Reproduction of Technical Report MIT/LCS/TR-604, Massachusetts Institute of Technology Laboratory forComputer Science, 545 Technology Square, Cambridge Massachusetts 02139. Copyright ' 1994 by PeterSzolovits, Jon Doyle, William J. Long, Isaac Kohane, and Stephen G. Pauker.Guardian Angel:Patient-CenteredHealth Information SystemsPeter Szolovits, Jon Doyle, William J. LongLaboratory for Computer ScienceMassachusetts Institute of TechnologyIsaac KohaneThe Children’s HospitalStephen G. PaukerNew England Medical CenterMay 1994

Guardian Angel�Patient-Centered Health Information Systems2Introduction................................................................................................................ 3Part I.......................................................................................................................... 4Lifetime Patient-Centered Health Information Systems.............................. 4The �Guardian Angel� Concept..................................................................... 4Architecture for �Guardian Angels�............................................................. 5Guardian Angel Interactions and Interoperations....................................... 6Experimental Guardian Angel Applications................................................ 6Example Scenario.......................................................................................... 6Part II......................................................................................................................... 9Objectives....................................................................................................... 9Architecture.................................................................................................... 9Reference Implementation............................................................................ 9Experimental Domains................................................................................. 10Experimental Testing.................................................................................... 10Technical Rationale...................................................................................... 11Roots of the Problems..................................................................................... 11a. Health information for patients................................................... 11b. Life-long information................................................................... 11Domain Modeling.......................................................................................... 12Architecture.................................................................................................... 13Special Functionalities...................................................................... 15Generic Functional Modules............................................................. 15Hardware Realizations..................................................................... 16Information Infrastructures and I-95................................................ 16Prototype Applications.................................................................................... 17Insulin-Dependent Juvenile Diabetes................................................ 17Chronic Hypertension........................................................................ 18Managing Hypertension Using a GA................................... 19Chronic Anticoagulation................................................................... 20Other Domains................................................................................... 22Implementation.............................................................................................. 22Comparison with Ongoing Research............................................................. 23Performance Evaluation............................................................................... 24Conclusion..................................................................................................... 26Schedule......................................................................................................... 26Part III........................................................................................................................ 28Project Partners............................................................................................. 28Previous Accomplishments........................................................................... 29MIT Laboratory for Computer Science.................................. 29Tufts/NEMC........................................................................... 31Children�s Hospital................................................................ 32Veterans Health Adm.: Boston Dev. Center.......................... 32International Business Machines Corp................................. 33Gensym Corporation.............................................................. 33Results, Products and Transferable Technology.......................................... 34Bibliography............................................................................................................... 35

Guardian Angel�Patient-Centered Health Information Systems3IntroductionTechnical reports normally concern the results of research project, not their plans.Nevertheless, we believe it important sometimes that new ideas, reflected in a proposal to carryout a research project, be exposed to the scrutiny and suggestions of our colleagues. This servesboth to let them teach us valuable lessons in criticizing our plans and (we hope) to sway themtoward our views on what constitutes fruitful research directions. This report contains most ofthe text of a proposal we submitted in March, 1994 to ARPA in response to BAA 94-13, for theHealth Information Infrastructure Program. This report differs from the proposal only in itsorganization and in omitting budgetary and administrative details. To a large extent, we haveretained the language typical of proposals, and hope for the reader’s patience with its tone.The mid-1990’s promise to usher in an era of comprehensive medical record keeping andthe beginning of intelligent computer-based agents that can exploit such records to improve thequality or reduce the cost of health care. Most current efforts to achieve these goals center onputting in place ideas that have been proposed over the past several decades, but made morefeasible by declining costs of computing and made more urgent by our society’s determinationto study the outcomes of medical interventions and to restrict funding to only thoseinterventions that seem most clearly worthwhile. Such efforts typically center on buildingclinical information systems for hospitals, clinics, individual health care providers, insurers,and government reviewers.Our proposal comes from an attempt to rethink the sources of possible leverage in improvinghealth care, and focusing on the role of the patient in maintaining his or her health andresponding to disease. Thus, we plan to build systems to support the health information needs ofthe consumers of health care rather than its providers. This shift of focus will, we hope, makepossible dramatic improvements in health maintenance and health care delivery, by makinguseful information available in a timely manner to the patient. The shift also allows us to lookat many of the technical issues of how to collect, maintain and interpret comprehensive healthinformation from a very different viewpoint, and might therefore speed the advance of medicalinformatics.The review of this proposal was favorable, and although we have as of now no assurance offunding, we are very much committed to pursuing the project and exploring its societal andtechnical consequences.Peter SzolovitsMay 1994

Guardian Angel�Patient-Centered Health Information Systems4Part ILifetime Patient-Centered Health Information SystemsCurrent health information systems are built for the convenience of health care providers andconsequently yield fragmented patient records in which medically relevant lifelonginformation is sometimes incomplete, incorrect, or inaccessible. We are constructinginformation systems centered on the individual patient instead of the provider, in which a set of�guardian angel� (GA) software agents integrates all health-related concerns, includingmedically-relevant legal and financial information, about an individual (its �subject�). Thispersonal system will help track, manage, and interpret the subject�s health history, and offeradvice to both patient and provider. Minimally, the system will maintain comprehensive,cumulative, correct, and coherent medical records, accessible in a timely manner as the subjectmoves through life, work assignments, and health care providers. Each GA is an activeprocess that performs several important functions: it collects patient data; it checks, interprets,and explains to the subject medically-relevant facts and plans; it adapts its advice based on thesubject�s prior experiences and stated preferences; it performs �sanity checks� on both medicalefficacy and cost-effectiveness of diagnostic conclusions and therapeutic plans; it monitorsprogress; it interfaces to software agents of providers, insurers, etc.; and it helps educate,encourage, and inform the patient. All this serves to improve the quality of medical decision-making, increase patient compliance, and minimize iatrogenic disease and medical errors.The �Guardian Angel� ConceptWe propose a major shift of primary focus away from information systems based on thehospital, clinic and medical practice, to one based on the individual. Such a system, which wecall �Guardian Angel� (GA), integrates over a lifetime all health-related information about anindividual (its �subject�), thus providing, at minimum, a comprehensive medical record that isoften virtually impossible to reconstruct in a timely manner as the subject moves through lifeand work assignments. But GA is to be not merely a passive repository of information, but anactive process that:(a)engages in data collection, sometimes by interacting with the subject and sometimesby automatic tracking and recording of instruments,(b)monitors the progress of medical conditions and the effects of therapy with respect toexpectations, and checks for side effects,(c)interprets facts and medically-related plans and helps explain them to theindividual,(d)allows the patient to customize therapy plans within bounds established by careproviders, giving the patient �ownership� of his or her therapy,(e)performs �sanity checks� on the appropriateness of diagnostic conclusions andtherapeutic plans,(f)contains some understanding of the subjects� preferences, represents these in a broadrange of negotiations with other systems, including setting therapeutic guidelinesand scheduling appointments, and also uses these in structuring interactionsbetween GA and the patient,(g)interfaces to information systems used by care providers, insurers, researchers, etc.,to provide access to personal medical history information as authorized by theindividual, and(h)provides patient education functions, including access to general and specializedmedical encyclopedias, and explanations of diagnostic findings and therapy plansspecific to the individual,(i)implements patient reminding and alerting functions, including reminders ofscheduled therapy, medications and appointments, integrating these with personalscheduling tools,

Guardian Angel�Patient-Centered Health Information Systems5(j)provides patient support functions such as contacts with support groups and otherpatients, queries to pharmaceutical companies, government agencies, etc.We believe, with many others, that active monitoring of accurate and comprehensiveinformation about an individual�s lifetime medical history can greatly improve the quality ofmedical decision making for that person, reduce errors in health care, and allow people tomake better personal decisions and commitments about their care.1 Although experimentalevidence to support this widely-held view is scant, recent reports in the areas of diabetes[DCCT93, Lask93] and hypertension management both strongly indicate the value of active,continual management.In addition, we believe that there are dramatic improvements to be gained in both theeffectiveness and the efficiency of health care if we can empower the user to take a much moreactive role in monitoring his or her own health status and care, and to take greaterresponsibility for making informed and guided decisions concerning that care.Principal benefits for doctors and other health-care providers include access to accurate,comprehensive data, the opportunity to be alerted to changes in the patient�s health that are eitherdangerous in themselves or deviate from an expected course of therapy, and the ability tocommunicate reliably with the patient.Although in the long run we envision GA as a routine health assistant for everyone,whether they are ill or well, in the short term it will be easier to apply the architecture asadapted for high-intensity medical interventions, for specific populations of patients who areundergoing active and complex therapy. In such circumstances, some of the monitoring of thattherapy can be offloaded to the patient, with the help of GA, making the patient, the "human inthe loop". For example, patients with chronic conditions such as diabetes can help to monitorand adjust their own care, and the ambulatory patient undergoing acute care such aschemotherapy may be able to judge certain aspects of his or her own care and tune them, withthe aid of GA, for best results. GA could also help make possible the scheduling of visits to thecare provider based on the patient�s actual response to care rather than on a general schedule.Most uses of GA could benefit greatly from the development and deployment of small, non-invasive sensors that can autonomously and continually monitor characteristics of the patientthat are of vital concern.Architecture for �Guardian Angels�The objective of current medical information systems is to record and use only limited classesof information tailored to the operations of specific organizations. We propose to develop ahighly flexible information flow architecture for Guardian Angels, one that permits variationof the timing, hardware and functionality of computations as the patient�s situation permits.GAs will run on a wide and evolving range of hardware, initially personal digital assistants(PDA�s), personal computers (PC�s) or workstations, and eventually credit-card or dogtag-sizedportable computers. They will employ distributed networked facilities to acquire and deliverinformation, relevant software modules, and access to specialized services, and to providesecure and reliable backup. We will also develop an extensible ontology for medicalknowledge adequate to capturing patient and provider data, using the UMLSmetathesaurus[UMLS91] as a point of departure, and an interchange language based on thisontology and on ARPA efforts such as KIF [Gene92] and the KQML [Baal94] interchangemechanisms.

1For example, investigators have been able to demonstrate early detection of disorders suchas malnutrition, tumor-associated acquired growth hormone deficiency, or inflammatorydisease increases the likelihood of earlier, less costly intervention and with lesser long termmorbidity [Bith92].Another group has shown that tracking the longitudinal health status of children at risk hasbeen recognized as an important tool in improving the health status of these underprivilegedchildren [Will92].

Guardian Angel�Patient-Centered Health Information Systems6Guardian Angel Interactions and InteroperationsCurrent provider-oriented medical information systems do little to facilitate the intelligent useof health care resources by patients and by other organizations. We are designing the GAarchitecture to facilitate (within strict bounds of confidentiality) a wide variety of interactionswith other software agents, including interactions aimed at scheduling medical procedures,polling by public health authorities to detect or delineate epidemics or contaminations,facilitating drug �recalls�, providing access to information infrastructure resources, andenabling patient support groups.Experimental Guardian Angel ApplicationsWe plan to apply the GA concept to creation of a small number of prototype systems for use bynarrowly-defined patient populations who normally require relatively high-intensity out-patientcare. With our partners, we are selecting among the following medical conditions: insulin-dependent diabetes, hypertension, angina, chronic anticoagulation, chronic renal disease, andpulmonary disease (COPD). These applications will also provide us a testbed in which toinvestigate both technical aspects of the system and the efficacy of its application to theseparticular populations of patients, and will provide a natural locus of collaboration among theparticipants.Example ScenarioThe following extended scenario illustrates our vision of the kinds of life-long patient-centeredcare that the GA concept can foster. The scenario (due to Dr. Kohane) assumes a specific type ofhardware and communication architecture that is just one of many possibilities we plan toexplore, but it does suggest the functionality we seek:Abby Kaye is a 14 year old girl who has had insulin-dependent diabetes mellitus for thelast five years. Two years ago she began to measure her blood glucose and administer insulinwithout direct parental supervision. She has recently been enrolled as a participant in theGuardian Angel program.She wakes this morning, measures her blood sugar which is 180 mg/dl. This isautomatically downloaded into the PDA which is connected to her glucometer. GA_PDA storesan internal note to itself to remind Abby tonight that her blood sugar has been greater than 150mg/dl before breakfast for 5 out of the last 7 days. Perhaps she should increase her nighttimedose of long acting (NPH) insulin? However, Abby is about to give her morning dose andGA_PDA does not distract her with this information at this time.Abby is uncertain what insulin dose to give this morning as she has a double sessiondance class at 10:00 and she remembers all too well that she has had mild hypoglycemicsymptoms towards the end of even single session dance classes. She draws an exercise symbolspanning 10 to 11:30 on her daily schedule on the GA_PDA interface and then selects the AdviseDose icon. The GA_PDA informs her that she can either keep the dose unchanged if she thinksshe can manage a double carbohydrate snack before the dance class or she can reduce hermorning dose of insulin by two units of short acting (regular) insulin.Two weeks later, Abby�s morning blood sugars have continued to climb and they are inthe mid 200�s. Abby has not modified the GA_PDA default authorization to communicate withher parents� desk-top computer. Therefore, when according to schedule, the weekly bloodsugars are uploaded by the GA_PDA component to the GA_home_computer component thisworrisome trend is displayed to the parents. The GA_home_computer makes severalsuggestions as to how to modify the nightly NPH. If the parents do not feel comfortablefollowing these suggestions, they are given several options for communications with the health-care providers including electronic mail with attached measurements, directions for paging oran emergency phone number. If they are comfortable with the suggestions, then the recentdata along with the alert are uploaded during the routine daily modem connection of GA_home_computer with the GA_hospital_process running on the hospital�s information system.Five months later: Abby has just come back from school upset because one of herfriends teased her about becoming chubby. She steps on the bathroom scale and notes herweight; she has gained 10 pounds since her last doctor visit 4 months ago. She has already triedskipping her snacks but that leaves her feeling awful from hypoglycemia (and even hungrier)subsequently. Perhaps, the GA_PDA can help. She taps on the diet icon for advice. The

Guardian Angel�Patient-Centered Health Information Systems7GA_PDA is aware of several unexplained instances of hypoglycemia in the past month. Thepattern of insulin dosing and recorded periods of exercise makes it most likely that thesehypoglycemic episodes are due to skipped snacks. The GA_PDA makes a note to itself to usethe opportunity of a query about diet to ask her at the end of the interaction whether she hasbeen missing snacks and to warn her about the dangers. The GA_PDA is also aware of theheights and weights obtained at the doctor�s office in the last two visits (and downloaded fromthe IHIS by the GA_hospital_process to the GA_home_computer and then to the GA_PDA)and recognizes that Abby has indeed an increased weight for height over the past visits.GA_PDA asks Abby if she would like to review her meals and snacks for the past days as wellas go over her favorite foods. She selects from GA_PDA�s large store of food types in quicklygenerating this description. GA_PDA then identifies the highest caloric items in her diet andproposes several lower calorie substitutions. This information is also passed along to Abby�sparents via the GA_home_computer along with an optional shopping list for the grocery store.The next day, GA_PDA asks Abby if she would be interested in joining a group ofchildren with diabetes to discuss the problems and difficulties of managing diabetes. Thediscussion can take place via the GA_PDA or GA_home_computer which provides Abby withan interface to her peers over the Internet. Eventually Abby meets some of her Internet groupfriends at a summer diabetes camp. The discussion group become a way for them to keep intouch during the rest of the year when they live in different cities. Abby�s parents also use theGA_home_computer to stay in touch with other parents of children with diabetes and toremain abreast of any developments in research which might make diabetes easier to manage.Two months later: Abby�s father realizes that next week Abby will be performing withher entire dance class for a school performance. However, this performance occurs the sameday as a scheduled visit with Abby�s endocrinologist. Abby�s father goes to the weekly scheduleview of the GA_home_computer and cancels the endocrinologist visit. The GA_home_computerasks him if he wants to reschedule (he does) and then negotiates with the hospital schedulingsystem (via the GA_hospital_process) two possible appointments for Abby in the comingmonth. After one is selected, the GA_hospital_process sends appropriate notifications to thehospital-based care providers.Another month has passed. After speaking with her endocrinologist during the lastclinic visit, Abby was pleased to hear that her average blood sugar, indirectly measured froman assay of glycosylated hemoglobin, had fallen since the previous visit. She resolves to buildupon this progress by �tightening� the control of her blood sugar. However, the GA notes thatthere has been a downward trend in her pre-lunch and pre-dinner blood sugars and if itcontinues she will become dangerously hypoglycemic. It suggest that she decrease her morninginsulin dose. On their last interaction on diet, the GA_PDA became aware that Abby wasalready ingesting too many calories, so it does not suggest any increase in snacks. Despite thissuggestion, Abby does not decrease her dose of insulin.The next day, before the GA_PDA has a chance to upload this information toGA_home_computer, Abby goes to school. She checks her blood glucose early, at 11:00 a.m.because she is feeling abdominal cramps and weak. The glucometer communicates the valueof 22 mg/dl back to the GA_PDA. The GA_PDA immediately makes a loud sound and displayson its screen a request for Abby to drink orange juice or eat a fruit or candy. When Abby doesnot acknowledge the alert after two minutes, GA_PDA sends a wireless message toGA_home_computer. If there is no response, it also sends a message to GA_hospital_process.Both GA instances have as their first priority notifying the parents and school care takers. Thediabetes nurse practitioner is paged with a message if none of the GA instances have receivedany acknowledgment from humans.In fact, Abby had not passed out but had found a candy bar. She was too miserable towork with the GA_PDA and therefore was only able to acknowledge after 3 minutes. TheGA_PDA then sends a reassuring notation to the other GA instances. The diabetes nursepractitioner has a telephone conversation with Abby�s parents about the need to moderate hertarget blood sugar levels.Six months later the desktop computer running GA_home_computer has a serious diskcrash. All data is lost without local backups. After re-initializing the disk, the GA software isre-installed and the GA_home_computer automatically rebuilds its data structures after a briefcommunication with GA_hospital_process (for the exhaustive long-term record) and withGA_PDA for the most recent data.

Guardian Angel�Patient-Centered Health Information Systems8Two months later: GA_home_computer identifies a cyclic rise in blood sugars that hasbeen occurring with periodicity of 30 to 45 days. The rises last 4 to 7 days before resolving.Insulin adjustments are typically too late to catch these trends from raising the average bloodsugar. The GA_home_computer asks whether Abby has started to have menstrual periods. Ifshe has, it recommends increased vigilance for a rise in blood sugar towards the expected endof the cycle so that insulin dose can be raised more responsively. It offers Abby the option ofhaving GA_PDA provide early alerts for this rise.After the hospital obtains parental consent, Abby�s full clinical data set is sent byGA_hospital_process to the data-base where a large prospective multi-center trial is beingconducted for an antihypertensive drug to reduce the incidence of renal disease associated withdiabetes. After reviewing the data to see if she meets criteria, the GA_hospital_process receivesan invitation to join the study which it passes on to GA_home_computer. After reviewing a fewlay articles (retrieved by GA_home_computer) and a discussion with Abby�s endocrinologist,Abby�s parents decline to enroll her because the drug appears to have been insufficiently testedwith children. Meanwhile, those adult patients who are already enrolled and have a GA aregiven an added software component to their GA instances which allows them to report adverseevents while on this test drug. These adverse events are then directly reported to the drugmanufacturer, the FDA and the patient�s clinician and clinical researchers.

Guardian Angel�Patient-Centered Health Information Systems9Part IIObjectivesOur work includes four major components: (1) design of the Guardian Angel architecture, (2)selection, implementation, and integration of the components of GA that are to be used in ourexperiments and that will form reference implementations for future use and dissemination,(3) final selection of the medical domains in which we will conduct our experiments, selectionof specific sites, patient groups, and goals for the tests, and knowledge engineering of themedical content of the GA tools specialized to the selected domains, and (4)˚conduct of limitedexperimental tests of the system to allow us to assess the validity of our designs. The first threeof these activities will take place concurrently, although we describe them separately below.ArchitectureWe are defining GA initial reference architecture by developing an ontology of the entities,interactions, and information involved in GA activities, as elaborated below.We will complete and refine the domain model to describe, using a taxonomic language,all the potentially significant entities, their relationships, and their possible interactions, as inthe DSSA methodology.We will identify the types of software, hardware, and communications systems used in theentities with which the GA is to interact.We will complete and refine the functional model to describe, using a taxonomic language,the inputs, outputs, physical or mental states, and operations or functions of the GA and otherentities in the domain. Similarly, we will identify and describe all the specializations of theseoperations for different specific classes of entities in the domain model.We will formulate a list of all the types of questions one might pose to the general GAsystem, and all the types of questions it might pose to other entities, according to the type of theentities. We will formulate similar lists for the additional questions specific to the medicalfoci applications (diabetes, hypertension, anticoagulation, etc.).We will prepare or obtain a taxonomic description of medical concepts and relationsrelevant to the foci applications, making use where possible of existing resources such as theUMLS[UMLS91], and GALEN[GALE93] systems.Reference ImplementationWe are identifying the representation methodology and taxonomic language for use in the GAprototype, and implement methods for translating between the chosen representation system andKIF or other representation standards.We will identify commercial platforms and applications for the various routine parts of theprototype, i.e., communication, database, scheduling software, etc., making use where possibleof systems already exploited by the other entities in the GA�s environment.We will identify initial hardware platforms for both a mobile GA (the GA_PDA of theextended scenario) and a fixed GA (the GA_home_computer of the scenario).We will identify initial database systems for use in making the system persistent andreliable, such as the THOR system[Lisk90] for stable repositories under development byBarbara Liskov at MIT.We will identify the initial clinical information systems with which the prototype GA willinteract.We will develop an initial backup strategy and implementation to assure continuedintegrity of GA�s data.We will build prototypes of the various components of GA, including prototypes of the userinterfaces presented to both the patient and health care providers.We will integrate the components of GA to assure that it functions as a coherent whole.We expect that many parts of component implementation, adaptation and integration will berecurrent steps, as we learn from experience with earlier iterations. Therefore, we plan to buildfully-integrated, complete systems as early as practicable, to give us adequate time to performseveral iterations.

Guardian Angel�Patient-Centered Health Information Systems10Experimental DomainsWe will make a final selection of the specific two medical conditions for which we will test theGA approach. Along with these choices, we will also need to identify the particular institutionsand individual care providers who will cooperate with us in the planned experiments and theparticular group of patients who we intend to use as experimental subjects. These choices willalso constrain us to use and support the database and data collection tools at the targetinstitutions.We will identify protocol-based studies of care for selected medical foci [Fiel92]. With thesein hand, we will encode these protocols in formal procedures for use by the GA, and use theseprocedures to guide the development of the knowledge base for selected medical foci.We will delimit, for each of the two medical domains, the exact bounds of what we plan toimplement and test. This will involve determining all of the information that will be acquiredand stored about each patient and the set of patient characteristics that the GA will try toinfluence.We will select, implement, and integrate tools that will generate prototype modules. Wherepossible, we will attempt to make use of existing systems for automatic specialization ofprocedures to available knowledge, such as the system developed for automated construction ofspecialized scheduling algorithms developed by Doug Smith at Kestrel Institute for ARPA[Smit92].Using these tools, we will implement prototype GA patient management systems for twoselected medical foci. These prototype systems will provide the basic persistent personalmedical history, therapy management, explanation, scheduling, and alerting functions.We will identify and get rights to use domain-specific material for patient education anddesign and develop connections between the general material and patient-specific information.We will integrate the implementation of these prototypes with one or more institutionalinformation systems to demonstrate the feasibility of patient-centered medical records.Experimental TestingWe intend to determine experimentally whether the ideas we propose can be successfullyreduced to practice and whether, when used, they lead to the improvements in health care thatwe anticipate. Because of the severe ethical and legal responsibility that we undertake in theconduct of experiments on human subjects, we will work carefully with our collaborators andwith the Institutional Review Boards of our own and cooperating institutions to defineexperimental protocols that will be based on properly informed consent of all participantsubjects and that will assure safety during the experiments. Experimentation on humansubjects with a newly-developed set of ideas and techniques is always a slow process if donecarefully; therefore, we expect to achieve only limited experimental tests of Guardian Angelduring the three-year exploration and development project proposed here. If the studies wepropose here are successful, then we will plan more elaborate trials subsequently.We will first try out GA in our selected medical domains by simulating patient use, withexperimenters acting as surrogate patients. We will use realistic scenarios collected fromactual patient experience.We will then try out GA prototypes with actual volunteer patients, but only under supervisedsettings. This will be during visits to the doctor�s office and in the presence of experimenters,and will be intended to test the usability of the system, not its effectiveness.If these early studies are encouraging and we have assured the safety of subjects, we willconduct some limited trials (see below).We plan to evaluate the experiments, and to use their results to:(1) Continue evolution of the knowledge base for the selected applications.(2) Revise the architecture and implementation based on trial resultsIf the limited trials continue to be positive, then we will plan a more substantial evaluationbased on the anticipated capabilities of the system and its possible extensions.We will also plan and conduct technology transfer activities to assure dissemination of thearchitecture and implementation.

Guardian Angel�Patient-Centered Health Information Systems11Technical RationaleCurrent health information systems are built for the convenience of health care providers andfocus on orderly record keeping for an individual health care setting. This orientation leads totwo classes of severe problems, which we plan to address through the proposed research:alienation of the patient from participation in decision-making concerning his or her ownhealth care, and inability of health records to integrate information over the lifetime of thepatient. Furthermore, many interesting opportunities are missed that would apply newtechnologies to improve decision making and to reduce the incidence of errors in carrying outthe decisions made.Roots of the Problemsa. Health information for patients.Although medical care is obviously given to the patient, exists for the benefit of the patient, andmust (legally and ethically) ultimately be under the control of the patient, most patients do nothave a thorough understanding of their health status, do not appreciate their alternativediagnostic or therapeutic options, and do not fully understand most of the decisions taken intheir behalf by doctors, nurses and other health care practitioners. Even medical doctors, whenthey have themselves become patients, have complained of the anonymous treatment theyreceive. Patients without medical training express their disillusionment by exhibiting �poorcompliance,� and by avoiding clinics until they have obvious major symptoms such as pain orvisible alterations of anatomy or physiology. The common practice among geriatric patients ofsharing each other�s prescriptions, the popularity of �alternative medicine� and its unproveninterventions, and anger at health care providers and researchers may all be seen (at least inpart) as a lack of understanding and a lack of trust by patients in their providers.Traditionally, responsibility fell on the doctor�s shoulders to explain to the patient themeaning of symptoms and tests, the possible further diagnostic and therapeutic interventionsbeing considered, the known and the unknowable in reaching decisions, and the likelyoutcomes of current plans. As medical practice has become more capable and more complex, ithas become more and more difficult to explain all this to the average patient. In addition, therapidly increasing pace of medical care means that there is no leisure time for the doctor toprovide lengthy explanations and to make sure that the patient actually understands. Instead,patients are provided brochures and videotapes (for the more common ailments) that describe insome generic way the disease they have been diagnosed as having or the treatment that hasbeen selected for them. In the absence of such specially-prepared patient education material, thepatient can at best turn only to package inserts in their medication or to general texts on healthcare, ranging from the Merck Manual to the latest New Age writings. But these staticinformation sources (even if accurate) do not help to understand just why this diagnosisexplains the particular constellation of symptoms worrying this particular patient, or whateffect the therapy will have on the specific plans or concerns of this individual. No wonder thatpatients turn to friends and neighbors for interpretation and advice.We believe that health information systems should be designed and built specifically tomeet the needs of their subjects, the patients. Therefore, support for helping the patientunderstand and participate in all aspects of medical decision making and its consequencesbecomes not merely a desirable peripheral issue in system design but a clear, central focus.b. Life-long information.A medical colleague once observed that every hospital in the country is absolutely convincedthat its own specific procedures for collecting and keeping medical records are unique, and thatno �ready-to-wear� system could possibly suit it. The history of dissemination of computerizedmedical information systems amply reinforces this view. There is still only a handful ofcomprehensive hospital information systems�ones that are concerned more with clinicalrecords than administrative and financial ones�installed at civilian hospitals. Even thoughsome of these systems have been in service for many years and are well-proven within theirhome institution [McDo90, Pryo83], attempts to propagate them to other hospitals have beengenerally unsuccessful. For example, two commercial vendors have been promoting adoptionof the HELP system [Warn72] from LDS Hospital in Utah for nearly a decade, but (as of 1993)fewer than a dozen other hospitals have adopted it. Even large administratively-oriented

Guardian Angel�Patient-Centered Health Information Systems12systems such as those sold by IBM for two decades typically underwent such majorcustomizations during installation that the resulting systems shared little in common. At leasthospital-wide information systems have provided common facilities across their singleinstitution. At most institutions, even that level of integration has not been achieved. There,information known to one departmental system is simply unavailable to others, and it is onlythrough the traditional paper record that one can integrate a coherent view of a patient�scondition.When a patient moves or otherwise changes doctors or hospitals, chances are that many ofhis or her medical records become effectively lost. The new primary care provider can re-learnthe highlights from taking a careful history, but much of the detail of previous care will be lostand much that is retained will be at least subtly incomplete or erroneous. In the exceptionalcase where a past test result can lead to a clear solution of a new problem, old records can befound and copies forwarded, but this is an exceptional, not a routine process. Analysis ofcurrent data must therefore surely suffer. It has been known for over a decade, for example,that variations of laboratory values within a single patient are more narrowly distributed thanare population distributions for the same test [Stat76]. Therefore, even small deviations frompast values can signal something of possible clinical significance, even though the absolute testvalues are not yet abnormal enough to be notable on their own.1The deficiencies of current record-keeping systems and proposals to develop new nationalstandards for the maintenance and interchange of patient data among providers, insurers, etc.,are well described in the Institute of Medicine�s recent study, The Computer-Based PatientRecord [IOM92]. Even this modern viewpoint, however, assumes that the primary locus ofmedical data about a patient is with the hospital, clinic or doctor�s office. It then becomes amassive problem to integrate all these data when they are needed. The standardization effortsnow under way should at least make that data integration possible, but as long as the locus ofhealth-care information remains with multiple providers the problems of gaining access to itall in a timely manner and properly integrating it remain large.We propose instead to re-focus health-care information systems on the individual.Logically, life-long medical information will be collected and maintained within anindividual�s personal system, thus assuring the completeness and continual availability of hisor her records whenever they are needed. The patient-specific components of health records inpossession of health-care providers are then viewed as secondary, for the convenience of theprovider. The primary information can always be accessed directly from the individual�ssystem. In addition, active processes within the system can augment the record-keepingfunction to provide a pro-active component that represents the patient�s interests.Domain ModelingMost of the capabilities we seek to provide through GA are novel. Although others havecertainly thought of the possibility of personal medical advisor programs, means ofcommunicating between an at-home device and a hospital support system, and many other partsof the GA vision, very few such components have actually been built, and they have never beenintegrated into the sort of system we wish to build. Experience suggests, therefore, thatflexibility will have to be a key virtue of our work, because our understanding of preciserequirements will evolve greatly, technology to support our goals will improve dramatically,and we will certainly make our share of poor choices in design and implementation.We share the methodology of the Domain-Specific Systems Architecture (DSSA) community[Huff94] in recognizing the importance of modeling explicitly the domain�s potentiallysignificant entities and their possible interactions. The resulting ontology will provide aterminology within which the GA reference architecture(s) can be defined, and will give a setof shared concepts for researchers to use in studying, describing, and negotiating specificrequirements.Building a suitable domain model is, of course, one of the early steps of the research.Nevertheless, we can sketch at least a rough outline of some of the concepts that are certain toplay an important role in the ontology:

1Our recent work on identifying growth abnormalities in children demonstrates the samepoint. [Haim93]

Guardian Angel�Patient-Centered Health Information Systems13People—Patient—Primary Provider—Other Providers—Consultants—Parents or Guardians—Family (spouse, children, �)—Commander/supervisor and subordinatesInstitutions—Clinic—Hospital—Patient Support Group—Information Service Provider—Insurer—Government—Employer/military unitSettings—Home—Outpatient visit—Hospital stay—Travel away from home—BattlefieldEtiologic Entities—Disease-causing organisms—Environmental factors—Accidents—Deliberate harm—Idiopathic causesProcesses—Life—Natural course of disease—Diagnostic and laboratory tests—Normal therapeutic activity—Routine functioning of an institution—Monitoring—ComputationProcedures (descriptions that, whenperformed, evolve processes)—Institutional Standard Operating Procedures—Computer programsRelations—Causal—Taxonomic—Geographic—Legal—Familial—Organizational—FinancialData Sources—People (observations, reports)—Instruments—Laboratories—Databases—Libraries—World-Wide WebArchitectureThe long-term development of GA will require a highly flexible, open architecture that willsupport expansion of the concept and evolution of its implementation. Yet after GA is in actualuse, such changes must not ever require a �reset.� We cannot, of course, hope to solve the fullproblem of maintaining installed bases, but we plan to exploit, as explained below, the insightsof the DSSA methodology to develop an open architecture capable of encompassing a wide rangeof long-term technological developments.In addition, it is absolutely critical to our ability to build the system that virtually alltechnology components of GA be provided by generic, preferably standards-based facilities.These include:data repositories and retrieval, perhaps based on the object-oriented data modelreliable checkpointing and backupcomputer-based patient recordsecurity and authenticationnetwork-based communicationalerting and notification, including pagers, electronic FAX, and emailinterfaces to data-capture instrumentseasy-to-use user interfacesformal expressions of guidelines, practice standards, etc.hypertext-based bodies of medical information

Guardian Angel�Patient-Centered Health Information Systems14 instrumentsMDHOSPITALINSURER, Government Agency,�

Guardian Angel�Patient-Centered Health Information Systems15This diagram is highly schematic as it omits the probable and possible connections betweenall the other people, institutions, and data sources entering into the domain. In principle, anyof these entities and their associated GA processes (if any) may communicate with any other,but we expect the communication to be direct in only a few important cases that may change asthe technology evolves.Special FunctionalitiesThe DSSA concept [Huff94] is most easily applicable to domains with existing limited systems,and provides a methodology for modularizing and generalizing these systems to facilitatefuture reuse of components in constructing new or variant applications in the same domain. Inthe GA domain, however, there is no existing system from which to generalize, so we mustbegin by designing a specific system. Nevertheless, the concerns of the DSSA methodologyprovide an important guide in this task, as the GA concept involves an array of specializationsand variations of immediate interest.It seems unlikely that any single GA device or overall functionality will be appropriate forevery person, at least for quite a long time. The different physical and medical needs ofdifferent people call for very different specific functionalities. The scenario of juvenilediabetes presented above calls for functionalities and a sensor (glucometer) not necessary inthe GA_PDA of the average person. While technological progress may eventually permitrealization of these capabilities in every GA at negligible cost, in the short run we can expectthe GA provided to a diabetic to provide functionalities extending or refining those present inthe generic GA. Similar variations of special skills can be expected for GAs appropriate forother special subjects, such as hypertensives, stroke victims, and others. More generally, weforesee variations of GA functionality across ages as well. For example, attaching theGA_PDA in the scenario above to an infant would not be desirable or feasible, but even in theshort run we expect a very limited GA to be desirable for infants. This might consist of a purelypassive personal record of allergies, medical conditions, etc., for use by emergency personnel;indeed, one can imagine replacing the standard delivery-room identifying bracelet with amore permanent bracelet containing the initial personal medical information. As technologypermits, this minimal functionality might be expanded to include temperature, respiration, andcardiac sensors to alert parents to infant distress and the risk of impending crib death. At theother end of life, the generic GA_PDA would also not be appropriate to people suffering fromAlzheimer�s disease or for comatose patients, and specialized designs might provide theappropriate functions for them. For example, the GA of an Alzheimer�s patient might monitorthe intake of medications and provide address and contact information to bystanders if thepatient becomes lost.In view of this wide range of possible functionalities, we plan to focus our design on the GAprocesses appropriate to the generic adult and to the special medical applications selected(diabetes, hypertension, anticoagulation, etc.). Designing for this small variation and keepingthe wider possible variation in mind will help identify the basic functional modules and theirpossible refinements and alternatives. In some cases, the refined versions will be generatedautomatically from the generic versions and the specifics of the requirements for the variation;in other cases, the alternative versions will have to be constructed manually as with the genericversions.Generic Functional ModulesExamining the list of GA functionalities presented above, we observe the following genericfunctions of the GA.¥Recording and representing information¥Monitoring processes¥Analyzing events and results¥Interpreting and explaining plans and references¥Adapting and customizing plans and preferences¥Checking plans¥Communicating, translating, providing, and retrieving information

Guardian Angel�Patient-Centered Health Information Systems16Coordinating functionality distributed among GA processes at different sitesEducating the subjectReminding and alerting the subject and othersSupporting and socializing the subjectSchedulingEach of these functions will be performed by one or more architectural modules. Somefunctions correspond to a single isolable activity, and will be performed by a single module ina given GA, with the only variation being variation across GAs due to the differing needs of thesubjects. For example, the basic module performing sanity checks on plans might well serveall GAs without exception; but in the short run, one can expect different specializationsaccording to the special medical knowledge required for different subjects. That is, the genericsanity checker analyzing the plans for average subjects need not know the details relevant tochecking plans for diabetic subjects. Such variations because of differing specializedknowledge should be especially amenable to automatic construction and refinement. Otherfunctions, however, will be performed by a set of related modules specialized to the types ofinformation or the entities involved in the function. For example, modules for recording datafrom bodily sensors will be different as a matter of engineering from modules for assessingand recording the preferences of the subject, for representing these preferences to other peopleand institutions, and possibly for representing these preferences to the scheduling module.Hardware RealizationsSeeking maximum flexibility in adapting the GA architecture as hardware technologydevelops entails placing no restrictions on just how the memory, computation, orcommunication functions of the GA domain are realized in hardware systems. The diabetesscenario presented above envisions a personal GA residing on something like a current PDA,the home GA residing on a personal computer, and makes no particular assumptions on theresidence of the hospital GA process. But fast downloading abilities, the shrinking physical sizeof computational power, and improvement in the resilience of memory might obviate the needfor a home GA altogether except as a communication terminal, and improvements in cellulartelephony and wireless connections to the Internet might obviate the need even for that role.Our initial architectural designs will accordingly identify hardware realizations that makesense currently and in the near future, but the domain model, functional architecture, andmodularization will not be dependent on the particular hardware choices in force at a particulartime.Information Infrastructures and I-95We anticipate that the current push toward universal network access for all Americans willprovide vast new opportunities in health care as well as in other areas of commerce andindustry. We expect that early exploiters of this universal access will build verticalapplications that serve specific, targeted users with narrow services. Soon, however, manyusers and providers will recognize the great advantages of open systems that promoteinteroperability and the incremental addition of services to existing systems. For users, thiswill lead to convenience of use and consistency of operation. For providers, it means that onecan concentrate on doing the best job at providing a specific new service without having to builda complete application.The I-95 architecture [Tenn93], in whose creation we participated, envisions a layered modelof services. At bottom are traditional network services and concerns such as reliablecommunications, addressability, and scalability, plus new services such as security,authentication and bounded-delay data streams for isochronous data. At the top are applicationlevel services and connections to a variety of user interfaces. In-between, we foresee a layeredset of capabilities that provide uniform support for a large variety of transactions. Theseinclude electronic money (or, in general, ways of being billed for the use of network services),methods to support negotiation and binding commitment in transactions, and means to helpnavigate essentially unbounded volumes of data and text.We plan to capitalize on future developments of this set of architectural ideas to support GA.Ideally, GA will contribute its own set of layered services and will in turn rest on servicesprovided in greater generality for many other kinds of transactions. For example, we expect

Guardian Angel�Patient-Centered Health Information Systems17not to have to develop our own standards for encryption and authentication, but only to designthe application of those methods [Rive78] to the specific needs of patients and providers in healthcare.Prototype ApplicationsImplementing the wide range of Guardian Angel applications that we anticipate eventuallybuilding is a task too large for a single research project. Indeed, we intend for the results ofthis project to provide the appropriate architecture and examples that will enable others to buildthe many specific applications. To help us develop and refine the GA concept, we need to chooseone or two specific medical applications that can represent the larger medical problem and forwhich we can build demonstrable and testable prototypes. For these prototypes, we plan to choosemedical domains in which the intensity of required care is higher than normal for the generalpopulation. This is justified by the medical importance of the applications themselves and bythe fact that we are likely to learn more from experiments in which �much happens� thanotherwise.Our initial choice of prototype application domains is insulin-dependent juvenile diabetesand management of chronic hypertension.Insulin-Dependent Juvenile DiabetesThere are approximately twelve million patients in this country with diabetes mellitus, ofwhich one million patients had juvenile onset. The cost of the complications due to themicrovascular and macrovascular disease of patients with diabetes mellitus is well over fourbillion dollars [Huse89]. Therefore, any improvements in efficacy of treatment will havesignificant national impact. After the Diabetes Control and Complications Trial (DCCT)[DCCT93], a recent multi-center trial, it has become clearer that minimizing the average bloodsugar of patients will lead to major decreases in the incidence (e.g. 50% decrease in retinaldisease) and severity of diabetic complications. Also, the Department of Health & HumanServices has identified in Healthy People 2000 [PHS91] several diabetes-related nationalobjectives including reducing the incidence of blindness and end-stage renal disease.However, as noted in an editorial commentary on the implications of the DCCT in the NewEngland Journal of Medicine [Lask93]: �We now face the considerable task of providingpatients and practitioners with the support they need to make this therapy generally available.The importance of the patient-centered team in achieving the results of the DCCT suggests thatpolicies affecting the way care is organized, assessed, and paid for are likely to be as importantas those affecting benefits, insurance coverage and access to care. �Even current, non-intensive management of pediatric patients with diabetes mellitus isintensive and expensive in its use of health care resources. In addition to regular clinic visits,each diabetologist (nurse or physician) will field dozens of phone calls per week from patientsor their families to help adjust insulin dosage (or oral hypoglycemic agents), diet or exercise.Despite this investment of clinicians� time, the interval between calls for a particular patientwill range from weeks to months, during which time the current therapy may have becomeprogressively less well tailored to the patient�s needs. Sub-optimal therapies will tend toincrease the likelihood of acute complications (e.g. ketoacidosis and dehydration orhypoglycemia) and the risk of developing progressive chronic complications (because ofsuboptimal glycemic control). To meet the requirement for more stringent glycemic control(which has been shown lead to substantial decreases in vascular complications in the DCCT)will require greater patient education, increased clinician/patient communication andheightened responsiveness to changes in physiology (e.g. during a gastroenteritis) or lifestyle.Several attempts have been made in the past ten years to provide patients with diabetes withautomated assistance in the management of their blood glucose control [Stra85, Bell88, Buys89,Chya90, Fuge92]. These systems have not had a significant acceptance beyond their initialtesting sights or lasting impact upon the care of most individuals with diabetes mellitus for avariety of reasons, including: inadequate user interfaces, hospital oriented care, burdensome,unreliable or low bandwidth communications protocols. Also, several of these systems sufferedfrom a too narrow focus on the specific clinical task [Fuge92] rather than the broader mandateof the Guardian Angel project. Nonetheless, we intend to include these components of priorsystems that have proven to be successful such as the insulin adjustment heuristics.

Guardian Angel�Patient-Centered Health Information Systems18The objectives of the implementation of a Guardian Angel system for Diabetes Mellitusinclude:(1)Decreased patient reliance on expensive tertiary care specialists for routine adviceon home management of diabetes mellitus. At the same time, timelycommunication of relevant clinical data to the diabetologist (nurse or physician)will be increased.(2)Improved early intervention to correct harmful blood glucose levels, therebyreducing the likelihood of hospital admissions or specialist consultations for acutecomplications and potential chronic complications.(3)Increased patient autonomy.(4)Improved clinical data collection to help conduct outcomes research and suggestimproved therapeutic interventions.The extended scenario, above, also introduces additional considerations that are important inthis disease domain.Chronic HypertensionHypertension affects 20% of the population of the United States. The prevalence of hypertensionincreases with age, with a higher prevalence in men until about age 50 and then a higherprevalence in women [NIH93]. The natural history of the disease is that it gradually becomesmore severe. Over many years it gradually damages the blood vessels, the heart, the kidneysand other organs. The heart hypertrophies and eventually fails. The increased pressureaccelerates atherosclerosis and produces also hemorrhages in end organs and aneurysms inlarge and small blood vessels, affects the retina, the kidneys, the brain, and the supply of bloodto the legs. The aorta is subject to dissection (tearing), producing rupture and the cutoff of bloodvessels. There is a strong, predictive correlation between the level of blood pressure and theincidence of coronary heart disease, stroke, heart failure and renal disease.The presence of hypertension is usually determined by a regular physical exam or otherscreening, since symptoms are unusual in the early stages of the disease. The majority ofhypertension is essential , meaning that there is no known cause that can be treated. However,it is important to rule out possible causes, since secondary hypertension is treated differentlyfrom primary hypertension and because treatment can be definitive (curative) for some of thesecauses. Since essential hypertension is progressive and incurable, the disease usually needs tobe treated for the rest of the patient’s life. For the borderline hypertensive, the therapy consistsof diet, exercise, and monitoring. For mild hypertension, drugs such as diuretics, beta-blockers, calcium blockers, and angiotensin converting enzyme inhibitors are all appropriate,in different subsets of patients. For more severe hypertension there is a wide range of choicesof single or multiple drug combinations. The large armamentarium is needed because patientresponse varies, both in degree of response to therapies and in prevalence of and tolerance toside effects. It is common to try several different therapies in a patient before finding one thatprovides an adequate degree of control for the hypertension without more side effects than thepatient is willing to tolerate.One of the real challenges is that most hypertension therapies have some side effects and thepatient often feels better untreated than treated. Many of the common side effects of anti-hypertensives are fairly nonspecific, such as headaches, fatigue, dizziness, depression, andsexual dysfunction, that might not be attributed to the therapy by the patient without appropriatequestioning. Since there are usually some drawbacks to every therapy, the decision to reject atherapy can depend on the attitude of the patient. As the disease progresses, the therapy mayhave to change to maintain an adequate degree of control. The therapy may also need to bechanged because of end-organ damage, changing sensitivities and allergies.Another challenge of hypertension management is tracking the blood pressure. Bloodpressure can vary considerably and is often higher in the doctor’s office than in a differentsetting. It also follows a pattern over the course of a day and increases with stress and otherfactors. Thus, regular monitoring of the blood pressure provides a much better picture of thestate of the patient’s disease than the pressures read in the physician’s office [Pick87]. If thephysician-read blood pressures are the sole source of data, it takes multiple visits to establish thediagnosis of hypertension and frequent visits to track the progress of therapy. Appropriate trend

Guardian Angel�Patient-Centered Health Information Systems19analysis of home blood pressure measurements can provide the physician a better measure ofthe hypertension and the effect of the therapy as well as giving the patient more timely feedbackand encouragement than waiting for the visits to the physician.The blood pressure is not the only focus of management in the hypertensive. Life stylemodification is a very important part of the overall therapy, including changing diet (salt,calories, and cholesterol reduction), exercise, often weight loss, stress management, andsmoking cessation. Since the therapies and other management strategies often have moreimpact on the patient’s day-to-day life than the disease, keeping the patient convinced of theimportance of control, encouraged, and informed is a major challenge in assisting the patient.Part of the challenge is getting the patient to take ownership of the management process,something that takes instruction and the involvement of the patient in determining a patient-specific strategy for managing the disease. This can be very time consuming and theassistance of the GA system could benefit the patient and take some of the educational burdenfrom the physician. As the GA monitors for early complications (often by asking the patientabout signs and symptoms), it will reinforce the importance of blood pressure control. It alsowill show the patient the success of therapy and life style changes by showing their impact onthe patient’s risk of complications. For example, several of the Framingham risk equations forpredicting the development of coronary artery disease depend on blood pressure and many ofthe associated life style changes. The GA will graphically demonstrate how his/her riskschange over time. This feedback of changes in prognosis for a therapy to prevent complicationsin minimally symptomatic patients should be very effective as it will show them the expectedeffect of therapy.Managing Hypertension Using a GAAt different stages in the management process, the GA could serve different functions for thepatient and for the providers. When hypertension is first suspected or noted on a routineexamination, the physician will load and activate the hypertension GA in the patient’scomputer. Initially, the GA could assist in the screening and diagnosis process for thephysician. The GA would collect any additional needed demographic information andinformation about the risk factors for myocardial infarction and stroke. This function may beof particular importance because modern trends in health care continually limit the timeavailable for patient-physician contact. How complete a history can be taken in an elevenminute visit? The patient could also get information about hypertension and the various riskfactors. If a health care provider (nurse or physician’s assistant) is entering blood pressuremeasurements into the office, clinic or hospital system, that information would be transferredto the patient’s GA computer. If a hypertension workup is appropriate, the GA would gather therest of the history needed by the physician. At this stage of the interaction, the GA could give thepatient a preview of the implications of risk factors that are apparent from the history andinitial blood pressure readings along with other information that would help the patient be moreinformed when interacting with the physician.When the patient’s GA transfers the data to the GA physician’s process, the data needed tobegin the diagnosis will be available to the physician. If the patient already has some of thenecessary screening tests, those data will be immediately available and some unnecessaryduplication will be avoided. The GA will also be able to provide data about trends in tests overtime, for example how the serum creatinine may have changed (reflecting renal disease, both acause and a complication of hypertension). The diagnostic module on the GA physician’sprocess can then provide patient-specific source of information about the diagnosis andmanagement of hypertension. It could provide suggestions for therapy or a critique of proposedtherapy in the context of other diseases (co-morbidities) or special circumstances that may beaffecting the patient [Mill84]. For example, in a patient with a history of depression, a beta-blocker would be inappropriate. The information could be provided in the form of a guidelineor in response to questions, as appropriate to meet the needs of the physician. The GAphysician’s process would also provide access to other information sources, such as referencesto literature on secondary causes of hypertension, the current costs for drugs, availability ofclasses or therapy groups for the patient on diet, quitting smoking, exercise, or living withhypertension. It would also provide information about the patient’s response to drugs givenbefore (about which the current provider may not be aware), as well as allergies or how otherdrugs might interact. Data would also be provided to the patient. For example, most commonover the counter remedies for upper respiratory infections warn the patient to avoid them without

Guardian Angel�Patient-Centered Health Information Systems20consulting their physicians. In the case, the GA could provide a selection of minimallyproblematic drugs and then monitor the patient’s blood pressure response to those drugs andnote the results for future reference.Once the patient has been diagnosed with hypertension and the physician has determinedan appropriate course of action, the patient’s GA will assist by helping the patient takeownership of the plan. To successfully combat hypertension requires a long-term commitmentand consistency, so the patient must understand the situation, understand the implications inmanaging the disease, and be committed to the management plan. The GA will provides aneffective tool to take the patient through these steps. It will answer questions about the patient’srisk of heart attack or stroke or the other consequences of hypertension and frame thisinformation in a variety of ways that might help the patient understand. It will help the patientunderstand the additional risk incurred from smoking, diet, obesity, stress, and so forth. TheGA will also help the patient personalize the management plan so that the goals are ones thepatient is committed to achieve. This management plan will incorporate the GA as a monitorand guide by including a commitment to consult with the GA on a regular schedule.Once the patient and physician have established a management plan, the GA will help thepatient follow the plan and monitor the progress. For most patients, who are able to check theirblood pressure with the home pressure cuffs now available, the GA will track the pressureagainst the expectations for therapy effect and use the data to provide correction andreinforcement for the patient. The GA will also monitor other aspects of the plan includingdrug compliance, weight, and lifestyle changes. The degree of monitoring of side-effects andlifestyle changes such as diet and exercise will depend on the needs and desires of the patient.It could vary from simply making information available to having the patient fill out aprogress report each session. Importantly, the GA will be able to ask about most of the potentialside effects of the drugs. From our interviews with hypertension patients it is clear that somelike to know what the possible side effects are while others would prefer having them monitoredin case they happen. Indeed, there are preliminary data that suggesting to a patient that certainside effects might occur, e.g., insomnia or erectile dysfunction on beta-blockers, will markedlyincrease the frequency of those side effects. The GA will accommodate individual preferencesfor information compared to monitoring. The GA will help the patient evolve the plan to meetchanging needs, such as revising an exercise program to accommodate a change in schedule.By occasionally linking the GA to the physician’s GA module via modem, the GA will schedulefollow-up with the physician. Since the GA has the monitoring data, it can determine theurgency of the visit. Indeed, if expectations have been met and there are no indications of sideeffects, it may be appropriate just to add the data to the physician’s data base and delay the visit,unless of course it is time for some regularly scheduled laboratory test (e.g., a potassium or anechocardiogram to monitor changes in left ventricular mass) or unless some other problemrequiring the physicians attention has developed.The GA will act as a resource to answer the patient’s questions as they arise. The GA wouldassist in this process by keeping track of what information the patient has seen and bysuggesting related information, information consistent with the patients interests andknowledge. Many kinds of information about the disease, the therapies, lifestyle changes, andso forth will be available with a simple hypertext interface. The GA will be able to accessfunctionality on other computers to supplement that available locally. For example, if thepatient has agreed to a certain kind of diet, transparent access through modem to another servermay provide a list of restaurants and dishes that would meet those requirements when thepatient wants to go out for a meal. Such network access will also allow the patient to participatein support groups or mailing lists to exchange views, keep informed, and be encouraged bypeople in similar situations. Often the best way to stay on track in managing a lifestylechange is to interact with someone else fighting a similar battle and be accountable to eachother. Access to network mailing lists or information servers will also make available timelyresponses to articles that appear in the press or television about some aspect of hypertension.Chronic AnticoagulationAnticoagulants are drugs which limit the ability of blood to clot and are used commonly in thetreatment of cardiovascular disorders and therapies that subject the patient to a risk ofthromboembolism. Classic indications have been prior embolic stroke, the insertion ofprosthetic heart valves, the presence of acute and recurrent venous thrombosis (phlebitis) and

Guardian Angel�Patient-Centered Health Information Systems21pulmonary emboli, the presence of cardiomyopathy (disease of the heart muscle) which limitsthe strength of cardiac contraction, and the presence of certain cardiac arrhythmias, e.g., atrialfibrillation. Recent studies have underscored the need for anticoagulation and carefulmonitoring of the patient’s response to these drugs (as typically measured by the prothrombintime, a measure of how long it takes the blood to clot under controlled circumstances in thelaboratory). Patients responses to these drugs (most commonly warfarin) are quite variablefrom patient to patient and from moment to moment in a given patient. Recent improvementsand corrections in laboratory science have minimized some of the non-biological variation, butthe situation is sufficient unstable that laboratory studies of a patient’s response a measured atleast monthly and often far more often. If anticoagulation is inadequate, the patient is at riskfor thrombo-emboli; if it is excessive, the patient is at risk for hemorrhage. The toxic-therapeuticratio is quite low and variable.Almost irrespective of the purpose of the anticoagulant therapy, the management is thesame. A therapeutic goal (a target range of the laboratory value, the INR (internationalnormalized ratio) is established as well as action levels outside that range, with actions such asrepeating the study, changing the dose, given an antidote or another anticoagulant (e.g.,heparin as a supplement), and hospitalizing the patient. Because of the frequency of problemsand changes in therapy, it is critical that the patient be a partner in the therapeutic process,understand the implications of laboratory values, and understand the signs and symptoms ofthe complications of excessive or inadequate therapy. A very large set of other drugs alsointeract with anticoagulants, causing the risk of bleeding or of thromboembolism to increase,sometimes without changing the prothrombin time. The patient must be educated about theseeffects, because an intercurrent physician treating an acute problem may inadvertentlyprescribe a drug that interferes with safe and adequate anticoagulation. The patient must alsobe taught about a wide variety of over the counter drugs that can cause bleeding or inadequateanticoagulation. Given the frequency of problems with anticoagulant therapy and the importance of thislifesaving therapy that is often continued lifelong, we believe that a GA for anticoagulation willbe an important benefit. It should make this therapy safer and more effective, while keeping thepatient involved and responsible. There are even portable instruments (one made by Dupont, theprimary manufacturer of warfarin (Coumadin)) with the patient can purchase to measure theprothrombin time at home at about one dollar per test. The output is digital and should be able tobe directly interfaced to the patient’s GA. The frequency of testing and changes in therapy andthe need to monitor for side effects and drug interactions make this domain a prime candidatefor GA software agents. The frequency of changes in therapy (especially when therapy is firststarted or when it must be temporarily discontinued, e.g., for surgery or even visiting a dentist)means that we should be able to do substantial testing of this application in a relatively shorttime. This domain is also interesting because the GA will not be focused on a single disease butrather on the effects an the management of a common therapeutic agent. It may be prototypicalof a large set of software agents that might be prescribed for a patient (loaded into his/hercomputer) when a drug is prescribed, to teach the patient about the drug and its use andnecessary precautions.We shall develop and anticoagulant GA which will monitor the effects of the drug, trying tokeep the patient’s response (INR) within the prescribed target range. It will educate the patient,help the patient understand how drug dose should change with laboratory response, watch forcomplication and try to prevent or at least compensate for drug interactions. Because theprotime might be more frequently and closely monitored at home than can now be done byvisiting a laboratory and getting a blood sample obtained by venipuncture, control should betighter and safer. When scheduled intercurrent events are planned (e.g., a visit to the dentist ora sigmoidoscopy), the GA will help the patient and the physician minimize the window duringwhich the patient is relatively unprotected from thrombo-embolic events. The GA will keep thephysician informed about the patient’s response, progress, and complications, and itsrecommendations to the patient will (can) be monitored or adjusted by the prescribingphysicians. Some busy physicians even now delegate anticoagulation management toassistants or nurses, so this pattern of care is already partially commonplace.

Guardian Angel�Patient-Centered Health Information Systems22Other DomainsThe domains described above are only three of a number of medical problems that could befruitfully attacked by prototype GA implementations. We have mentioned angina, chronicrenal disease, and pulmonary disease (COPD) as other possibilities. If time permits, we mayundertake additional prototype implementations in these domains, to further study theadaptability of the GA concept, the GA reference architecture we will build, and the reusabilityof components built for the initial the domains. In selecting the three domains we have tried toselect problems and expose different opportunities for GA functions, e.g., managing drugs,monitoring physiology, educating patients, watching for early complications, looking forinteractions with other diseases or drugs.Angina, for example, is a domain in which a GA has the potential to reduce the incidence ofmyocardial infarction and death. Since the majority of patients experiencing a myocardialinfarction describe a change in their anginal pattern within a couple months prior, thedetection of such changes in a more reliable way than relying on patient observation andconcern, offers the opportunity to intervene in many cases that would otherwise proceed toinfarction.ImplementationDesigning our initial implementation strategy is one of the tasks in our research.Nevertheless, we can outline some of the approaches we plan to pursue in implementing thecapabilities we propose to build. We focus first on initial hardware platforms, and then on thesoftware environment.We assume that, in the short term, lightweight devices with relatively limitedcomputational power will be used routinely by patients in our experimental studies. This willmean either a �personal digital assistant� class machine such as the Apple Newton or a verysmall, lightweight portable computer such as an HP �palmtop� or a larger machine such as aDuo. During the term of this project, such machines are not likely to have either thecomputational power or the storage capacity to hold all the material that GA will require.Therefore we posit the presence of a home computer (a PC-class machine or workstation) with alarge disk drive, CD-ROM, keyboard, and large color video display. Communication pathsbetween the PDA, home computer, and other aspects of the network will have to be alwaysavailable, reliable, high-bandwidth, and convenient to use. For close proximity, infrareddevices appear to be appropriate. For more distant connections from PDA to other machines, thecurrent technology of choice is probably cellular telephone, though this may change as satellite-based direct communication channels come on line. We assume that, at least by the time weare ready to conduct field trials, the home computer will be attached to the Internet via high-speed telephone switches or set-top cable converter boxes, and therefore the communicationfacilities of the Internet will be available in the home. Therefore, we plan to use Internetservices as the basis for communication with the doctor�s office, hospitals, insurers, third-partypayers, government organizations, other patients and support groups, etc. If, contrary to ourexpectations, high-speed networked connectivity to the home is not available, we would have toturn to existing alternatives such as high-speed modems or leased lines to conduct our studies.Our collaborative team brings a very valuable suite of software tools to our project.Gensym�s G2 and GDA (G2 Diagnostic Assistant) software provides an excellent environmentfor prototyping GA components and for developing monitoring and tracking modules. It hasbeen used in process-control applications to construct reliable agents with long-term plans andagendas, and should allow us to create multiple independent software agents that collectivelyconstitute the reasoning part of GA for a specific individual. G2 and Gensym also haveconsiderable use and experience in interfacing to a variety of different information systems,and provide tools that make creation of data interfaces relatively simple. Because we will needto interface with a variety of record-keeping systems in doctors� offices, hospitals and otherinstitutions, this will be a critical contribution. In addition, the temporal aspects of thissoftware will provide us models for forms of knowledge representation we expect to beimportant, but which are not yet fully supported in KIF [Gene92] and KQML [Baal94].IBM�s Applications Solutions Institute has developed, in their collaboration with KaiserColorado, a set of tools for compiling workflow specifications into program code thatimplements those workflows. These capabilities will be very important to the components of theGA architecture that run at institutions away from the patient, where the needs and concerns of

Guardian Angel�Patient-Centered Health Information Systems23many patients are intertwined and need to be simultaneously managed. IBM is currentlyusing these tools to develop software for more conventional HMO operations, and we plan toinvestigate how they are applicable to the management of the far more patient-controlled datastreams that will result from use of GA. IBM has also developed a set of tools to managetaxonomies of medical terminology, and is currently using these to define controlledvocabularies and medical relations for use in their HMO record keeping systems. We believethat a coherent set of terminology, though not absolutely essential, makes record-keeping andinterpretation far easier and more effective. We plan to use the UMLS as our base vocabulary,where its coverage is sufficient, and to use the IBM tools and vocabularies as much as possibleto supplement UMLS with terminology needed to cover descriptions of patient data.The MIT Laboratory for Computer Science plans to pursue an aggressive research anddevelopment strategy to make use of the Word-Wide Web (W3) [Bern92] architecture as afoundation for our planned I-95 extensions. In concert with this, we plan to use W3 extensivelyas a foundation for accessing general medical information, patient support groups, thetechnical literature, and patient-specific records. If suitably augmented with privacy features,existing tools that provide HTML access to various forms of databases and widely-availablefront-end tools such as NCSA Mosaic can then provide high-quality interface components thatrequire little effort on our part to develop, yet provide excellent functionality and uniforminterface conventions for our users.Not every implementation component of GA can be obtained �off the shelf,� of course, andwe certainly expect to have to build various software modules and code to tie together andintegrate others. As we have mentioned, these implementation commitments are subject to re-evaluation before the project commences as technologies change. They are, however,representative of our commitment to leverage as much as possible from our own previous workand the outstanding work of others.One of our initial concerns will be the form of the data model. In the GA environment thedata needs to be useful for the life of the patient and by modules yet to be conceived. Thus, wecan not assume that because no current modules use certain data, that it will not be neededlater. Furthermore, the data comes from multiple contexts and sources, which may be pertinentto its appropriate use. Unlike a hospital based system, there is no underlying assumption thatall data has been collected or filtered by appropriate clinical personnel. Thus, it will benecessary to store contextual information along with the data. For example, in the diabetesexample, when a glucose level is recorded, the datum must include that it was done by thepatient at home, the type of glucometer, and that it was recorded by direct connection (as opposedto typed in). Other information, such as the food and exercise state of the patient, are alsopertinent but would be available as data items themselves. The actual implementation of such adata scheme does not have to be burdensome, since context information can be carried over setsof data. The starting point for designing the data model is the domain model. Therelationships among the entities in the domain determine the classes of information that mustbe available in the data.There are several different kinds of data that need to be a part of the GA system, withdifferent implications for storage and access. The most obvious type is the disease findings,such as the glucometer findings or exercise logs. These constitute the basic track of the disease.In contrast, the GA also needs to keep track of the educational materials the patient hasreviewed in order to offer new materials when the patient has questions and to have a generalcharacterization of the patient�s disease understanding. The requirements for data security arevery different for these two kinds of information. The loss of the raw disease data wouldrepresent a loss of part of the basic patient disease record. The loss of the patient education traceis little more than an inconvenience. Thus, the data model needs to capture the varying needsfor reliability, security, and access for different kinds of data.Comparison with Ongoing ResearchTo our knowledge, this proposal represents a novel departure from both our own and ourcolleagues� ongoing work in the development of medical information systems. The history ofmedical informatics begins in the 1960�s with the computerization of the collection, storage andretrieval of clinically-relevant data, initially focusing on data from the clinical laboratories.Over the past three decades, this focus has expanded to making possible the comprehensivecollection and maintenance of clinical data from many other sources, including radiology,

Guardian Angel�Patient-Centered Health Information Systems24pathology, pharmacy, ICU monitoring equipment, etc. [Ball91]. Hospital information systemsbeing introduced today are moving away from the monolithic centralized systems of earlierdays and now support networked interaction among heterogeneous components, with broadconventions and policies governing communication (e.g., HL7 [HL7] as a networkcommunication format), queries (e.g., SQL for access to stored data), and interactions withother hospital responsibilities (e.g., a policy requiring that billing be performed based only ondata recorded in the clinical information system). Nevertheless, all such systems are stillcentered on the care-providing institution, not the lifetime experience of the individual patient.Current efforts to define a set of standards for communicating information in the patient record(e.g., CPRI) are intended to facilitate the exchange of relevant patient information amongvarious providers, but integration of this information is still planned to be optional and toremain the responsibility of the current provider. No provisions are made for long-termpatient-centered evaluation of these data or for active processes that can represent the patient�sviewpoint and preferences in medical decision making or that can prospectively identify errorsas defined by the patient.Current efforts in medical AI center on a number of different types of tasks:(1)˚Development of model-based reasoning techniques and systems that can accurately reasonabout complex medical domains. Our group, for example, has been developing a program toreason about diagnostic and therapy management problems in cases of heart failure, helpingphysicians to manage very ill heart patients. (2)˚Create methods to learn medical knowledgefrom the growing volume of data available in information systems. Examples here includestatistical learning methods like CART [Brei84] and C4.5 [Quin93] Bayesian network inductionmethods [Verm90], case-based reasoning [Koto88, Jang93], and various approaches to knowledge-base debugging. (3)˚Develop tools that make the construction and deployment of relativelyconventional (well-understood) systems easy and inexpensive. See, for example, the hierarchyof tools embodied in the Protege project of Musen, et al. [Muse89] (4)˚Provide integrativefunctions across heterogeneous data sources, with slightly intelligent interfaces in �physicianworkstation� projects [Koha90] . (5)˚Standardize methods of expression of clinical data (e.g.,CPRI), medical terminology (e.g., UMLS) and isolated chunks of interpretive expertise (e.g.,Arden Syntax MLM�s [Hrip90]). (6)˚Codify and help to implement guideline-based care forroutine problems, based on flowcharts and possibly some exception mechanisms [Fiel92].Although each of these approaches is relevant to aspects of our proposal here, none is addressedat our specific task and plan. We hope to make a major contribution to medical informaticswith the ideas sketched here, as developed through the conduct of the proposed research.Performance EvaluationEvaluating a new paradigm for health care delivery provides many methodological challenges.The evaluation of incremental changes in a system is relatively straightforward, because thereis a clear null hypothesis�the new system is no different than the old�and either parallel orcross-over studies can provide evidence about this hypothesis. Problems normally revolvearound finding suitable outcome measures (e.g., are improvements in measures of the processof health care sufficient, or must we show ultimate benefit in terms of reduced patient mortalityand morbidity), and designing studies with sufficient power to reject the null hypothesis withoutinordinate expense.In our case, evaluation is made more complicated by the fact that both our own ideas on howto build GA and the more traditional approaches to providing medical informatics will evolveduring the course of the project. Because of this expected evolution, it makes less sense toperform a single final evaluation of the total system than to combine small, incrementalevaluation steps with continued research and development. Many of the questions we will beasking are not of the form �does method x perform task t better than method y?�, but more �howcan we accomplish t at all?� The first steps in evaluation are, therefore, less a matter ofempirical analysis of the performance of existing systems than part of the engineering designeffort. We expect much of the first two years of our project to be devoted to research anddevelopment toward the GA goals, and therefore to involve mostly �how can we� questions.The third year of the project will focus on the performance evaluation of the GA. Theobjective of the evaluation is to prove the viability of the idea of patient-centered healthinformation systems. Furthermore, we will use this evaluation to prepare the GA system for

Guardian Angel�Patient-Centered Health Information Systems25appropriate clinical trials. In addition to evaluating the performance of GA in specificapplication areas, we are also interested in judging the success of its architectural design inmaking possible the creation of new GA applications in new settings. We do not expect to beable to carry out controlled trials of this aspect of the system during a three year study, but weare designing all stages of our evaluation to provide feedback on this question when possible.There are four levels at which a system such as this needs to be evaluated, from systemfunctionality to patient outcome. The following are the hypotheses that need to be tested at eachof these levels:1.The system successfully implements the performance characteristics we have setout. That is, it is able to collect and maintain the appropriate data, communicatewith the other processes, handle the expected tasks for the patient and other users,and handle the various possible failure modes of the distributed system.2.The system gives good advice.3.The system is judged to be useful by the users.4.The system improves patient outcome or compliance.Because each of these levels of evaluation rests on the previous level and we are testing acompletely new paradigm in medical assistance, most of our effort will, of necessity, be focusedon the lower levels of evaluation. However, we will do some evaluation at each level. Theobjective of this evaluation is to determine whether the system merits the expense and timerequired for a full clinical trial. This is a formative evaluation, so we will makeimprovements to the program as we uncover limitations. The following paragraphs discusswhat we will do to evaluate the program at each of these levels.To judge whether the system successfully implements the desired performancecharacteristics, we will design a series of scenarios that test the behavior of the system for all ofthe desired functionality in the two medical domains. The scenarios will include examples ofall of the desired kinds of communication the system will have to handle. In addition, theywill include the range of likely failures in these communications. For example, we will testwhether the system does appropriate alternative notification in case of emergencies when theprimary destination is unavailable. Because the ultimate intention is to have a system thatassists patients for their lifetime, we will test that the system state is reliably maintained bytesting that the system is able to recover from the failure of any single component. We willinclude scenarios that involve the addition of new modules to the system to test its extensibility.When it is clear that the desired functionality is well in hand, we will commence with thesecond level of evaluation. For both of the medical domains, we need to test the domainknowledge of the GA. For this we will use a combination of designed scenarios and, later,cases constructed from data gathered from patient use of the GA. We will use a set of scenariosthat covers as wide a spectrum of decision situations as possible to give the domain knowledge athorough test. We will collect the analysis, actions, and advice of the system at each decisionpoint in the scenarios. These decisions will be given to domain experts to judge. The expertswill be asked to judge each decision as good, acceptable, or wrong. The decisions judged wrongwill be reviewed to determine the basis for the judgment and the appropriate way to deal with theproblem. Once the program has achieved a level of domain performance in which the mistakesare infrequent, the system will be advanced to the third level of evaluation.The object of the third level of evaluation is to determine whether the system is perceived bythe patient and physician to be useful. This is a necessary hurdle for the system to clearbecause the system depends on acceptance, especially by the patient, for it to be used and to serveits function. To conduct this evaluation we will select a small number of patients (probably 5)who have each target disease and equip each with the system for three months, undersupervision of a physician who will have the corresponding part of the system for the physician.For the hypertension domain it may be necessary to give the GA to the patient for a longerperiod of time, perhaps up to six months, because interactions with the system will be lessfrequent than with diabetes. We will enlist patients at different stages of their diseases inorder to get a better idea of the strengths and weaknesses of the system. The system will beinstrumented to collect comments from the patient and physician, as well as the complete recordof the use of the system. We will design this test to minimize the potential risk to the patient incollaboration with our Institutional Review Board (IRB). For example, all advice given to the

Guardian Angel�Patient-Centered Health Information Systems26patient will also be given to the physician. Any advice that involves a change in therapy (suchas a response to side-effects) will require the prior approval of the physician. These safetyfeatures will have to be balanced against the responsiveness of the system. After the firstsession of use, at an intermediate point, and at the end of the study period, we will ask thepatient and physician to fill out questionnaires about the strengths and weaknesses of the GA.This field trial will also be a vehicle for testing whether the performance characteristics of thesystem hold up in practice. In particular, it will give us a good test of the reliability of the inputdata and the willingness of the patients to comply with the GA over an extended period of time.Using the data from this field test of the system, we will analyze the record, looking forinstances in which actions were taken as a result of the information provided by the GAsystem. These will be classified as to whether they increased or decreased the need forphysician intervention and hastened or delayed optimal therapy. The resulting balance sheetwill be used as a rough measure of the amount of improvement that could be expected from theGA system in each domain. The expectation is that this will provide enough data to do thepower analysis for a full clinical evaluation. Such an evaluation will be planned, but it willnot be carried out during the proposed project period.ConclusionWe expect to publish reports that delineate the domain of active intelligent patient-centeredhealth information systems, architectural documents specifying the reference architecture ofGuardian Angel and its interfaces, a succession of prototype software implementations of GAand its applications, and research reports describing the above and evaluations conducted toassess the validity of our assumptions and (ultimately) the efficacy of the underlying concepts.We expect the example applications to measurably improve medical care, and we will alsomake those applications available to interested adopters. Because we plan to make availableboth a reference architecture and a set of reference implementations, potential adopters canchoose whether to build new implementations based on the architecture or to adopt our referenceimplementations. To the extent possible, we would like to make the reference implementationsavailable to others at little or no cost, but because they are likely to include components that arecommercially developed, this may not be possible. We can guarantee for-fee availability of thereference implementation.ScheduleWe propose a three-year project, incorporating the following tasks:Year one:Define GA initial reference architectureSelect initial implementation strategy: specific medical, institutional and hardwareenvironments.Identify protocol-based studies of care for selected medical foci.Begin development of knowledge base for selected medical foci.Begin selection or implementation of tools that will generate prototypeYear two:Complete implementation of authoring support systemImplement prototype GA patient management systems for two selected medical foci.Integrate implementation with institutional information system(s)Simulate use with experimenters acting as surrogate patientsPlan evaluation based on anticipated capabilities

Guardian Angel�Patient-Centered Health Information Systems27Year three:Continue evolution of the knowledge base for the selected applicationsConduct limited field trial(s) and perform their evaluationRevise the architecture and implementation based on trial resultsPlan and conduct technology transfer activities to assure dissemination ofarchitecture and implementation

Guardian Angel�Patient-Centered Health Information Systems28Part IIIProject PartnersThe project will be done as a collaboration among the Clinical Decision Making Group at theMIT Laboratory for Computer Science and researchers at two Boston-area hospitals, twocompanies, a large HMO, and a part of the Veterans Administration.IBM Research has agreed to collaborate with us in basic research towards building healthcare solutions and plans to contribute to this program some appropriate existing and underdeveloped software tools under fee-waived license agreement. IBM�s Dr. Ifay Chang, who headsthe Applications Solutions Institute (ASI) within the T. J. Watson Research Laboratory, iscurrently leading a very large-scale effort to develop a modern clinic-based informationsystem for the Kaiser Colorado health plan. As part of that activity, ASI has developed anumber of tools that we expect will be useful for prototyping and that will probably serve asreference implementations for portions of our reference architecture. These include tools forapplication definition and information and workflow modeling, for defining and maintaininga medical lexicon, and for building clinician�s workstations from abstract specifications. As acommercial company, it is reasonable to expect that IBM will be interested in turning thesetools (or their offspring) into commercial products. For this research program, Dr. Chang hasagreed to work with us to develop mechanisms that would assure potential adopters of oursystem the ability to license, at a reasonable cost, components of IBM technology that we haveincorporated in our reference implementations.Gensym, Inc., is a small software company in Cambridge, tracing its roots to earlier MITprojects about 15 years ago, and is the most successful commercial vendor of tools forintelligent process control. Their graphically-oriented expert system shell, G2, has been used tobuild hundreds of systems for keeping track of evolving manufacturing processes, and theyhave built various tools to augment G2 for diagnostic reasoning and for interface toheterogeneous databases (two examples relevant to our proposal). Lowell Hawkinson, CEO ofGensym, has agreed to grant to this project six licenses to Gensym�s commercial tools G2, GDAand associated support tools, and will dedicate one staff member (if funded via this proposal) tohelp develop the architecture and reference implementation for long-term GA agents.Gensym�s products are available for commercial purchase by any interested user.One of the concerns of all the involved parties is the question of liability for the medicalknowledge contained in our implementations, and its potential impact on individual patients.We plan to maintain a strict separation between the software tools that we develop or adopt andthe medical content that is encoded with those tools. This is not only good engineering practice,but will also alleviate concerns about legal liability on the part of the tool providers.Our other partners in this project, Tufts/New England Medical Center, The Children�sHospital, The Boston Development Center of the VA, and Kaiser Colorado have no proprietaryclaims to any existing programs or to the software that we develop. They will have rights to theformalization of medical expertise contained in the system, to the extent of their contributions toit.Although we have not at this stage made final decisions about the exact nature of thecollaborative relationship, everyone involved in the project agrees to the following principles:(1) The GA architecture and ideas should not be encumbered by proprietary claims, exceptperhaps those assigned to a consortium that is committed to public dissemination. (2) Productscontributed by participating commercial vendors shall be freely available for use during theconduct of this project, but without ceding commercial rights. (3) Vendors commit to makingavailable, either as products or under special licensing arrangements, any components ofreference implementations produced.To date, there are no proprietary claims by any external party on the ideas of this project.The MIT researchers named in this proposal have full control over all intellectual propertyrights. Our intent is to maintain unencumbered all such rights to the architecture andtechnical specifications of Guardian Angel, so that if the project is successful we will have thegreatest likelihood of being able to encourage its widespread use.By the end of this project, we anticipate having created a domain-specific softwarearchitecture for GA agents and their supporting environments. Further, we plan to havedefined a reference architecture appropriate to contemporary computational and communicationtechnologies. In addition, we plan to have produced one or more reference implementations

Guardian Angel�Patient-Centered Health Information Systems29consistent with this architecture, both to support our experimental applications and to givepotential adopters an easy place to �get on board�. (This is, we believe, one of the main positivelessons from the successful X-consortium run from our laboratory during the past decade.) Thecost of building such reference implementations from scratch would be prohibitive, and we haveorganized a collaborative team intended to make this process much more efficient.Previous AccomplishmentsThis proposal brings together a moderately large, heterogeneous group of computer scienceresearchers, physicians, and software developers to explore a new paradigm of using computingto improve health care. The major participants are:Computer scientists at MIT: Drs. Peter Szolovits, William J. Long and Jon DoyleCollaborating physicians in Boston: Stephen G. Pauker, M.D., Mark Eckman, M.D.,and John Wong, M.D., of New England Medical Center, and Isaac Kohane, M.D.,Ph.D., of The Children�s HospitalMichael L. Meistrell, M.D., Chief of Medical Informatics at the VA�s BostonDevelopment CenterGensym, Inc.: Lowell Hawkinson, CEO, Steven Fraleigh, and a software engineerIBM Corporation, specifically the Applications Solutions Institute of the T. J. WatsonResearch Laboratory, directed by Dr. Ifay ChangKaiser Permanente of Colorado, currently implementing a clinical informationsystem with the IBM group.We sketch the background of each of these groups below.MIT Laboratory for Computer Science Attempts to build intelligence into computer programs operating in health information systemsbegan with early programs in the 1960�s based on flowcharting and simple statistical methods.G. Anthony Gorry, the founder of our group at MIT, for example, explored sequential Bayesianmethods for optimizing diagnostic reasoning. Based on difficulties of these early methods,researchers, including us, in the 1970�s turned to simulating the cognitive processes of experthuman clinicians as a basis for building expert advisory systems. Many of these early �AI inMedicine� (AIM) systems used clinical associations and rules, and encountered gravedifficulties in clinical problems involving interactions among multiple disorders, partially-treated diseases, and the need to monitor ongoing treatment. As a result, we led a move toward�deeper,� model-based medical reasoning systems starting in the late 1970�s, using inferencesabout pathophysiological models at various levels of detail to deal with unanticipated situations.Our research has broadened to include problems of explanation generation, to use more complexprobabilistic and heuristic inference models, to learn from experience, to deal with time-dependencies systematically, and to model and use preferences in decision-making. We havealso contributed to medical knowledge representation, KR in general, truth-maintenance,qualitative reasoning, and modeling repetitive decision-making. We illustrate some of thesedevelopments by a brief historical recap of our more significant projects.Gorry introduced the sequential Bayesian diagnostic method in 1967 [Gorr68]. It usesinformation theory to select �most informative� questions, and decision analysis to decidewhich costly tests and treatments are worth doing. Applications in congenital heart disease,acute renal failure, and others, illustrated the strengths and limitations of the simpleindependence assumptions embedded in the probabilistic model. Nevertheless, the techniqueproved quite valuable in such medical specialties as managing the diagnosis and treatment ofHodgkin�s disease.Our first diagnostic program that attempted to model the reasoning processes of clinicianswas the �Present Illness Program� (PIP), reported in American J. Med. in 1976 [Pauk76]. Itadopted a hypothetico-deductive framework for diagnostic reasoning, using strong cues from thepatient presentation to trigger hypotheses, both logical criteria and a pseudo-probabilisticscoring scheme to confirm or eliminate hypotheses, and explicit differential links to revisehypotheses when discrepant information arose. Later versions introduced a simple model oftime, categorizing both patient data and a hypothesis-oriented time line along the dimension:past, recent-past, now, near-future, future. Gratifyingly, this facility led unexpectedly to asimple but reasonable prognostic ability, as PIP could use current data to predict futureinstances of disease. Our interest in temporal reasoning has continued through the doctoral

Guardian Angel�Patient-Centered Health Information Systems30work of Kohane [Koha86, Koha87], exploring temporal constraints in diagnostic reasoning;Russ [Russ90, Russ91], who designed a control structure that supports reasoning aboutunreliable streams of time-oriented data and applied it to diabetic ketoacidosis; and Haimowitz[Haim93, Haim93a], who studies trend detection in pediatric growth data and in ICUmonitoring. Wu�s PhD in 1992 [Wu92] demonstrated dramatic speedups of classicalassociational diagnostic reasoning using two heuristic principles: problem decomposition toidentify clusters of findings, and occasionally temporarily ignoring informationdistinguishing alternative diagnoses, thus containing the exponential explosion ofintermediate diagnostic states.At the same time as PIP�s development, we created a program to advise on digoxin therapy,using a hybrid inference method that employed pharmacokinetic modeling to assess druglevels, but a clinically-derived experiential model that suggested how to titrate ideal dosesgiven the patient�s clinical state, evidence of possible digitoxicity, and urgency of care. Thisprogram also served as the vehicle for several programs on explanation and justification.Perhaps the most interesting was Swartout�s PhD thesis [Swar83], in which he used an automaticprogrammer to generate the digitalis advisor from underlying medical knowledge andtreatment principles, which then formed the basis for a sophisticated explanation capability thatguaranteed consistency with the program�s actual operation. Other explanation work usedsophisticated English language generation techniques to turn program fragments and causalmodels into comprehensible natural language.Our frustration with programs based on associational knowledge led, around 1980, to thefirst model-based medical reasoning programs. In Patil�s ABEL program [Pati81] we modeledthe acid-base and electrolyte domain in terms of multiple levels of pathophysiologic detail.Then, for cases in which associational models led to discrepant predictions, the program couldinstantiate a deeper model to explore causal mechanisms that can explain the discrepancy. Forexample, a patient with independent sources of acidosis and alkalosis could exhibit a normalpH, a finding not predicted by either condition but consistent with their combination. Long�sHeart Failure program (HF) [Long92, Long92a, Long94], addresses the complex treatment ofpatients with heart failure, providing both a diagnostic and therapy planning component.Diagnosis is based on an approximate probabilistic method that works over a network ofclinically-significant causal concepts, and therapy prediction is based on predicting theinfluence of possible interventions in a complex feedback system by using signal-flow analysistechniques. HF has proven to be quite effective at diagnosis in certain subdomains, andremains under active development to augment its diagnostic acumen and to further developand test its therapeutic side.Because hand-building programs is so difficult, we pursued the use of case-based experienceto augment and make more efficient the operations of a model-based reasoner. Koton�s PhDproject, Casey [Koto89, Koto89a], adapted past case solutions to new cases that were similar asjudged by their causal similarity, given by HF�s causal models. Jang�s dissertation [Jang93]enhances this approach by decomposing cases to be learned into their causally-coherent subparts(again as determined by HF), thus matching parts of a new problem and assembling the partsinto a globally consistent account. We have also studied various statistical learning andclassification techniques applied to real-world data.Our colleagues at Tufts/NEMC have pioneered the application of decision analysis forindividual patient cases [McNe82, Pauk75, Pauk87, Pauk88], and we have contributed via thedevelopment of computer-based tools and models. The Bunyan decision-tree critiquer [Well89],built in the mid-1980�s is an expert system that examines decision trees and critiques both grossand subtle errors. For example, it would note that a diagnostic test whose outcome does notinfluence any later decisions is not being modeled correctly. More subtle critiquing expertisecould notice that some phenomenon is being modeled in greater detail on one branch than onanother�a common but subtle modeling bias. Leong, in her doctoral thesis [Leon94], iscompleting a new tool to support reasoning about long-term outcomes of medical interventionsby building semi-Markov decision models from a graphical and medically-meaningfultreatment description. Szolovits has recently built a prototype genetic counseling program,Geninfer [Szol92], that uses Bayes network solution methods to perform risk calculations toestimate the probability of heritable diseases. This program is being readied for trials underNIH funding. He is also involved in more fundamental explorations of probabilistic

Guardian Angel�Patient-Centered Health Information Systems31reasoning; with Andersen of Aalborg and Shachter of Stanford [Shac94], we have some newresults on the relationship between cutset conditioning and clique-tree formation.Because much of medical knowledge is imprecise, we continue to explore qualitativedescriptions of medical processes and to develop techniques that yield useful inferences fromless detailed models. Kuipers began his work on QSIM [Kuip86] in our group in the mid-1980�s,developing qualitative models of cardiovascular physiology. Sacks� 1988 PhD [Sach90] exploredthe use of sophisticated state-space representations to get much stronger characterizations ofsome qualitatively-described systems and extended these to derive probabilistic predictions withDoyle [Doyl91a]. Wellman�s 1988 PhD [Well90] introduced the qualitative probabilistic model,which abstracts from particular numerical dependencies to more generic concepts such as�positively influences� and �interacts synergistically with.� Although such models cannotmake detailed tradeoff decisions, they provide very robust models that can be used to showdominance of whole classes of possible plans over others, and thus can greatly simplifyplanning in large plan spaces. Yeh in his 1990 PhD [Yeh90] explored a variety of inferencemethods to determine bounds on possible behaviors of probabilistically-defined systems.Doyle and Wellman continue to investigate suitable representations for individualpreferences [Doyl91b, Doyl94, Well91, Well92]. Their characterization of �preference all otherthings being equal� provides a powerful formal tool for abstract reasoning, without requiring afully-specified multi-attribute utility function. This work continues with theoreticalinvestigations aimed at applying it to capture basic preference attitudes of the subjects of GA.We also have a long-term participation in knowledge representation efforts. Hawkinsonand Szolovits worked in the mid-1970�s on the OWL [Szol77] and BrandX [Szol81] representationschemes that provided great flexibility and opportunities to exploit linguistic analogies butsuffered from a lack of semantic rigor. When current more restrictive KR systems were builtin the 1980�s, we tried to use KL/ONE to represent medical knowledge and found that too muchexpressive ability had been sacrificed for semantic cleanliness and computational efficiency[Haim88, Haim88a]. Doyle and Patil produced a major and influential critique of this trendfor the KR community [Doyl91].Long and Szolovits are both Fellows of the American College of Medical Informatics, andDoyle and Szolovits are both Fellows of the American Association for Artificial Intelligence.Our group has pursued a wide variety of research projects in diagnostic and therapeuticreasoning, we have made fundamental contributions to AI and to medical informatics, and webelieve that we are uniquely well-situated with our collaborators to make fundamentaladvances toward our vision of the �Guardian Angel� approach to health care.As an illustration of the background of the group, we attach as an appendix a selectedlisting of reprints often requested by correspondents.Tufts/NEMCThe faculty at the Division of Clinical Decision Making at the New England Medical Centerhave been developing decision support for health policy and for individual patients over the pasttwo decades. They were the first physicians to apply decision theory to the care of individualpatients. In a 1975 article, they described acquiring and using patient utilities in deciding aboutcoronary bypass surgery for three patients with angina. They are acknowledged as the premiergroup in the area. Their software has become the standard for medical decision- and cost-effectiveness analyses. They have collaborated with faculty and supervised students at MIT-LCS for two decades and continue a close working relationship.Their interest in patient utilities dates back to the paper addressing the need for surgery incoronary artery disease. In 1976, they developed models and techniques that allow patients tomore fully participate in decisions about prenatal diagnosis. Both of these models have beenextensively applied to individual patients over the past two decades, the latter to over 1500patients. In now classic articles in the New England Journal of Medicine, they describe theacquisition of patient preferences (utilities) in patients with lung cancer and cancer of thelarynx, and in other publications describe the impact of preferences on both individual decisionmaking and health policy. They have been developing platforms for the automated acquisitionand delivery of patient preferences for the past five years.Although the group spans all of medicine in their clinical interests, they have had aparticularly impressive publication record in cardiovascular disease, including coronaryartery disease, valvular heart disease, cardiac arrhythmias and hypertension. They have beeninvolved in multi-centered studies, developing decision support tools funded by the AHCPR,

Guardian Angel�Patient-Centered Health Information Systems32with collaborators at Duke University, the University of Minnesota, the University of Manitoba,UCSF, and the New York State Department of Health. They were major participants in therecent Short-Term Mortality Conference on coronary surgery, held at Duke University, whichemphasized the importance of patient specific factors such as co-morbidities.These investigators also have substantial interest in adult diabetes and have been the majormodeling group for the Diabetes PORT, funded by the AHCPR. They are just completing ananalysis of the treatment of foot infections in diabetics, an analysis showing the importance ofpatient preferences and co-morbidities. Their interest in AIDS and HIV disease extends backover six or seven years, including articles emphasizing the interpretation of testing in lowrisk populations and the early treatment of HIV positive individuals.Much of their theoretical work has involved the assessment of co-morbidities and theirimpact on survival, patient preferences, and decision making. Dr. Stephen Pauker, thedirector, is Professor of Medicine at Tufts University and a Fellow of the American College ofCardiology, the American College of Physicians, the American Heart Association and theAmerican College of Medical Informatics. Dr. Mark Eckman is Associate Professor ofMedicine at Tufts University and is a Fellow of the American College of Physicians and theAmerican College of Medical Informatics. Dr. John Wong is an Assistant Professor ofMedicine at Tufts University and is a Fellow of the American College of Physicians.Children�s HospitalIsaac S. Kohane first began to work on automated diagnosis as a doctoral student in 1985. Hejoined the Harvard Medical School faculty and the staff of Children�s Hospital in July, 1992. Heholds a medical degree and practices pediatric endocrinology.His PhD was awarded for his research in artificial intelligence in medicine and for hiswork on the Temporal Utility Package [Koha87] and its application to medical diagnosis. Dr.Kohane currently spends 80% of his time on work in medical informatics. In 1991 he completedthe implementation of an on-line medical chart (the Clinician�s Workstation�CWS) [Koha90]for the Division of Endocrinology. This system has now been in full operation for 3 years andprovides on-line access to clinic notes, clinic measurements, demographics, pharmacy data,laboratory results, problem lists and reports from ancillary departmental systems (e.g.radiology). The CWS is currently being brought to the nephrology and nuclear medicinedivisions at Children�s Hospital. Over the past year, Dr. Kohane designed and led theimplementation of a data integration and display system for the Multidisciplinary IntensiveCare Unit. Data-sets on diabetes monitoring from this integration effort were distributed overthe Internet for use by participants in the Spring Symposium of the American Association forArtificial Intelligence on �Interpreting Clinical Data� in Palo Alto (co-chaired by Dr. Kohane).Dr. Kohane�s current research is in the investigation of computer representations andarchitectures for clinical event monitoring. He is particularly interested in monitoringpediatric populations for early detection of pathological processes. In collaboration with IraHaimowitz at MIT, he has developed a system for early detection and diagnosis of pathologyfrom on-line clinical data. He has helped conduct preliminary trials to validate themethodology, especially in the domain of growth and development.Dr. Kohane�s clinical practice is split between general pediatric endocrinology and the careof patients with insulin-dependent diabetes mellitus (IDDM). Of the latter, he followsapproximately 50 patients and supervises the care of another 50. He has conducted severalclinical trials to study the growth and development of several populations including childrenwith IDDM, with heart disease, with adrenal disorders, and children treated with bone-marrowtransplantation for malignancy.Veterans Health Adm.: Boston Dev. CenterThe Boston Development Center is a field support unit serving the needs of senior VHAmanagement located in Washington, DC. The BDC provides medical informatics support toimprove the linkage of clinical processes, budget processes, and resource allocation processes.The BDC develops and maintains large relational databases that provide patient-specific data,including workload, and costing, as well as limited diagnostic and medical procedureinformation for all patients treated by the VHA, which maintains 172 medical centers, andmany outpatient clinics, nursing homes, and domiciliaries. The VHA system providesapproximately one million inpatient admissions and 45 million outpatient clinic stopsannually. Approximately 2.5 million unique individuals are treated each year.

Guardian Angel�Patient-Centered Health Information Systems33Dr. Michael L. Meistrell is chief of medical informatics at this center. He practiced as athoracic surgeon, and did fellowships in medical decision making with Dr. Robert Beck atDartmouth and Dr. Stephen Pauker at Tufts/NEMC. Dr. Meistrell is interested in workingwith us on the definition of the GA architecture, and will help to recruit physicians in the VAsystem for trials of our applications.International Business Machines Corp.Applications Solutions Institute, T. J. Watson Research LaboratoryThe Applications Solutions Institute at IBM�s T. J. Watson Research Laboratory is organized tore-establish IBM�s strong presence in the health care information business by developing anddeploying new technologies based on open systems to solve real customers� needs. IBM hasdeveloped a strategy for the development of clinical information systems in which severalcritical areas have been identified: (a) clinical repository and data modeling, (b) medicallexicon authoring tool and server, (c) application and work flow modeling tool and processmanager, (d) clinical workstation and user interface, (e) communication and systeminterface, and (f) decision support. IBM�s project with Kaiser Colorado was initiated in 1992,designed with the above architecture specification and the intention to expand into multimediaand image support, and to multimodal input technologies.The IBM group has also prototyped an individual patient medical record system. Thisprototype is based on object-oriented techniques, and provides a small, portable machine withabout 500MB of storage on a disk, and data import/export capabilities to a number of platforms[Chan91].Our group at MIT has been tracking the development of this IBM system and its deploymentat Kaiser Colorado. We view many of these facilities as useful components of a referenceimplementation of GA prototypes.The group at Kaiser Colorado is also quite interested in the Guardian Angel concept, andhas expressed an interest in participating after the IBM-developed clinical information systemis installed. Today, part of the system is in alpha-test mode. Kaiser Colorado and IBM arecurrently developing a medical lexicon authoring tool. The schedule of the IBM-KaiserColorado effort matches very well with the proposed Guardian Angel schedule. We plan topursue the Kaiser Colorado collaborative opportunity (with IBM) before we enter year two of theproject, because it provides not only an excellent test-bed in addition to the VA, but also asignificant point of leverage toward eventual adoption of our ideas by a major health careprovider.Gensym CorporationGensym is a small software corporation that provides intelligent real-time process controlsoftware to a world-wide client base. Its principal product, G2, is a system for developing anddeploying complex applications that require continuous and intelligent monitoring, diagnosis,and control. It is designed for a wide range of real-time applications in such fields as processcontrol, telecommunications, manufacturing, aerospace, medicine, finance, and robotics.G2 utilizes a distributed, client/server architecture. This architecture provides the ability todo the following: (a)˚Scan an application, as a human operator would, and focus on key areaswhen it detects potential problems or opportunities. (b)˚Reason about and control events in acontinuously changing environment. (c)˚Respond to events when they occur (e.g. withoutcontinually polling sensors). (d)˚Apply knowledge represented in multiple forms, e.g., rule-based heuristics, procedures, graphical networks of objects, and dynamic or discrete-eventmodels. (e)˚Apply this knowledge where appropriate, using object-oriented representations thatclosely model the actual domain. (f)˚Express and use relationships between objects.(g)˚Represent the permanent and transient aspects of an application. (h)˚Acquire informationfrom any number of data sources, both local and remote. (i)˚Provide information to andrespond to requests from users, both locally and at remote client nodes. (j)˚Communicate withother G2s and applications (for example, with external simulation programs).Over 1500 G2 licenses are installed worldwide. G2 is increasingly applied inpharmaceutical, biomanufacturing, and health-care applications. For example, G2 is being usedin a clinical laboratory in Ontario that will process 15,000 blood samples per day. The systemmonitors and makes decisions on work flow, system trends and alarms; balances workloadamong multiple analyzers; releases normal results; and refers abnormal results for further

Guardian Angel�Patient-Centered Health Information Systems34testing, human interpretation, etc. Gensym has considerable experience interfacing G2 tocorporate databases. Gensym is interested in working with our project and shares our vision ofhow to influence the future of health care.Results, Products and Transferable TechnologyWe plan to assure dissemination of our results and technology transfer in the following threeways: First, as is normal with research projects, we will publish papers and reports, giveconference presentations, and encourage our students and colleagues to pursue research projectsbased on what we learn during the conduct of the proposed research. Second, we plan to developboth an architecture of Guardian Angel and reference implementations as applied to thespecific medical areas we pursue. These will be made available to other researchers, and canform the basis for future projects and products. Third, through our collaborations with IBM,Gensym, New England Medical Center, the Children�s Hospital, Kaiser Colorado, and theVeteran�s Administration, we expect to imbue both industry and potential prime supporters ofour approach with enthusiasm for GA. This enthusiasm will be based, we expect, on theirsuccessful cooperation in defining the GA architecture, helping to bring about itsimplementation, and observing the success of its applications.Our project is likely to produce interesting new scientific ideas as we address difficultproblems of modeling and architecture, and as we challenge existing technologies and buildnew ones. Our strong emphasis on tailoring the actions of the GA to the needs and preferencesof the patient will result in new insights into issues of patient modeling and the expression,elicitation and use of preference models. As we have often done in the past, we will continue touse the difficult challenges of medical reasoning and knowledge representation to test ideas ofknowledge representation, which have often proven inadequate to the tasks posed by medicalreasoning. Our emphasis on frequent and seamless communication and exchange ofinformation will provide interesting models for the evolving national informationinfrastructure. Our use of knowledge representation and interchange languages developed incurrent knowledge-sharing efforts should also yield opportunities for testing and validation ofthese efforts. We also expect to apply existing methods and develop new expert systemstechniques for incremental interpretation of data and for user modeling. Finally, if our beliefsabout the importance of the Guardian Angel concept for medical care prove correct, we canachieve a significant improvement in the delivery of medical care. Even if the concept isworked out with only partial success, we will have identified a very important set of researchproblems for future attention. These results will be disseminated by traditional scientificpublications.We also expect that the architecture we develop for GA, the reference implementations webuild for our chosen application domains, and the tools we assemble and construct will form avaluable set of concepts and engineering artifacts that others may find useful. Because we planto make available both a reference architecture and a set of reference implementations,potential adopters can choose whether to build new implementations based on the architecture orto adopt our reference implementations. To the extent possible, we would like to make thereference implementations available to others at little or no cost, but because they are likely toinclude components that are commercially developed, this may not be possible. We canguarantee for-fee availability of the reference implementation. We hope that our architecturewill be adopted both by other researchers and by those more interested in building newapplications. If interest warrants, we will establish a consortium between interested parties topromote and guide future development.A less tangible but very important result we hope to achieve is to generate a commitmentamong our partners and others who provide health-care services and health-care technologies tothe principles of patient-centered computation and record keeping. American medicine is verylikely to undergo a dramatic change with the introduction of government-mandated universalhealth-care coverage and with the growing emphasis on cost-effectiveness of care. In such atime of upheaval, we hope to be able to create a paradigm shift in the application of informaticstechniques as well. Guardian Angel may be the right vehicle.

Guardian Angel�Patient-Centered Health Information Systems35Bibliography[Baal94]. Baalen, J. V., Fikes, R. E. The role of reversible grammars in translating betweenrepresentation languages. Proceedings of Fourth International Conference on Principles ofKnowledge Representation and Reasoning (KR’94), 1994.[Ball91]. Ball, M. J., Douglas, J. V., O’Desky, R. I., Albright, J. W. Healthcare InformationManagement Systems, Springer-Verlag, 1991.[Bell88]. Bellomo, G., Santucci, S., Mannino, D., Alessi, R. A simple computer program forinsulin dose adjustment in diabetic patients. Comput Methods Programs Biomed 1988, 26,257-8.[Bern92]. Berners-Lee, T. J., Cailliau, R., Groff, J.-F., Pollermann, B. "World-Wide Web: TheInformation Universe", Electronic Networking: Research, Applications and Policy, Vol. 2,No. 1, pp. 52-58, Spring 1992.[Bith92]. Bithoney, W. G., Dubowitz, H., Egan, H. Failure to thrive/growth deficiency.Pediatrics in Review 1992, 13, 453-460.[Brei84]. Breiman, L., Friedman, J., Olshon, R., Stone, C. Classification and Regression Trees,Wadsworth, Pacific Grove, CA, 1984.[Buch92]. Buchanan, B. G., et al. Involving patients in health care: explanation in the clinicalsetting. Proceedings of the Annual Symposium on Computer Applications in Medical Care.1992.[Buys89]. Buysschaert, M., Jacques, D., Donckier, J., Lambert, A. E. Effect of compter-assistedinsulin delivery on glycemic control of type I diabetic patients: a preliminary experience.Acta Clin Belg 1989, 44, 169-73.[Chan91]. Chang, I., Dimitroff, D. An object oriented approach to automated patient medicalrecords. Proceedings for the Fourteenth Annual International Computer Software andApplications Conferencee. 1990.[Chia90]. Chiarelli, F., Tumini, S., Morgese, G., Albisser, A. M. Controlled study in diabeticchildren comparing insulin-dosage adjustment by manual and computer algorithms.Diabetes Care 1990, 13, 1080-4.[DCCT93]. The Diabetes Control and Complications Trial Research Group. The effect ofintensive treatment of diabetes on the development and progression of long-termcomplications in insulin-dependent diabetes mellitus. N Engl J Med 329(14):977-86, 1993.[Dick91]. Dick, R.S., Steen, E.B. The Computer-Based Patient Record: An Essential Technologyfor Health Care, Institute of Medicine, 1991.[Doyl91] Doyle, J., Patil, R. S. Two theses of knowledge representation: Language restrictions,taxonomic classification, and the utility of representation services. Artificial Intelligence,48(3):261-297, April 1991.[Doyl91a] Doyle, J., Sacks, R. P. Markov analysis of qualitative dynamics. ComputationalIntelligence, 7(1):1-10, 1991.[Doyl91b] Doyle, J., Shoham, Y., Wellman, M. P. A logic of relative desire (preliminaryreport). Ras, Z. W., Zemankova, M., editors, Methodologies for Intelligent Systems, 6,volume 542 of Lecture Notes in Artificial Intelligence, pages 16-31, Berlin, October 1991.Springer-Verlag.[Doyl94] Doyle, J., Wellman, M. P. Representing preferences as ceteris paribus comparatives..Hanks S., Russell, S., Wellman, M. P., editors, Proceedings of the AAAI Spring Symposiumon Decision-Theoretic Planning, 1994.[Fiel92]. Field, M. J., and Lohr, K. N., Guidelines for Clinical Practice: From Development toUse, Institute of Medicine, 1992.

Guardian Angel�Patient-Centered Health Information Systems36[Fuge 92]. Fuge, C. F., Assal, J. P. Designing computer assisted instruction programs fordiabetic patients: how can we make them really useful? Proc. Annual Symposium ComputerApplications in Medical Care 1992, 215-9.[GALE93]. Generalized Architecture for Languages Encyclopaedias and Nomenclatures inMedicine, GALEN Deliverable 6, The Master Notation, Version 1, 1993.[Gene92]. Genesereth, M. R., Fikes, R. E. Knowledge Interchange Format Version 3.0Reference Manual. Report Logic-92-1, Computer Science Department, Stanford University,June 1992.[Gorr68]. Gorry, G. A., Barnett, G. O. Sequential Diagnosis by Computer" JAMA, 205: 849-854,1968.[Haim88]. Haimowitz, I. J. Using NIKL in a large medical knowledge base. TM 348, MIT-LCS,Cambridge, MA, January 1988.[Haim93]. Haimowitz, I. J., Kohane, I. S. "Automated Trend Detection with Multiple TemporalHypotheses," IJCAI-93, Chambery, France, pp 146-151, 1993.[Haim93a]. Haimowitz, I. J., Kohane, I. S. Encoding patterns of growth to automate detectionand diagnosis of abnormal growth trends. Paper presented at the American Society ofPediatrics/Society of Pediatric Research Meeting, Washington, DC., 1993.[Haim88a]. Haimowitz, I. J., Patil, R. S., Szolovits, P. Representing medical knowledge in aterminological language is difficult. In Symposium on Computer Applications in MedicalCare, pages 101-105, 1988.[Huff94]. Hufnagel, S., Harbison, K., Doller, H., Silva, J., Mettala, E. National HealthcareSystem Information Architecture: Using DSSA Scenario-Based Engineering Process.Annual Conference of the Healthcare Information and Management System Society of theAmerican Hospital Association, February 1994.[Jang93]. Jang, Y. Hydi: A hybrid system with feedback for diagnosing multiple disorders. TR576, MIT-LCS, October 1993.[HL7]. Health Level Seven Standards: An Application Protocol for Electronic Data Exchange inHealth Care Environments, Version 2.0, HL7: Philadelphia, PA, 1989.[Hora90]. Horan, P.P., et al., Computer-assisted self-control of diabetes by adolescents. DiabetesEducator, 1990. 16(3): p. 205-11.[Hrip90]. Hripcsak G., Clayton, P. D., Pryor, T. A., Haug, P., Wigertz, O. B., van der Lei, J.,"The Arden Syntax for Medical Logic Modules," SCAMC-14, pp 200-204, 1990.[Huse89]. Huse, D. M., Oster, G., Killen, A. R., Lacey, M. J., Colditz, G. A. The economic costs ofnon-insulin-dependent diabetes mellitus. Journal of the American Medical Association 1989,262, 2708-2713.[IOM92]. The Computer Based Patient Record. Institute of Medicine, National Academy ofSciences. 1992.[Koha86]. Kohane, I. S. Temporal reasoning in medical expert systems. In R. Salamon, B.Blum, and M. Jorgensen, editors, MEDINFO 86: Proceedings of the Fifth Conference onMedical Informatics, pages 170-174, Washington, October 1986. North-Holland.[Koha87]. Kohane, I. S. Temporal Reasoning in Medical Expert Systems. MIT-LCS TR-389,1987.[Koha90]. Kohane, I. S., McCallie, D. P. A Dynamically Reconfigurable Clinician’sWorkstation with Transparent Access to Remote and Local Databases, AMIA, 1990.[Koto89]. Koton, P. A. A method for improving the efficiency of model-based reasoningsystems. Applied Artificial Intelligence, 3(2-3):357-366, 1989.[Koto89a]. Koton, P. A. Using experience in learning and problem solving. Technical Report441, MIT-LCS, Cambridge, MA, March 1989.

Guardian Angel�Patient-Centered Health Information Systems37[Kuip86] Kuipers, K. Qualitative simulation. Artificial Intelligence, 29:289-338, 1986.[Lask93]. Lasker, R. D. The diabetes control and complications trial: Implications for policyand practice (Editorial). New England Journal of Medicine 1993, 329, 1035-1036. [Lawr86]. Lawrence, M. A computer generated patient carried health check card. Journal of theRoyal College of General Practitioners, 1986. 36(291): p. 458-60.[Leon94]. Leong, T.-Y. An Integrated Approach to Dynamic Decision Making underUncertainty. PhD thesis, MIT, Cambridge, MA, May 1994. In preparation.[Lisk90]. Liskov, B. "Implementation of Thor," Mercury Design Note 46, MIT Lab for CompScience, Cambridge, MA, 1990.[Long92]. Long, W. J., Naimi, S., Criscitiello, M. G. Development of a Knowledge Base forDiagnostic Reasoning in Cardiology. Computers and Biomedical Research 25:292-311, 1992.[Long92a]. Long, W. J., Naimi, S., Criscitiello, M. G., Adusumilli, R. K.‘‘Validation of acausal probabilistic medical knowledge base for diagnostic reasoning,’’ In Deep Models forMedical Knowledge Engineering, E. Keravnou, ed., Elsevier Sciences Publishers B.V., pp.147-160, 1992.[Long94]. Long, W. J., Naimi, S., Criscitiello, M. G. ‘‘Evaluation of a New Method forCardiovascular Reasoning,’’ to be published by Jour. Amer. Med. Info. Assoc.[McDo90]. McDonald, C. J., Tierney, W. M., Martin, D. K., Overhage, M., Day, Z., Adams, P.,Blevins, L., Cassidy, P., Glazener, T., Lee, M., Lemmon, L., Mamlin, B., Meeks-Johnson, J.,Porterfield, B., Warvel, J. A., Warvel, J. S. The Regenstrief Medical Record: 1990. In:Proceedings Symposium on Computer Applications in Medical Care. R. A. Millers, Eds.,Washington, DC: IEEE Computer Press, 1990:934-938.[McNe82]. McNeil, B. J., Pauker, S. G., Sox, Jr., H. C., Tversky, A. On the elicitation ofpreferences for alternate therapies. New England Journal of Medicine, 306:1259-1262, 1982.[Mill84]. Miller, P. L., Black, H. R. Medical plan-analysis by computer: Critiquing thepharmacologic management of essential hypertension. Computers and Biomedical Research17:554-569, 1984.[Muse89]. Musen, M. A. Automated Generation of Model-Based Knowledge-Acquisition Tools,Morgan-Kaufmann, San Mateo, CA, 1989.[NIH93]. Report of the Joint National Committee on Detection, Evaluation, and Treatment of HighBlood Pressure. NIH Publication 93-1088, National Institutes of Health, 1993.[Pati81]. Patil, R. S. Causal representation of patient illness for electrolyte and acid-basediagnosis. TR 267, Massachusetts Institute of Technology, Laboratory for Computer Science,545 Technology Square, Cambridge, MA, 02139, October 1981.[Pauk88]. Pauker, S. G. Clinical decision making. In Wyngaarden, J. B., Smith, L. H., editors,Cecil Textbook of Medicine, pages 74--79. Saunders, Philadelphia, 1988.[Pauk75]. Pauker, S. G., Kassirer, J. P. Therapeutic decision making: A cost-benefit analysis.New England Journal of Medicine, 293:229--234, 1975.[Pauk76]. Pauker, S. G., Gorry, G. A., Kassirer, J. P., Schwartz, W. B. Towards theSimulation of Clinical Cognition: Taking a Present Illness by Computer. American J. Med.60:981-996, 1976.[Pepp92]. Peppiatt, R. Eliciting patients’ views of the cause of their problem: a practical strategyfor GPs. Fam Pract, 9(3), 295-8, 1992.[PHS91]. �Healthy People 2000: National health promotion and disease prevention objectives,�(PHS) 91-50213, Department of Health & Human Services, 1991.[Pick87]. Pickering, T.G., Devereux, R. B. Ambulatory monitoring of blood pressure as apredictor of cardiovascular risk. American Heart Journal, 1987. 114: p. 925-928.

Guardian Angel�Patient-Centered Health Information Systems38[Pryo83]. Pyor, T. A., Gardner, R. M., Clayton, P. D., Warner, H. R. The HELP system. Journalof Medical Systems 1983, 7:87.[Quin93]. Quinlan, J. R. C4.5: Programs for Machine Learning, Morgan Kaufman, San Mateo,CA, 1993.[Rive78]. Rivest, R., Shamir, A., Adelman, L. A Method for Obtaining Digital Signatures andPublic-Key Criptosystems. MIT-LCS, 1977.[Russ90]. Russ, T. A. Using hindsight in medical decision making. Computer Methods andPrograms in Biomedicine, 32(1):81-90, May 1990.[Russ91]. Russ, T. A. Reasoning with Time Dependent Data. PhD thesis, MIT-EE/CS,Cambridge, MA, September 1991. MIT/LCS/TR-545.[Sack90]. Sacks, E.P. Automatic qualitative analysis of ordinary differential equations usingpiecewise linear approximations. Artificial Intelligence, 41(3):313-364, January 1990.[Schi94]. Schivers, O. BodyTalk and the BodyNet: The Architecture of a PersonalCommunications Infrastructure, MIT-LCS, 1993[Shac94]. Shachter, R. D., Andersen, S. K., Szolovits, P. The equivalence of exact methods forprobabilistic inference on belief networks. Submitted for publication.[Smit92]. Smith, D. R. Transformational approach to scheduling. Technical Report KES.U.92.2,Kestrel Institute, November 1992.[Stat76]. Statland, B. E., Winkel, P. Limitations of Using Laboratory Data to Allocate Patientsinto Clinical Classes: Consideration of the Time-Course of a Disease and the Inter-IndividualVariations in Set Points as Determined in the Basal State Free from Disease. Computer-Assisted Decision Making Using Clinical and Paraclinical (Laboratory) Data, Mediad Inc.,NY 1980.[Stra85]. Strack, T., Bergeler, J., Hutten, H. Computer assisted conventional insulin therapy.Life Support Syst. 1985, 1, 568-72.[Suth91]. Sutherland, H. J., et al., Communicating probabilistic information to cancer patients:is there ’noise’ on the line? Social Science & Medicine, 1991. 32(6): p. 725-31.[Swar83]. Swartout, W. R. Xplain: A system for creating and explaining expert consultingprograms. Artificial Intelligence, 21:285-325, 1983.[Szol77]. Szolovits, P., Hawkinson, L., Martin, W. A. An overview of OWL, a language forknowledge representation. TM 86, MIT-LCS Cambridge, MA, 1977. Also in Rahmstorf, G.,and Ferguson, M., Eds., Proceedings of the Workshop on Natural Language Interaction withDatabases, International Institute for Applied Systems Analysis, Schloss Laxenburg,Austria, January 10, 1977.[Szol81]. Szolovits, P., Martin, W. A. Brand X: Lisp support for semantic networks. InProceedings of the Seventh International Joint Conference on Artificial Intelligence, pages940-946, 1981.[Szol92]. Szolovits, P., Pauker, S. Pedigree analysis for genetic counseling. In K. C. Lun et al.,editor, MEDINFO 92: Proceedings of the Seventh Conference on Medical Informatics, pages679-683, 1992.[Tenn93]. Tennenhouse, D. et al. (40 authors). "I-95: The Information Market". TechnicalReport MIT/LCS/TR-577, Massachusetts Institute of Technology, Laboratory for ComputerScience, August 1993.[UMLS91]. UMLS Knowledge Sources: 2nd Experimental Edition, National Library ofMedicine, 1991.[Verm90] Verma, T. S., and Pearl, J. Equivalence and Synthesis of Causal Models. SixthConference on Uncertainty in Artificial Intelligence, 220-227, 1990.

Guardian Angel�Patient-Centered Health Information Systems39[Warn72]. Warner, H. R., Olmstead, C. M. , Rutherford, B. D., "HELP -- A Program forMedical Decision-Making," Computers in Biomedical Research 5:65-74, 1972.[Well90]. Wellman, M. P. Formulation of Tradeoffs in Planning Under Uncertainty. Pitmanand Morgan Kaufmann, 1990.[Well91]. Wellman, M. P., Doyle, J. Preferential semantics for goals. In Proceedings of theNational Conference on Artificial Intelligence, pages 698-703, 1991.[Well92]. Wellman, M. P., Doyle, J. Modular utility representation for decision-theoreticplanning. In Proceedings of the First International Conference on AI Planning Systems,1992.[Well89]. Wellman, M. P., Eckman, M. H, Fleming, C., Marshall, S. L., Sonnenberg, F. A.,Pauker, S. G. Automated critiquing of medical decision trees. Medical Decision Making,9(4):272-284, 1989.[Will92]. Williams, B. C., Miller, C. A. Preventive health care for young children. Findingsfrom a 10-country study and directions for United States policy.Pediatrics 1992, 89, 983-998.[Will91]. Williams, B. T., Imrey, H., Williams, R. G. The lifespan personal health record.Medical Decision Making, 1991. .[Wu92]. Wu, T. D. A decompositional search algorithm for efficient diagnosis of multipledisorders. PhD thesis, MIT-EE/CS, Cambridge, MA, June 1992.[Yeh91]. Yeh, A. Automatic analysis of systems at steady state: Handling iterative dynamicsystems and parameter uncertainty. TR 525, MIT-LCS Cambridge, MA, December 1991.