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drug administration given by the clinical staff. This is the
Abstract most definitive record and is always used when available

In patient management, the challenge facinnglf(_)rtunately, this information is not alvyay_s immediately
knowledge-based system includes tracking the changes ind¥@ilable. ~ For example, the exact fluid infused via an
patient's condition over time and responding with appropridfé/avenous line can only be determined after someone checl
advice. In addition to monitoring the patient, it is alse infusion bottle to determine how much fluid was actually
necessary to follow the course of the actual treatment tha¢3§d. Since a one liter bottle flowing at 250ml/hr will take
being administered. Any changes to the therapy must st@# hours to empty, there can be a substantial delay unti
with an understanding of the current state of the treatmélgfinitive data are available. _ _ _

Since expert systems will not have direct control of patient To cover this intermediate time period, the system
treatment, they must coordinate their advice offered with @0 use the information contained in the medical orders. Thi
treatment that is actually given. This paper describes how §§scribes the intended treatment, but it can differ in timing anc

current time, blackout periods and agendas can solve the@ict amount from what is actually done. For example, ar
coordination problems. infasion order might call for normal saline at 250ml/hr

whereas the actual infusion rate may turn out to be 220ml/ht
Since the definitive results take longer to be available,

Introduction Y s .
Management differs from the single consultatiotemporal order is imposed on the desirability of the input

, : ; g Yource. This order is illustrated in Figure 1
model of expert systems in making multiple decisions over a
period of time. This temporal component of the decision ' ' .
making presents several challenges. In this paper | will focus Actual ' Order ! Advice
on three issues: Identifying the current treatment, allowing _- |
time for therapy to take effect, and coordinating the advice n

with the actual execution of treatment plans. These problems '

>

were encountered during the implementation of an expert Now Time
system for treatment of diabetic ketoacidosis (DKA).
Choosing the Source of Information Figure 1. The sources of data in temporal order.

During the course of therapy planning and , .
evaluation, it is important to keep track of the patientdllowing Therapy Time to Act
treatment. Information about the treatment can come from A further temporal consideration is the need to allow
one of three sources—advice from the program, clinical ordégrapies time to act before assessing their effectivenes:
and records of actual treatment. At different times eachRPending on the type of preparation, subcutaneous insuli
these information sources must be used in reasoning aBigctions have an onset of action from 15 minutes to 8
therapeutic recommendations. hours [4, p. 321]. A laboratory blood sugar measurement the
Advice that the expert system generates is eadfds one to give a supplemental insulin injection cannot b
accessible to the reasoning program, but is limited §¥aluated until enough time has passed for the drug to have
usefulness because the advice will not always be follow&#f€ect. High blood sugar seen in the interim should not caus
When reasoning about the future, once can expect thatt_ﬂgeprogram to recommend.arllother injection until sufficient
program’s advice will be followed. Using this assumptiofiMe has elapsed to make this judgement.

complete care plans can be generated. It is also the Qﬂ%rdnaing Therpeutic Advice and Actud  Trestment
source of information about future events. The third complication involves the delay between
When reasoning about the past, however, the exp@gl posting of advice and the implementation of the advice by
system is unable to change what actually happened. It myglcal personnel. For a variety of reasons, advice produce:
base its reasoning on the real clinical actions. The best SOWERN expert system may not be acted upon immediately. Fc
health care providers. It is important, then, for the expert
The work reported here has been supported $ystem to retain the advice in some form until it is acted
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National Heart, Lung, and Blood Institute. have been recommended have been carried out.




This need to retain information for later action als@his does not preclude the data from being used in othe
appears when external events trigger the applicationanfalysis in a different part of the expert system.) This is ar
therapy. In treating DKA, supplements of potassium amtstance of a more general phenomenon that involve:
bicarbonate are often recommended [4], and are given indlsigning persistence to point events used in reasoning.
form of additions to intravenous bottles. Such additions cawore detailed description of the use of TCS for this type of
only be practically given at times when a new bottle isasoning can be found in [3].
started. Since the emptying of bottles is often not coordinated

with the availability of laboratory test results guiding D@ ® ¢ b ror
treatment, the results of the recommendation must be retainethhibit , —— e
until the appropriate triggering events occurs. Advice o — e (W
. . Actual ¢ é ¢
Implementing the Solutions >
| have implemented solutions to these problems. — =agenda Time

The specific solutions are built on a substrate that
automatically handles the scheduling of reasoning in responf,_ﬁ;gure3

to data availability. Immedae agenda with blackout periods.

Maintenance of a Temporal Database Coordnating Thergpeutic Advice and Actud Treatment
The programming system is called the Temporal Figure 3 also shows the temporal extent of agendz
Control Structure (TCS). It is a temporal data dependerigms. Advice generated in response to the data in recorded ¢
manager described in greater detail in [6]. For the purposeamfagenda that lasts until the advice is carried out o
this paper, it is sufficient to know that the system maintainsaperseded by different advice in response to newe
temporal database and automatically updates decisions thatrdogmation. Generating the advice as an immediate
based on information that changes. consequence of the data values and then recording it separate
Data can be stored either as point events or @s an agenda provides a modular separation between tt
intervals. When an expert system is programmed, the dataporal relationships used in this reasoning. The direc
dependencies of all of the decisions are declared. By traaiagse and effect between the data and the advice allows
the dependency structure, the TCS can assure the comdietple propagation of new data as well as corrections tc
propagation of information as it arrives and changes. Bseviously entered data. The responsibility for maintaining
relieving the programmer of the burden of explicitly callinthe extent of the advice over time and recognizing wher
for the recalculation of affected decisions, the effort involveddstions have been carried out is left to the attention of ¢
reduced and the reliability of the system is enhanced. specialized agenda maintenance module.
Choosing the Data Source The idea of an pendin_g_ agenda can be _extended t
handle the case of items awaiting a particular trigger. The

__Asimple rule for the choice of data source is Showdy ;)6 from DKA involves the choice of potassium and
in Figure 2. This code fragment defines a rule which takes € rbonate supplements to the infusion fluids. In this

three data sources as input, along with a system-defifiedl, o “the agenda describes the advice for the flui
variable that indicates whether the reasoning is in the future(-:é%?

not. The value of the treatment is set to be the same a position at the next trigger point, that is, when the bottle

| . Shetomes empty and a new bottle is started. This is illustrate
advice in the future, and either the actual therapy or the ord%e iqure 4. Rather than being direct advice. the infusion
therapy in the past. As time advances and more informat[jj% g y g ’

becomes available, the value of the treatment variable nda is triggered to produce advice at a time when It &
' Ygg%ctical to act on it. This advice can then be added to a

nda of the first type, since the clinical staff may not be
e to start a new bottle when the old one is empty.

change and the effects will be automatically propagated.
setup of the environment for rule execution and the handli
of values over time is further described in [5]. Since the form
of this rule closely matches the TCS model of temporal data Data

. . . . X * * * * L]
extent, the code for the implementation is quite simple. Potassium E ' e e : N
(defrule (actual order advice future?) (treatnent) Bicarbonate & . o
(setq treatnment (cond (future? advice) ! !
((known? actual ) actual) New IV Bottle # #
B .|
(t order)))) — =agenda Trigger Trigger  Time

Figure 2. Program for Data Selection.

) ) Figure 4. Agenda with external trigger.
Allowing Therapy Time to Act

Coordination via blackout periods is relatively easy

to arrange, because preemption of advice is well ordered Conclusion
temporally. Since we know about the preempting action at The use of the Temporal Control Structure allows
the time the advice would be generated, we can use that flexible implementation of reasoning systems that
information to suppress inappropriate advice. Blackomtanipulate data that arrives during the course of the
periods are shown in the line labeled “Inhibit” in Figure 3onsultation. The dependency-directed updating guarantees tl

The actual therapy establishes a period in which advigsmplete propagation of new information and changes ir
generation in response to the incoming data is inhibited.



conclusions throughout the system while relieving the
programmer of the necessity of doing these chores himself.

The system differs from other medical monitoring
systems by the use of an extensive system for updating[ll}e
information and handling data that does not arrive in
chronological order. Fagan’s Ventilation Manager [1], for
example, operated in a domain in which all data arrived
quickly and thus did not require a complicated updati
scheme. Kahn’s used a multiple-model approach
controlling cancer therapy [2] was an outpatient monitoring
system and did not need to handle data arriving out of order.

In an inpatient setting, it is important to be able
revise the conclusions while in the middle of handling t
case. | described three techniques that solve problems
associated with the data management and coordination of the
machine-generated advice and the actions of the clinical staff.
Data source selection and blackout times are easily
implemented in the TCS formalism. The use of the ageridh
mechanism provides a powerful abstraction that simplifies the
task of constructing medical monitoring systems.
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Implementation Note
TCS is currently implemented in CommonLisp and
Flavors on Symbolics Lisp Machines. A preliminary version
using CommonLisp and CLOS has undergone preliminary
testing using Macintosh Allegro Common Lisp on Macintosh
IIs and Lucid CommonLisp on Sun workstations.
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