(defrule PROPOSE-Wean-Agent-Now

L 23

(schama phase-control
(phase propose.select.others)
(imerval-avg (%interval 7interval-untt))
(elapsed-time ?elapsad))
(schema time-control
(hemodynamic-date-time (7currant-date ?current-time))
(hemodynamic-in-secs 7currant-secs)
(wean-agant-range (?wean-interval 2wean-unit))
(wean-not-advisad-betwean (7no-wean-start 7no-wean-stop))
(test (or > Pcument-time 7no-wean-starn)(< ?current-time 7no-wean-stop)))
(schema patient-selactions
(active-agent (?intervention 7agent ?dosage 7unit))
(schama ?intervantion
(star-s8cs 75tar-secs))
(schemsa 7agent
(route CIV))
(schema wean-agent-now
(is-8 intervention-pracsdure)
(look-back (?lack ?iaok-unit)))
(bind Pwaan-ascs (convari-intervsl-o esc Pwaan-inerval 2wean-unit)
(bind Rime-limit (- fTeurani-secs Pwean-secs))
(# (< 7star-sacs Hime-limit) then
(ind Rime-intarval (cailing (/ Rime-limit 7°minute-10-s6cs’)))
(bind Nime-imerval (- 7elapsed Aime-interval)
(# (< Hime-interval 0) then (hind Aime-imerval 0))
(# (within-range 7°wean-parameters® Hime-intarval) then
(hind 7iest wean-agent-now)
(process-intervention ?test 7cument-secs ?wait wait-unit ?look ?look-unit
Imsg wait wai-unit)))




MODEL BASE

Some knowledge sources are parameter-driven mathematical modeis requiring computations to be
performed to derive the results. Examples are the quantitative models for smoothing average
calculation and the patient-specific dose response update model. These are described below.

These are for calculating maedian, simple linsar regression, trend-code and exponential
smoothing average of the hemodynamic parameter vaiues.

The modals have been implemented as ARTIM functions that can be called from within any
rule. An imporiant feature is that the models are dynamically parameter-driven in terms of their
input data and processing critena.

An exmaple is the exponential smaothing average (ESA) function, which is invoked from within
the INTERPRET-Hamodyanmics nile; the ESA is computed and stored in the curent-
hemodynamics schema.

The alpha value used is depandent on the number of previous data points, which is updated
every tima the function is accessed. if no previous ESA exists, the current value is used as the
old smoothing average. The ESA schema and function are shown below.

(defschema exp-smooth-average

(is-s quantitative-madel)

(aipha-max (10 0.3))

(alpha-4 (5 0.4))(alpha-5 (4 0.8))(alpha-6 (3 0.6))
(size 0))

(def-ant-fun compute-exp-smaoth-average

(Ycurrant-schama 7previsus-schema 7slot)
new-smoothed = (alpha * new-value) + ((1 - alpha) * old-smoothed))
# no new-smaothed, use old-smaothed, i no old-smaothed, use cuvent-value, else NIL
(bind Pvalue (gei-paramaster-valua ?7eumant-schama ?siol VALUE))
( (not (schemap 7prevous-schama)) then
éghgnegn;-pmmmr-valua 7curent-schema ?glot value Fvaiue fvalue x ¥ ¥ X)
else
(bind 7old-smoothad (get-paramater-value 7pnavious-schema 7glot SMOQTHED))
( (not (numbam ?old-smaothed)) then
éﬁbinﬁ Mnew-smoothsed Mvalue)
else
(bind 7sizo (gst-schema-value exp-smooth-gverage size))
(bind ?aipha (get-aipha-value 7size))
(ind 7% (* ?alpha Tvalue))
(ind %y (- 1 78ipha))
(ind 72 (* 70ld-smoothed))
(bind Mnew-smaothed (ceiling (+ 7x ?2)))
(change-parameter-value 7curent-schema 7slot X x ?new-smaothed x X X X))
(ind 7new-size (+ 7size 1))
(modify-schema-value exp-smooth-average size ?new-size)
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Computational Drug-Dosage Model

The computational drug-dosage model consists of several ARTIM rules and callable functions
that retrieve the dosage-leve! schemas with the appropriate expacted effects and provide the
computation of the hemodynamic effects.

The process bagins when there is an actual or proposed change to the existing therapy. The
first step is 1o look up the appropriate dosage level schema o be used. if no such dosage
schema exists, & schema is dynamically created for that dosage level with the logarithmic
values of the wo adjacent dosages through linsar interpolation of the expected effects.

When changes are made to two or more agents simulaneously, such as adding one agent
and changing the dosage of another, the expacted effects from both dosage level schemas are
combined using the min-max heuristic before the computation of the net affects.

The fina! step is 10 calculate the expacted effacts for each hemodynamic parameter value and
store them into either the pradicted- or proposed-hamodynamics schema dapanding the nile
that called these functions.

Agents that were not changed are not included in the combined expacted effacts. since they
are assumad 1o be at maximal! effects aiready with no further impact anticipated on the existing
hemaodynamic parameters.

Exceptions are agents with residual effects and active agents not yet reached their maximal
sfiscts, in which cases their effects would be prorated according to the elapsed time interval.
The schemas for initializing and storing the combined expactad effacts are shown below.

(defschema combined-efiects-init (defschema combinad-effacts
(ABPD 0.0) (ABPD -0.08)
(ABPM 0.0) (ABPM -0.05)
(ABPS 0.0) (ABPS -0.05)
(Cl 0.0) (Cl 0.16)
(CVvP 0.0 (CVYP -0.16)
HR 0.0) HR 0)
(PAPD 0.0) (PAPD -0.08)
(PAPM 0.0) (PAPM -0.08)
(PAPS 0.0) (PAPS -0.05)
(PAWP 0.0) (PAWPR -0.16)
(PVR!I 0.0) (PYRI -0.05)
({21} 0.0) (8l 0.16)
(SVRI 0.0) (SVRI -0.17)
(LIRINE 0)) (URINE G))
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o The ARTIM rule that calis the functions to combine the expected effects from the dosage-level
schemas when there is 8 change in the actual therapy is shown below.

(defrule COMPUTE-Combine-Etfects

(schema phase-control

(phase compute.combined.efiects)

(elapsed-time 7elapsed)

(therapy-changed therapy))
(schema time-control

(admit-in-secs 7admit-secs)

(assess-interval (?imerval 7imMerval-unit))

(hamadynamic-in-secs 7cument-secs))

=> (# (schemap combined-sffects) then (schemad combined-effects))

(copy-schema combined-effects-init combined-effects)
(bind 7addad (get-schema-vaiue patient-selections added))
{bind 7changed (get-schema-valus patient-selections changed))
(bind 7deleted (get-schama-value patient-selections deleted))
(bind 7active (get-schama-value patient-selections active-agen))
(bind 7residual (get-schema-vaiue patient-selections residual-agent))
(bind 7imerval-secs (conven-interval-io sec 7interval ?interval-unit))
(bind 7next-intarval (+ 7current-secs 7interval-secs))
(invoke-compute-effects 7added 7next-interval 7admit-secs)
(invoke-compute-effects 7changed ?next-interval 7admit-secs)
(invoke-compute-afiects 7deleted 7next-interval 7admit-secs)
(invoke-compute-sfiects 7active 7next-interval 7admii-secs)
(invoke-compute-effects 7rasidual 7next-interval 2admit-secs))

(def-an-fun invoke-compute-effects
(7ssquence "next-interval 7admit-secs)
(for 7seq in§ 7sequence do
(ind 7imervention-scheama (mMh$ 7seq 1))
(bind 7stan-secs (get-schama-value ?intervention-schema start-secs))
(bind 7onset-secs (get-schama-value ?intervention-schema onset-secs))
(bind 7agent (nh$ 7seq 2))
(bind Phas-childran no)
(# (alot-null 7intervention-schema prnied-alrady) than
(if (and (» 7stari-secs 7admil-gecs)(<= ?onset-secs 7nexi-interval)) then
(for 7achema in-achema-children-of 7agent do
(bind ?has-children yes))
(# (/= ?has-children no) then
I (compute-afiects 7seq Pnext-interval))
slse
(bind 7printed-siready (get-schama-value ?irtervention-schema printed-already))
(# (sq ?7printed-already yes) then
(bind 7maxefiect-secs (get-schema-value ?intarvention-schema maxeffect-secs))
(# (< Inext-interval Pmaxefiects-secs) than
(compute-efiecis 7seq 7nexi-interval))))
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» The functions that combine the dosage level schemas and their expacted efiects are shown
below.

(def-an-fuiy compute-effects (7seq ?interval)

(bind ?intervention (mh§ 7seq 1))

(bind 7agent (mh§ 7seq 2))

(bind 7old-dosage (Mh§ 7seq 3))

(bind 7new-dosage (Mh$ 7seq 4))

(bind 7agent-effects (lookup-agent-effects ?agent ?old-dosage ?new-dosage))

(for 7siot in-slots-of 7agem-efiects do

(# (and (siotp combined-effects ?slot)(/= 7slot is-a)) then
(bind ?percent (compute-affects-response 7intarvention ?agent-effects ?siot 7interval)
{ind 70id-percent (Mh§ (get-schema-vaiue combined-effects ?siot) 1))
(bind "new-percent (load-percent 7old-percent ?parcent))
(modify-schama-value combined-effects ?siot 7new-percent)))
(bind 7result 7agent-efiects))

(def-an-fun load-percent (?old-percent ?percent)
(# (not (numbemp 7old-percent)) then (bind ?oid-percent 0))
(if (and (< 7percent 0)(< 7old-parcent 0)) then
; if both percents decrease the parameter, take the min|-a,-b]
(it (< ?percent ?old-parcant) then
'(bind new-percent 7percent)
else
(bind ?new-percent 7oid-percent)))
( (and (eq 7percent 0)(eq 7old-percent 0)) then
; if both have zero effsct, then load 0
(bind ?new-parcent 0)
else
; otherwisa load the nonzero as the new parcent
(if (aq 7percent 0) then
'(bind new-parcent 7old-parcent)
else
((# (eq ?old-parcent 0) then (bind ?new-parcent 7percent))
(# (and (> ?percent 0)(> 7old-percant J)) then
; if both psrcents incraase tha parameler, take the max|a.b]
(# (> 7parcant ?0id-parcent) then
I (bind Inew-parcant 7parcent)
else
(bind 7riew-percent ?old-parcent))
(it (or (and (> 7parcent 0)(< 7oid-parcert 0))iand (< 7parcent 0(< 7old-percent 0))
(and (< 7percent 0)(> 7old-percent 0))) then
; if ona incraases, the othar decraases, lake ihe dfferance
(ind 7new-parcent (+ 7percant ?old-per.ent));
(bind result 2new-parcen))
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The ARTIM rule that computes the predicted hemodynamic effects for the next time period as
a result of a change in existing therapy is shown below.

(defrule COMPUTE-Predict-Naxt-State

>

(schema phase-control
(elapsed-time ?elapsad)
(therapy-change ?therapy))
(schama time-control
(admit-in-secs 7admit-secs)
(assass-imerval (?interval 7interval-unit)
(hemodynamic-in-secs current-socs))
(ind 7elapsed (+ 7elapsed 7interval)
(# (not (schdmap pradicted-hemodynamics)) then
(copy-gchema patient-hemadynamics predicted-hemodynamics)
(copy-schema patient-state pradicted-state)
(modify-schema-value predicted-hemoadynamics is-a predicted-state))
(it (and (slot-nuli patient-selections added)(slot-null patient-selections changed)) then
(get-defauli-predictions current-hemodynamics pradicted-hemodynamics ?elapsed)
else
(predict-combinad-effects cument-hemodynamics predicted-hemodynamics
pradicted-state 7elapsed))

(def-an-fun pradict-combined-sffects (?schema-1 7schema-2 7state ?elapsed)

(modify-schema-value ?schema-2 elapsed-time ?elapsed)
(for 7slot in-slots-of Pschema-2 do
(# (not (slotp 7state ?slot)) then
(bind ?oid-vaiue (get-parameter-value 7schema-1 ?slot VALUE))
(it (slotp combinad-sffects ?slot) then
: (ind ?cosff (Mh$ (get-schema-value combined-effacts ?slot) 1))
olse
(bind ?coeti 0.00))
(# (not (numberp ?coeff)) then (bind 7coatf 0.00))
(# (/= 7coefi 0.00)(numberp ?old-value)) then
(bind ?predict (* ?old-value (+ 1.00 7coeff))
(i (intergerp ?0id-vaiue) then (bind ?predict (ceiling ?predict)))
(create-parameter-vactor 7schema-2 7slot ?predict)
(assign-predict-hemo 7schama-2 7slot)
. (assign-range-hemo ?schema-2 ?slot)
else
(bind ?pred’st (get-parameter-value ?scheme -1 ?slot SMOOTHED))
(# (numberp ?predict) then
(create-parameter-vecior 7schama-2 ?slot ?predict)
(assign-predict-hemo ?schema-2 ?slot)
(assign-range-hemo ?schema-2 7slot)
plse
(bind ?predict NIL)
(create-parameter-vector 7schema-2 ?slot ?predict)
(carryover-into 7schema-2 ?schema-1 7slot linear-trend-hemo)))))
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The Net-Difference 8coring Model

o The netdifference score is computed for every therapy change impiemented or being
considersd, applicable over the fothcoming time period.

o The score is computed for the current state with no change. the predicted state for any actual
change in therapy, and the proposed state for any atemate therapy choice. Then the states
are compared and the one with the least score is chosen, 1o be racommended if different from
actual.

¢ The net-ditference scoring algorithm is made up of several functions, callable from a number of
ARTIM rules depending on whether one is dealing with the current state with no change, a
change in existing therapy or a proposed alemate choice.

o Examples of the rules that compare the curent- and pradicted-hemodynamic schemas with
the optimal state schema are shown below.

(defrule COMPARE-Current-To-Optimal
(schema phase-control
(phase compare.currant.differance)
(elapsed-time ?elapsed)
(therapy-changed ?therapy))
=> (retact-all-schema-values current-from-optimal-state net-ditf)
(compute-difference-from-optimal current-hemadynamics patient-io
currant-from-optimal-state))

(defrule COMPARE-Pradicted-To-Optimal
(schema phase-control
(phase compare.curent.ditferance)
(elapsed-time ?elapsed)
(therapy-changed ?iherapy))
> (retact-all-schema-values pradicted-from-optimal-state net-diff)
(compuite-difference-from-aptimal curvant-hemodynamics patient-io
pradicied-from-optimal-state))
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¢ The compute-difierence-from-optimal function that performs the netdifference score

calculation is shown below.
o The function is also calied by the find-atemate-dnig function that is used to select the

therapeutic agent of choice.

(def-ant-fun compute-difference-from-optimal (?schema ?7schema-2 7diff-schema)
(bind 7pa-parameter (get-schema-vaiue patient-devices pa-parameters))
(for 7slot in-slots-of 7dif-schema do
(¥ (slotp referance-ranges 7siot) then
(for 7seq in$ (get-schema-vaiue referance-ranges ?siot) do
(bind %i 1)
(for 7range in§ 7seq do
(f (eq ?i 2) then (bind 7critical-low ?7range))
( (8q ?i 3) then (hind ?alen-low ?range))
(f (oq ?i 4) then (bind Pwaming-low 7range))
( (eq ?i 5) than (bind Pwaming-high ?range))
(it (aq ?i 6) then (bind ?alen-high 7range))
(# (8q ?i 7) then (bind 7critical-high ?range))
(bind 7i (+ 7 1))
(bind ?Pvalue (get-parameter-value 7schema 7siot VALUE))
(f (numemp value) then
(bind 7count (+ 7count 1))
( (and (>= Pvalue Fwaming-low)(<= value Pwaming-high)) then
: (bind ?diff 0)(bind ?diff-percent 0)
olse
(i (< Pvalue waming-low) then
(hind ?difi (- Pvalue waming-low))
(i (and (< Pvalue ?alert-low)(>= value 7critical-low)) then
(bind 7ditf (* 7ditt 7*aler-weight®)))
(it (= Pvalue ?critical-low) then
(ind ?diff (° it Veritical-weight*)))
(bind diti-parcent (truncate (/ (* 100 (abs ?dil) Pwaming-low))))
(# (> value Pwaming-high) then
(bind ?diff (- Pvalue Pwaming-high)
(it (and (> Pvalue 7alert-high)(<= Fvalue 7critical-high)) then
(bind dift (* ditf 7 slen-weight*)))
(¥ (> tvalue ?critical-high) then
(bind dif (° ditf 7 critical-weight®)))
(bind ?difi-parcert (iruncate (/ (° 100 (abs ?ditf) Pwaming-high))))
(ind 7nat-ditf (+ Inet-ditf ?diff-percent))
(bind ?result (build$ ?ditf ?difi-percent))
(# (> Inat-dliff 0) then
(# (8g ?°nommalize® no) then
m(bmd net-diti-adjusted 7net-diff)
0
(# (eq 7cardiac-output yes) then
'(bind Mnet-diff-adjusted (ceiling (/ (* 7net-diff ?°total-pa-parameters®) 7count)))
else
{bind Pnet-diff-adjusted nat-diff)))
(ind ?result (build$ 7net-diff Ynet-dit-adjusted)
(modify-schema-value ?diff-schema net-diff 2result))
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The Patient-Specific Drug-Dosage Response Mode!

ARTIM rules and functions have been impiamented 1o allow the incremental adjustment of the
initial pharmacodynamic expected effects with the actual responses over time.

To simplity the assessment of actual response to therapeutic agents. all of the agents are
assessed once they have been instigated for 15 minutes.

To prepare for an assessment, whenaver an agent with a drug-dose level schema is selected,
a dosage-event schema is created, storing the "before” hemodynamic vaiues at the time when
the agent is initisted. When 15 minutes has passed, an assessment is camed out by
companng the "afier” hemodynamic values at that time with those "before” for the parcent
difference.

A simple heuristic is used to combine the new differances with the initial expected effects from
the dosage-response tables: the inftial expected effect for each parameter is prorated
according to the computed actual effect at a given dosage level.

in the case where multiple assessmants have been done on the same agent over time, the
new actual expectsd effects are obtained by averaging all the previous ones. This is expected
10 smooth out the individual variations that may euxist.

The ARTIM nile that sets up the dosage-avent and assessment is shown below.

(defrule COMPARE-Therapy-Efiects

=5

(schema phase-control
(phase compare therapy .effects)(therapy-changed therapy))
(it (not (slot-null patient-selections added)) then
(bind 7added-seq (get-schema-value patient-selactions addad))
(for Pseq in$ 7added-aeq do
(bind ?irervantion-gchema (Mh§ 7863 1))
(bind 7agent (Mh$ 7seq 2))
(7 (slot-null %intervantion-echema assass-record) then
(# (has-closage-levels 7agent) then
(ind ?0ld-dosage (nth$ 7seq 3))
(bind 7dose-schema (write-dosage-avant ?intervantion-schama ?agent))
(ind 7echema (write-assess-event 7seq added ?old-<osage 7doge-schema))
(put-echema-schama-value %intervention-schama assess-racord yes)
(write-assess-log 7schema))))
.. 8180 for changed. deletad but not included hare ...
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o The nule that does the actual drug-dosage assessment is shown below.

(defrule COMPARE-Therapy-Effects-Now
(schema phase-control
(phase compare.therapyeffects))
(schema 7schama
(is-a assess-ovent)
(agent 7agen)
(assess-30Cs 7as8088-80C8)
(dosage-schema 7dosage-schema)
(schama time-control
jynamic-in-secs 7cumen-secs))
(test (aq 7nct-assassed 7'not-assessed’))
(tost (<= 7assess-secs 7ourrent-secs))
= (ind 7patient-id (Mh$ (get-schema-vaiue current-state patient-id) 1))
(update-dosage-svent 7dosage-schema)

(bind 7dose-table (update-dosage-tables ?dosage-schema ?agent ?patient-id)

(bind ?ratio-diff (get-schema-vaiue dose-table ratio-dif))
( (> 7ratio-diff 0) then
(bind 7parcent ?ratio-dif)
'a:ind 7change (build$ 7parcent change in net-diff observed))
oise
(ind 7change Muild$ 0 change in net-diff observed)))
(bind 7diff (uild$ ?ratio-diti ?ratio-di))
(madity-schema-value 7schema status 7°assessed*)))

(def-ant-fun update-cinsage-tebles (?dosage-event 7agent patient-id)
(bind ?schama-s (string-append 7patient-id "-")
(ind ?schama-sx (string-appand 7schema-s 7agent))
( (not (schemap 7schema)) then
(copy-schema dnig-dose-paramaters 7schema))
(for 7siot in-slots-of 7dosage-event do
(# (and (/= 7slot is-a)(slotp compara-parameters 7siot)) then
(ind Mnsw-saq (Mh§ (gat-schama-value ?dosage-avent 7glol) 1))
(bind Mnsw (Nh§ 7new-geg J))
(bind Tratio-di#i 0.0)
(it (not (slot-null 7echema ?slot)) then
' (bind old (mMh$ (get-schema-value 7schema 7siot) 1))
else
(bind 7old 0.0))
(bind ?seq (build$ 7ratio-diff)
(modily-schama-value 7schema 7slot 786q))
(bind 7new-dif (get-schema-value 7dosage-even ratio-diff))
(i (not (slot-null 7schema ratio-diff) then
(bind 7difi (get-schema-value 7schema ratio-diff))
l(;bind Tatest (/ (+ Inew-dif 7dit) 2.0)
olse
(bind 7atest Ynew-diff))
__(put-schema-value ?schema intarvention-schama ?dosage-avent))
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CONTROL KNOWLEDGE

The use of control knowledge such as the giobal control variables, the reasoning loop. pattem
formation and condition matching, time and intake-output controls, and reasoning of the patient
states over time are discussed below.

Gioba! Variables as Controls

Many numeric values and logic switches used for computation and/or dacision-making within
the prototype have baen set up as giobal variablas, to aliow easy update.

A global variable is definad for the maximum allowable PAD-PAWP differance.

A global flag is used to control the updating of the general drug-dose response tables.
Variables are used for saverity weight factors for out-of-range hemodynamic parameters.

A flag is used 10 normalize the calculated net-score against the number of parametars present.
An altemate-ageni-cliass sequence provides the agent classes to be inciuded whan looking up
to choose an akemate agent. Currant default classes inciude colloids, crystalioids, inotropes
and vasoactive agents.

A maximum dosage varable is used 10 dafine the maximum dosage levels 1o be scanned
when considering atemate dnigs The default maximum dosage levels is "2" to include only
those dosage levels that are twice the current lavel.

The Ressening Loop

The reasoning process is conducted in ssquential phases, each consisting of one or more
rules and an incremental step toward the final conclusion. The phases are summarized below.
INPUT. This bagins the execution of the proiotype by initializing the vanables and reading in a
881 of the input data.

INTERPREY. This validates the inpul data, classifies the patiems, interprets the clinical
canditions and craates the approprigis patient-gpacific knowladge structures for reasoning.
WANAGE. This ertiques the aciual therapies recordsd using the reverse protocols.
COMPUTE. This computes the combined-stiects and net-differant scores for the current and

pradicted states given the changes in existing therapies.

calculstion to bacome the proposed agents in the proposed state.

COMPARE. This compares the current, pradicted and proposed states for the bast net-score
as the final rscommendations.

INTERACY. This provides the outpit either in detailed, summary assessment form, which
could either be displayed on the computer screen or printed into a disk file on the system.
PREPARE. This parforms the necessary house-keeping tasks by deleting old intervantions
and critiques, updating the patient states and preparing for the next set of input data.

248



A single rule is used 1o conrol the reasoning loop. This rule has a value of -10 in its “salience
slot”, which only fires afier all rules within the same phase have baen processed.
PREPARE-End also has a -10 salience value and is the last rule to fire. its purpose is to reset
the phase siot 10 its first value, 80 that the program can stant another cycle. Portions of the
phase-control schema and the two phase-control rules are shown below.

(defschema phase-control

(phase initialize)

(subphase)(condition-changed)(elapsed-time 0)

(imerval-avg (5 mirutes))(imerval-trand (15 minutes))

(phase-afier (inktialize input.filename))

(phase-after (input filoname input))

(phase-after (inpust input data))

(phase-after (input.data input.data.check))

(phase-after (input.data.check input.data.nemo))

(phase-after (input.data.hemo input.data.read))

(phase-afier (input.data.read input.data.lab))

(phase-after (input.data.lab interpret.interventions))

(phase-after (imerpret.interventions interpret.interventions.after))
(phase-after (imemret.imerventions.after imterpret.update.ranges))
(phase-afier (imempret.update.ranges interprat.reference.ranges))
(phase-afier (imerpret.reference.ranges intemrat.cumulative.input))
(phase-afier (imemrat.cumulative.input intemret.cumulative.output)
(phase-after (imemret.cumulative.output intemret.io))

(phase-after (imempret.io interpret.derive.pattam))

(phase-afier (interpret.derive.patiem imemret.derive.condition))
(phase-after (interpret.derive.condition interpret.update.condition))
(phase-after (intemret.update.condition interpret.derive.trend))
(phase-afier (imempret.derive.trend intempret.update.trend))
(phase-afier (imemret.update.trend interpret.update.interpratation))
(phase-afier (imemret.update.intemratation manage.therapy.changes))
(phase-afiar (manage-tharapy.changes manage.chack.elecirfolyies))
(phase-after (manage.check.electrolytes manage.check.agent))

(phase-afier (manage.check.agent manage.check.condition))

(defrule CONTROL-Change-Phases

(deciare (salience -10))
(schams phasa-control
(phase Tcurent-phase)(phase-after (Pcurvent-phase 7nexi-phase))

= (modity-schema-value phase-control phase 7next-phase))
(defrule PREPARE-End

(schema phase-contro! (phase prapare.end))
=>

(if (not (slot-null phase-control therapy-changed)) then
(retract-all-schema-values phase-control therapy-changed))
(it (schemap predicted-state) then
(retract-all-schema-vaiues predicted-state condition)))
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Certain rules within 8 phase have the ability to load the subphase-afier siot of the phase-
control schema with values which could be activated at a later time, causing other rules from a
different phase to be fired.

When the physiology-pattems and the clinical conditions are matched during the
INTERPRETATION phase, any diagnostic tests and interventions specified in the known
patiems are loaded imo the subphase-after siot.

Subsequently, when the PROPOSE phase is activated, the PROPOSE-Subphases rule would
look far the presence of any values within the subphase-after siot of the phase-conirol schema
to invoke, which are all of the proposed diagnostic tests and interventions.

These values are placed into the subphase siot one at a time, and any rnules within the
PROPOSE phase matching the current subphase value would fire, invoking a paricular
intervention choice o be selected. ‘

The PROPOSE-Subphases rule is shown below.

(defrule PROPOSE-Subphases

(schama phase-control
(phase propose.select.goals)
(subphase)
(subphase-after 7))
(# (not (slot-null phase-control subphase-afier)) then
(bind 7s8q (get-schema-vaiue phase-control subphase-after))
(# (member$ continue-to-monitor 7seq) then
(# (> (length$ 7seq) 1)) then
(vetract-schama-value phase-control subphase-after continue-to-monitar)
(ind 7seq (gst-schema-value phase-control subphase-afier))))
(ind ?moniior no)
(for Pactive in$ 788g do
(# (schemap 7active) then (bind ?is-a (get-schema-value ?active is-a)))
(# (membarg monitor-pracedure 7ie-8) then
(madify-schema-value phase-control subphase ?active)
(modify-schema-value phase-control phase propase.select.choice)
(retract-achema-value phase-control subphase-afier 7active)
(bind 7384 (get-schema-value pahas-conirl subphase-afier)
(bind monitor yes)))
(# (8g ?monior no) then
(remave-old-monitor)
(bind 7subphase (nth$ 7seq 1))
(modify-schama-value phase-conirol subphase 7subphase)
(modify-schema-value phase-conire! phase propose.selact.choice)
(retract-schema-value phase-control subphase-afier 7subphase)
(bind ?seq (get-schema-value phase-control subphase-afiar)))
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An example rule with subphase is PROPOSE-Select-Imerventions, used for invaking proposed
intervention strategies such as reduce-volume-deficit, treat-coaguiopathy, stop-active-bleeding
and check-cardiac-dysfunction.

The rule has a time delay and activation aigorithm that can process any strategy with a wait-
imerval requiremant. For instance, if the intervention strategy is reduce-volume-deficit-in-10-
minutes, a proposed intervantion schema with a pending status is created, with the appropriate
date-and-time stamp as 1o when it was created.

Any imervention strategy with a pending status is not considerad active, and doas not appear
as a recommendation. if such a strategy has already been create. during some past intervals,
the date-and-time stamp of that intervention schema is examined to determine ¥ the
designatad wait-imterval has elapsed. if so, the next subphase is activated with that strategy to
allow the agent of choice 10 be selected and recommended according to the predefined
protocols.

An important role of the PROPOSE-Select-interventions rule is to reconcile the pending
diagnostic test and intervention strategies proposed aver time.

At any point in time during the reasoning process, there may be one or more panding
intarvantion schamas created from the pravious cycles. These may be intervention sirategies
with certain wait-imtervals that have not expired, such as a pending reduce-volume-deficit-in-
10-minutes intervention stratagy that is only & minutes into the waiting interval.

One of the functions of this rule is to find out if thera is already & panding intervention schema
created for the imervention strategy currently under consideration. if so, then the wait-intervals
of the two imervention strategies are comparsd.

The one with the shorer wail-interval, if not expired, would be written into the orginal
imervention schema along with the new wait-interval. An example is the situstion where one
could start with a hamadynamic psttem for mild hypovolemia, which would rasuli in 8 panding
intervantion schema of raduce-volume-deficit-in-10-minutes 1o be crested.

it the condition worsan over the next interval, the intervention schema is updated with the new
imervention sirategy value, which could bs to raduce-volume-dsficii-in-&-minutes.

if the wail-irterval for a given imervention sirategy is zer, of the walling period has expired for
an intervention strategy with an original positive wait-imerval, the procedure-group value of the
intervention strategy would be loaded into the subphase siot to become the next subphase 10
ba activated 1o select the imervention choice.

This group of rules is primarily concemsd with selecting the agent of choice for the given
strategy. such as choosing nomnal saline over albumin based on the serum OSM and Na
lsvels.
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o The PROPOSE-Select-Interventions rule is shown below.

(defrule PROPOSE-Select-Interventions
(schema phase-control
(phase propose.select.choice)
(subphase 7action))
(test (or (eq ?action reduce-volume-deficit-now)
(eq 7action reduce-volume-deficit-in-6-minutes)
(eq ?action reduce-volume-deficit-in-10-minutes)
(eq 7action treat-coagulopathy-now)
(eq 7action treat-coagulopathy-in-5-minutes)
(eq 7action treat-coaguiopathy-in-10-minutes)
(eq 7action stop-active-bleeding-now)
(eq ?action chack-cardiac-dysfunction))
(schema time-control (hemodynamic-in-secs 7current-secs))
(schema ?action
(is-a intervention-procedure)
(look-back (?look ?look-unit))
(procedure-group reduce-volume-deficit | stop-bleeding | treat-coagulopathy)
(wait-interval (Pwait ?wait-unit)))
= (delete-chaice 7action)
(bind ?action-group (get-schema-value ?action procedure-group))
(bind 7inactives (get-schema-value proposed-selactions proposed-agent-inactive))
(bind 7aiready-proposed (strategy-already-proposed ?look ?look-unit)
(# (aq ?aiready-proposed yas) then (bind 7done yes))
(# (and (/= ?done yes)(> Fwait 0)) then
(bind 7actives (get-schema-value proposed-selections proposed-agent-active))
(for 7active ing 7actives do
(ind 7name (nth$ ?active 2))
(bind Pwait-interval (get-schema-vaiue 7name wait-interval)
(ind Aime (nth$ fwait-interval 1))
(bind 7procedure-group (get-schema-vaiue 7name procedure-group))
(if (or (eq 7action-group ?pracedure-group)(eq Tname ?action)) then
(bind ?done yes)
(bind 7stop-secs (get-schema-value 7schema slop-§acs))
(i (> 7stop-aecs 7cuvani-gecs) then
(# (< twait Aime) then
(replace-with-shonter-interval 7schama ?action)))
(# (<= 7gtop-secs 7cuvent-secs) then
(i (sq ?status 7°pending-status®) then
(choose-agant-now 7name))
(# (eq 7status 7°propoged-siatus®) then
(process-intervention-agent-delete 7schema ?action))))
(#f (eq ?done no) then
(it (8q Pwait 0) then
(choose-agent-now 7name)
else
(load-proposed-intervention-panding ?action Pwait twait-unit currant-$acs))))
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Pattern Formation and Condition Matching
o Several rules are used within the INTERPRET phase to control the formation of the physiclogic

pattems and matching of their conditions once a new set of data has been read.

o Each type of data, such as the hamodynamics, laboratory data, blood gases, eic. would have
four such rules responsible for this particular task.

¢ Using a newly loaded set of hamadynamic data as an example, the first step is 1o invoke the
INTERPRET-Hemadynamics rule 1o compute the exponential-smaothing average and trend,
and 10 assign s pattem-code 1o each parameter based on the targe ranges. This is shown

below.

(defrule INTERPRET-Hemadynamics
(schama phase-control (phase interprat.reference.ranges))
(schema file-control end-of-file "yes)
=
(for 7slot in-slots-of current-hemodynamics do
(f (and (nat (slotp currant-gtate ?siot))) then
(bind ?value (get-schama-value currant-hamodynamics ?siot))
(hind 7tem (nh$ (Mh$ vaiue 1) 1))
(# (/= 7em NIL) then
(compute-exp-smaooth-avg cument-hemodynamics previous-hemodynamics ?siot)
(compurte-linear-trend curant-hemodynamics ?slot linear-tend-hemo)
(assign-range-hemo cument-hemadynamics ?slot)

olse
(camyover-info curent-hamodynamics previous-hemodynamics ?slal)))

o Once the individual pattem-code dighs bscome available, the INTERPRET-Pattem-
Hemadynamics nile combines them to form a five<digit hemodynamic abnormality-patiem by
shifting and adding the digits of the selacted paramsters to form & patiem.

o This rule also chacks for ny discrepancy in the PAWP-PARD values by ignoring the PAPD
pattemn-code digit if the two differ more than & predsfinsd limil. The rule is shown balow.

(defrule INTERPRET-Patiem-Hemadynamics
(schema phase-contral  (phase iMemret.derive.patiem))
(schama curert-hemadynamics
(ABPM (?sbpm 7 7 7abpm-code §7))(C1 (?¢i ? ? Yci-code §7))
(CVP (?cvp ? ? 7cvp-code §7))(HR (?hr 7 7 ?hr-code §7))
(PAWP (7pawp ? 7 Tpawp-coda §7))(PAPD (?papd 7 ? Tpapd-cade §7))

(¥ (umbamp ?pawp) then

(ratract-all-schama-values last-cardiac-output ignore-papd)

(it (»= (- (abs 7pawp)(abs 7papd)) 7°papd-pawp-differance’) then

: (bind 7papd-code 0)(put-schema-value last-candiac-output ignored-papd yes))

else

(# (not (slot-null Iast-cardiac-output ignore-papd)) then (bind ?papd-cede 0))
(bind ?pattem (darive-pattem ?hrcode 7abpm-code 7ci-cade ?papd-code 7cvp-cede))
(modity-schema-value current-siate abnormality-hemo ?pattem)))

>
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Since each pattem contains one or more proposed diagnostic tests and/or intervention
sirategies, the next step is 10 record these iMerventions and trigger them at the appiopriate
time interval for processing.

The trigger is done by looping through all of the propnsed test and intervention siots of the
patiem and oopying the siot values into the corresponding subphase siot of the phase-control
schema using the INTERPRET-Condition-Hemodynamics rule shown below.

This rule also updates the current-state 10 indicate the current conditions present.

(defrule INTERPRET-Condition-Humodynamics

L 24

(schama phase-control

(phase interpret.derive.condition))
(schema curvent-state

(is-a state)

(abnormality-hemo ?patiem))
(schema ?7abnormality

(is-8 abnormality)

(abnomality-type hama))
(schema 7clinical-condttion

(is-a clinical-condition)

(abnommality-hemo $7 7pattem)

(condition 7condition)

(severity 7severity))

(# (slot-null 7abnormality abnormality-hemo-trend) then
(hind Pcurrent-condition (build$ 7severity ?condition))
(put-schema-value curvant-state condition ?current-condtion)
(setup-subphase ?abnommality)))
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o The last step invoives the updating of the patient-selections schema 10 put the conditions imo
an active list, and the creation of 8 new condition schema for each of the conditions matched
from the pattem.

o These steps are done with the INTERPRET-Update-Condition-Hemodynamics rule shown
below.

(defrule INTERPRET-Update-Condition-Hemadynamics
(schema phase-control
(phase imerpret.update.condition)
(interval-avg (%interval ?imerval-unit)
(elapsed-time 7elapsed))
(schama cureni-state
(in-a state)
(abnomality-hemo 7patiem))
(schema ?abnomality
(is-a abnormality)
(abnormality-hemo 7pattem)
(abnormality-type hamo))
(schama 7clinical-condition
(is-a clinical-condition)
(abnommality-hemo $7 7patiem)
(condition ?condition)
(severity 7seventy))
(schema time-control.
(hemadynamic date-time (?currant-ciate ?current-time))
(hemodynamic-in-secs ?curmrent-secs))
E 3]
(bind ?active-condition (get-schema-value patient-selections sctive-condition))
(bind 7condition Muild$ 7severity ?condition))
(bind 7end-dste-time (uild$ Tcurant-dste 2cumant-time))
(# (aq (langth§ ?active-condition) 0) then
(# (/= 7zaverity 7°'nomnal’) then
(bind 7condition-schama (wite-condition 7abnarmality ?¢linical-condition
Teondition 7bagin-ascs Tcuent-sacs hemo))
: (pui-schama-value paiieni-salsciions active-condition 7condiion-schama))
slse
(bind 7update (check-for-same-condition 7clinical-condition))
(# (sq Pupdate yes) then '
“(hind 7nsw-schema (wrte-condition Pabnomality Pelinical-condition 7condition
bsgin-secs 7curvent-sscs hamo)))
(put-schama-value patient-selections active-condition ?condition-schema)))
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Time and O Controls

o Since the patient's data always amive at ditferent time intervals. it is necessary 1o keep track of
the exact date and time a particular set of information was obtained. The date and time stamps
are stored in a schema calied the time-control schema, which is shown below.

(defschema time-control
(admit-date-time (13-MAY-91 1250))
(admit-in-secs 642045)
(assess-interval (15 minutes))
(bleeding-lookup (1 hours))
(biocodgases-date-time (13-MAY-91 1500))
(bloodgases-in-secs 642275))
(bloodgases-delay (30 minutes))
(cardiac-cutput-imterval (2 3 4 hours))
(cardiac-output-on-admission (1 hours))
(collected-bloadgases-date-time (13-MAY-81 1430))
(collected-bloodgases-in-secs 642245)
(coliected-laboratory-date-time (13-MAY-81 1400))
(collscted-laboratory-in-secs 642215)
(hemodynamic-date-time (13-MAY-81 1605))
(hemodynamic-in-secs 642340)
(input-date-time (13-MAY-Q1 16085))
(input-in-secs 642340)
('aboratory-date-time (13-MAY-81 1500))
(laboratory-delay (60 minutes))
(laboratory-in-secs 642275)
(last-redefine-cate-time)
(last-radefine-in-secs)
(look-back (1 hours))
(output-date-time (13-MAY-@1 1600))
(rediefine-range (2 hours))
(redsfine-range-fraction 0.8)
(1otal-agents-kep! (4 hours))
(iotal-conditions-kept {1 hours))
{iolal-critiques-kept (1 hours))
(total-irtervantions-kep!t (2 hours))
(lotal-hemodynamics-kept (2 hours))
(wean-ggent-range (2 hours))
(wean-not-advissd-bstween (2300 0500)))
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The date and time of the most recent set of hemodynamic data read is always assumed to
reprasent the curent date and tlime; any data set with a future date and time stamp is heid and
not processed until the current date and time have reached that future time point.

All the date and time values are also stored intemally as the total seconds elapsed since
January 1, 1970 for computation purposes.

An assumption was made that all iaboratory results were available one hour after collection. A
similar assumption was made with the blood gases that they would be available 30 minutes
after collaction. In both stuations, since only the actual coliection times were recorded in the
case, one-hour or hali-hour is added to the coliection time. These are stored in different time
glots within the tima-control schema.

Time imervals are also usad 10 set the limits for retaining cenain types of schemas such as any
old imMerventions, critiques, conditions, and historical patient data, which are currently set 1o
one or two hours. Al the end of avery cycle, a set of housekeeping rules would look up these
time imtervals and deiste any old schemas that have past the predefined time limits.

The assess-intarval spacifies when 1o assess the drug-dose effects; the look-back interval to
indicate how far back to chack if a racommandation has been made previously.

The redefine-range and redefine-range-fraction are used as the criteria for redefining
hamodynamic parameter range values.

The wean-agent-range is used as the criteria for weaning therapeutic agents; the waan-not-
advised-between time interval is whan weaning shouid not be attempted (currently not used).

Two schamas have bean created 10 handle the procassing of the input and output:

The first is the file-control schema that keeps track of the names and lacations of the input data
files, the status of the files as 1o whsther they are open or closed, and whather there are any
more input data for further reasoning.

The second ig the prini-control schama that indicates the type of output 1o be produced, which
i definsd at run-tima.

Although the two schemas resemble more of the traditional data processing 'O functions, they
are imporiant in ensuring the proper handling of the input data and the user interface for
displaying the output, and are considered an integral part of the reasoning control knowledge.

Maintaining Patient Ststes Over Time
o Every ime a new set of patient data is read, it becomas part of the current state, with the old

data set retained in the previous state for comparison. In addition, the previous data set would
be stripped down with only the elapsad-time (in minutes) and its value stored as a sequence in
the comasponding history schema.
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The maintenance is done at the PREPARE phase of the reasoning control via a number of
house-keeping rules, and is also the last stage before the next processing cycle.

For instance, when a new set of hemodynamic data is read, the old set is aways moved to the
previous-hemodynamics schema. The elapsed time and the hemodynamic value pair for each
parameter are sirippad and stored as a sequence in the history-hemodynamics schema. The
latter schema is used to compute the hemodynamic trand. The same is done for the
iaboratory, biood gas and intake-output data.

Several ARTIM functions have been developed tn allow selected data to be retrieved from the
previous and history schemas, such as the HCT or HB leve! within the last 12 hours. An
example of the rules to update the previous and history schemas for the hemadynamic data is
shown balow.

(defnile PREPARE-Next-Hemoadynamics

s>

(schema phase-control
(phase prepare.naxt.input)
(interval (?interval 7interval-unit))
(schema curent-state (elapsed-time 7elapsed))
(schema file-control (read-hemo yes))
(schema time-control
(hemodynamic-date-time ?date-time)
(hemodynamic-in-secs 7secs)
(total-hemadynamics-kept (Pkept Pkept-unit))
(it (schemap previous-hemodynamics) then
(schemad previous-hemodynamics))
(copy-schema current-hemaodynamics previous-hemcdynamics)
(madify-schama-value previous-hemadynamics is-8 previous-state)
(for 7slot in-glots-of current-hemodynamics do
(retract-all-schema-values current-hemadynamics ?siot))
(if (not (schemap history-hemodynamics)) then
(copy-schema patient-hemadynamics history-hemodynamics))
(bind kept (convert-interval-to sac 7interval finterval-unit))
(ind 7ekip (- 7elapsed ?kept))
(for 7siot in-slot-of pravious-hemadynamics do
( (not (slotp previous-state 7slot)) then
(# (not (slot-null previous-hemodynamics 7slot)) then
(for 7seq in-glot-values-of previous-hemodynamics ?slot do
(bind ?result (strip-curent-state 78eq)))
(put-schama-value history-hemadynamics ?slot 7result)
(i (» 7akip 0) then
(bind 78eq (get-schema-value history-hemodynamics ?siot))
(retract-all-schema-values history-hemedynamics ?slot)
(for 7sub-seq in§ 7seq do
(bind #ime (nth§ 7sub-seq 1))
(# (» Hime 7skip) then
(put-schema-value history-hemodynamics 7slot 7sub-seq)))))
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THE END



