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Abstract

This thesis describes work done on the therapy component of an on-going project for the diagnosis
and management of acid-base and electrolyte disorders. Therapeutic interventions can be classified as
symptomatic or etiologic, and as acute or chronic. We have focused on the problem of acute symptomatic
therapy. Based on observation of clinical practice, we have developed a formalization of the
domain-independent aspects of the task of acute symptomatic therapy, then applied the formalization to
the particular field of acid-base and electrolyte disorders. A rule-based program named ABET (the

Acid-Base and Electrolyte Therapy Advisor) has been designed and written to test this formalization.

The thesis presents the methods used by ABET, the program’s implementation, a sample session, and

a discussion of limitations and possible improvements.
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1. Introduction

Artificial Intelligence rescarch in medical decision-making has been motivated by several goals. First
is expanding the availability of quality health care. It is becoming increasingly difficult for physiTians o
maintain expertise in all the branches of medicine they are likely to run across in their practice. They

must rely on the advice of consulting specialists, of whom there are oo few. Exacerbating the shoftage of

expertise is a maldistribution of what resources do exist. Physicians are scarce in rural areas and in inner
cities, particularly specialists. Practitioners in these localities are often without adequate expert advice. It
is hoped that computer-based expert systems may be developed, capable of serving as comsulling

specialists where human experts are unavailable.

Second is a possible improvement in the teaching of medicine. Designing programs to simulate the
behavior of experts will require a greater understanding of the cognitive processes involved than now
exists, Having better models of the reasoning in medical problem solving should allow more gffective

teaching of this reasoning.

The third motivation for these efforts is the hope of advancing the techniques of Artificial

Intelligence itself. The domain of clinical decision-making is a challenging one, both because of its
complexity and its strict constraints; the rules governing the behavior of the human body are fixed, and
we cannot alter them to render the domain more amenable to existing Al techniques. Should mastery of
this field ever be accomplished, it will only be through the development of new methods fgr using

computers to emulate human thought.

1.1 History and Overview of the Acid-Base and Electrolyte Project

With these goals in mind, in 1977 the Clinical Decision-Making Group at MIT's Laborafory for
Computer Science, in cooperation with the Tufts New England Medical Center, commenged the
implementation of an acid-base and electrolyte consultant system [13]. This field was chosen becquse it is
understood well enough for there to be detailed and sophisticated models of disease and treatmgnt, but
not so well understood that the models are complete or easily converted to computational terms Itis a
large enough ficld to provide an ample testing ground for new ideas, yet small enough to allow the

construction of a knowledge base in a reasonable amount of time.




The objective of the complete consultant system is to assist in the proper overall management of fhe

patient. The task of patient management includes collecting the relevant information, identifying fhe

discase process(es) responsible for the patient’s illness, and prescribing treatment to correct the conditipn.

These components of patient management do not have well-defined chronological bound

Additional information may be needed to complete the diagnosis, or because the diseasc itself pas
evolved over time. Therapy may be used to provide clues to the diagnosis through the patient’s respo
And the patient's condition, if sufficiently critical. may require therapeutic intervention even before the
diagnosis is resolved. The physician thus faces a large range of alternative courses of action.
Correspondingly, the program must also be able to choose among the alternatives, maximizing
patient’s best interests. From this perspective, the Acid-Base and Electrolyte Consultant system has b
designed with separate components for forming a diagnosis. suggesting a therapy, and deciding which
alternative to pursue, Modularizing the different components of a physician’s knowledge and expertise

cnables us to evaluate our understanding about each component and their interactions.

A schematic for the entire patient management system is shown in figure 1. It consists of four major
components: (1) the Global Decision-Making component, (2) the Diagnosis component, (3) the Therppy
component, and (4) the Patient-Specific Model. The patient-specific model represents the state of|the
patient at any given time. It is the central data structure with which the other components conduct their

reasoning.

An implementation of the diagnosis component and the patient-specific model was completed by|Dr.
Ramesh Patil, in collaboration with Prof. Peter Szolovits and Dr. William B. Schwartz, in 1981 [8]. This
thesis describes an initial implementation of the therapy component, the Acid-Base and Electrofyte

Therapy Advisor (ABET). The global decision-making component remains to be explored.

1.2 The Therapy Component

Therapy management can be divided into three steps: (a) initial therapy recommendation,|(b)
therapeutic evaluation, and (c) adaptive reformulation of the therapeutic regimen. We have sof far
concentrated on step (a), the initial recommendation, leaving for later investigation the evaluation of
previous interventions and the refined reformulation of therapy. We have, however, included t‘caturﬂlls o

prepare the way for the addition of the latter two.




Fig. 1. The Acid-Base and Electrolyte Consultant System
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Therapeutic interventions can be further classified along two axes: acute vs. chro

symptomatic vs. etiologic. Acute therapy refers to treatment given over a short period (from a fe

hic and

w hours

to several days) while chronic therapy refers to treatment which extends over an indefinite pesiod and

may require continuous long term management of incurable disease. Therapies can also be d
along a symptomatic to etiologic scale based on whether the therapy is given to allev
manifestations of some disease or to eliminate the underlying cause of the discase itself. Here
focus on the acute and symptomatic therapies, ie., short term treatments aimed mainly at relic
symptoms of the patient’s illness. The scope of the wark reported in this thesis is thus limite

initial formulation of acute symptomatic therapy for acid-base and electrolyte disorders.
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Our objectives have been to (1) study and formalize the clinical practice of acute symptom alic

therapy, (2) explore the feasibility of using existing Al techniques to apply this formalization to ghe

specific field of acid-base and clectrolyte disorders, and (3) identify any further mechanisms that may| be
needed for adequate performance in this domain. Our intent was not to complete a polis

high-performance expert system, but rather to discover what stands in the way of building such a systen.
2. The Task Domain

This chapter outlines the task our program was designed to accomplish. The first section s a
discussion of therapy in general, including a formalization of observed clinical practice. The subseqyent
section introduces the requisite medical knowledge specific to the ficld of acid-base and electrojyte

balance, and mentions some particular characteristics of therapy in this field.
2.1 Theory of Symptomatic Therapy

In contrast to the open-ended and difficult to define task of diagnosis, symptomatic therapy invojves
selection of a specific treatment from the limited array of possibilities at the physician’s disposal. D[l'l'\

selection criteria are speed and safety. In general, aggressive treatments are most effective but also rigky;
less aggressive treatments are safer. The physician's job, then, after identifying which conditions arp in
need of correction, is to choose the particular form of intervention which best balances rapidity pnd
gentleness of effect. Next we consider how clinicians actually pursue this task and present a formalizafion

of the method.
2.1.1 The Clinical Practice of Therapy

Faced with an acute situation, as in emergency rooms and intensive care units, physicians teng to

approach the patient by organ system. The functioning of each organ system or subsystem is evalugted,
and if found deficient, each abnormality present is further evaluated for the urgency of the need for
intervention. The determination of the urgency for an individual abnormality is based on the body’s
ability to correct the disorder without assistance, and on the hazards of a continuation of the conditiog; in
short, on the likely consequences of failing to intervene, Next a treatment modality consistent withy the
perceived urgency is selected, and an estimate is made of how long it will be before a noticeable rcspInsra

can be expected. After all the abnormalities have been considered, the collection of interventions is




cxamined as a whole to ensure consistency, When some treatments are found to interfere with oth

ers, the

lower priority treatments are modified or dropped. A comprehensive treatment plan, correcting the most

urgent problems first, and including the expected patient response for comparison against the

actual

response as a test of the trecatment's success, is adopted. Finally detailed plans for rogtes of

administration and follow-up observations are made, taking into account cxisting forms of inten

ention

and monitoring, such as central venous line access or on-going renal dialysis. As the entire prgcess is

conducted in an acute setting, the physician must act swiftly. The methods used for gathering

information are therefore geared towards minimizing unnecessary investigation. Clamifyi[ug the

abnormalities by urgency allows the physician to avoid wasting time and cluttering his/her thinki
collecting and weighing unessential information; s/he can concentrate on the facts most pertinen

stabilization of the patient’s condition.

2.1.2 Formalization of the Practice of Therapy

Clinical

g with

(o the

The urgency of the need for treatment clearly plays a central role in the physician’s thinkipg, and

thus also dominates our formalization of the therapy process. We metaphorically envision the p
occupying some point in a space of possible patient states (see figure 2). According to this me

particular patient is located within the space by mapping from a description of his/her condition

ient as
hor, a

to the

axes of the space. The space is divided into regions representing different degrees of stability, fanging

from stable in the center (ie, states which call for no therapeutic intervention) to critical

on the

periphery. Fully defining the relationship between the description of the patient's condition gnd the

space of patient states is, of course, impossible. We are limited to heuristics assigning regions of the state

space to specific patterns of clinical conditions. These heuristics are, in a different language, the same

guidelines an examining physician uses to relate observable symptoms to conclusions about a gatient’s

stability.

Once the region containing the patient state is identified, we have an evaluation of the patient’s

stability, which bears directly on the urgency for therapeutic intervention. The worse the fgatient’s

condition is, the more quickly we need to induce an improvement. The goal of any intervention iI]‘len to

lessen the urgency (bring the stability up) one level (see figure 2). The calculated urgency thus p

vides a

context for all later decisions, specifically including the choice of treatment. Adhering to the |goal of

moving up one level guarantees a good balance between speed and safety for the therapy ulgi

mately
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Fig. 2, The space of patient states and the levels of urgency
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recommended, for it ensures that the recommendation will be sufficiently aggressive to indug

E a

significant improvement in the patient's condition, while also being no more risky than it need bg to

achieve such an effect

The next step is to, within the context of the perceived urgency, identify the appropriate treatmg
from a much larger list of possibilities and evaluate each of them. Each has associated with it risk
benefit measures. The particular option with the best combination of risks and benefits, with respec

the goal of reducing the urgency, is chosen.

After this procedure has been completed for each abnormality requiring attention, all the indivig
recommendations are compared. If any conflicts are discovered, the conflicting recommendations

adjusted to arrive at a resolution, if at all possible.
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It should be noted that in the course of formulating these recommendations, the dosages specified

need not be precise, because the patient can be reevaluated during the administration of thergpy.

Further, the initial recommendations often cannot be precise because of missing parameters, so g is

necessary to adapt therapy to the individual patient by choosing an initial dose and then observing

actual response. If the response is not as expected the discrepancy provides the most useful informa

the

ion
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for planning a corrected treatment. For example, in administering bicarbonate therapy, a physicign must
estimate the space of distribution of bicarbonate in a given patient (bicarbonate distributes throughout a
substantial fraction of the total body water). The total body water, however, varies significandy from
patient to patient and is often difficult to assess precisely. If the electrolytes are checked after thp initial
dose has been given, the physician can easily estimate by extrapolation how much more w[utd be
required to achieve the therapeutic goals. Any program that recommends therapy must be awarg of this

very important aspect of clinical practice; it ought to determine not only the dose required but plso the

waiting time before a reevaluation and possible correction.

These are the principles upon which our work is based. Using them we have been able to corfstruct a
program capable of dealing with complex electrolyte disorders, including interactions Ielween

physiological systems, in a simple yet general and powerful manner, It is expected that these pijinciples

may be applicable to other therapy situations, such as acute management of cardiac arrhythmias,
cardiovascular collapse, seizure management and neurological catastrophe, acute respiratory insuffficiency
and short-term ventilator management, gastrointestinal hemorrhage, multisystem trauma, and immediate

poison-control recommendations.

Specifically excluded from the domain of this kind of program, as tasks for which our model of
clinical practice is inapplicable, would be diagnosis, intermediate and long-range trﬂaun;[t plans
involving sophisticated modeling (e.g., pharmacologic) of patient response, and settings in which|therapy
is part of the diagnostic procedure. Other projects which have addressed these issues include the Digitalis

Therapy Advisor [3], CASNET [15], and the Ventricular Arrhythmia Manager [9].

2.2 Particular Considerations for Acid-Base and Electrolyte Therapy

The following brief discussion of the electrolyte and acid-base disorders should suffice for th reader
to understand the description of the program and the examples presented later. This sipplified
explanation overlooks many of the important subtleties [11], and is not to be taken as a dpfinitive

exposition. It should nonetheless be adequate for our purposes.

The water content of the body, approximately 50 to 60 percent by weight, is distributed betyeen the

intracellular (within the cells) and extracellular (outside cells) compartments, with the extricellular
Itcmss

compartment itself being divided into the interstitial space and the plasma. Water moves free
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cell houndaries. maintaining osmotic equilibrium between the compartments. 'The electrolyies, howeser,

due to differences in permeability and active ion pumps, are distributed assymetrically. The extr:ar:clh.[a:
fluid contains mostly sodium, chloride and bicarbonate, while potassium and organic anions predominpie

in the intracellular fluid.

The pH of extracellular fluid is normally between 7.35 and 7.45, and is maintained within this ragge
by three mechanisms: (1) the body buffers, (2) pulmonary regulation of C'Dl concentration, and (3) rehal
(kidney) excretion of acids and alkali. All three act together to handle the normal daily acid lopd,
maintaining a steady-state acid-base equilibrium. As food is oxidized both carbon dioxide (carbonic aId}

and nonvolatile acids are added to the extracellular fluid. Immediate buffering minimizes the local pH

change, and permits transportation of these acids to the lungs and kidney for excretion. Carbon dioxi
excreted almost entirely by the lungs, and the nonvolatile acids are excreted solely by the kid
Bicarbonate is regenerated by the kidney as it eliminates the excess acid, replenishing the bicarbo

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

The essential carbonic acid - bicarbonate buffer pair is governed by the Henderson-Hasselb

equation (see figure 3). This equation shows clearly what changes can be expected from both metab
and respiratory disturbances of acid-base equilibrium. A reduction in bicarbonate concentration yill
cause the reaction to shift to the right, thus increasing hydrogen ion concentration (metabolic acidogis),
whereas an elevation in bicarbonate concentration will cause the reaction to shift to the left, thus
decreasing hydrogen ion concentration (metabolic alkalosis). Similarly, a rise in pCO, increases fhe
hydrogen ion concentration by shifting the reaction to the right (respiratory acidosis), and a fall has ghe

reverse effect (respiratory alkalosis).

As sodium is the ion present in highest concentration in the extracellular fluid, sodium salts are [the

primary determinant of the osmolality of the extracellular compartment. Changes in sodium
concentration consequently have a major influence on the distribution of water between the intracellglar
and extracellular spaces. Serum sodium is normally stabilized at approximately 140 mEg/1. by changef in
water balance that occur in response to variations in plasma osmotic pressure. A slight increase in sodijum
concentration, and in osmotic pressure, lcads to the release of antidiuretic hormone and to a retentioy of
water that then restores normal tonicity. Conversely, a slight reduction in serum sodium concentragion

and osmotic pressure inhibits the release of hormone and permits any excess water to be excreted.
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Fig. 3. Henderson-Hasselbalch equation
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As the major intracellular cation, potassium also plays a significant part in control of psmotic

pressure. Additionally, the potassium concentration of body fluids has an important influence orf muscle

excitability. Extracellular fluid normally contains 3.8 to 5 mEq of potassium per liter, and intrdcellular
fluid approximately 150 mEq/L; thus only a small fraction of the 2500 to 3000 mEq of potassium in the
body is contained in the extracellular space. Therefore relatively small absolute changes in extracellular
concentration, by producing large differences in the ratio of intracellular to extracellular potassiyym, may

have important effects on neuromuscular activity.

The potassium distribution is partly determined by the pH. Hydrogen ions move freely acyoss cell

membranes, and are thus evenly distributed throughout the body fluids. Any increase| in the

bloodstream’s H™ concentration (decrease in serum-pH) is accompanied by an identical change in the
intracellular fluid. As H™ enters the cells, to prevent a net positive charge within the cells, an eqpivalent

amount of K* must be dumped out, increasing the serum-k. Similarly, a drop in th¢ serum
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concentration of H™ (risc in pH). and the concomitant drop in intracellular Muid H™. causes a shiff of

K into the cells to avoid a net negative charge. Whenever HT moves across the cell membranes,
moves across in the opposite direction in order to prevent a charge imbalance. Since the b
potassium stores are concentrated in the intracellular fluid. with much lower levels present in

bloodstream, movement of a small portion of the total body potassium in or out of the cells can ha

&

P

V'S
[

ca

dramatic effect on serum-k. So any change in serum-pH is accompanied by a significant changd in

serum-k: at normal levels, every increase of 0.1 in pH (reduction of H* by a factor of 1.25) caus

&5 a

reduction of approximately 0.6 mEg/L in serum-k as H™ leaves the cells and K™ is pulled in to replace

it.

Should abnormal distributions occur for any of these electrolytes, a full correction, while| an

appropriate long-term objective, is generally not an appropriate short-term goal. This is because the bpdy

will have partially adjusted to the imbalance and a rapid return to normal levels may result in adv

dEd

effects due to the excessive strain it would impose on the body's regulatory mechanisms. The short-tgrm

objective is therefore almost always to bring the levels back to normal as gradually as is cunsis{cn:llvith

the need to keep the patient out of immediate danger, allowing the body’s homeostatic mechani

adjust as changes occur, and to take over as soon as it safely can. Our formalism is well-suited to

o

this

desideratumn, as the constraint of reducing the urgency one step at a time ensures that any interventjons

recommended would be only as abrupt as they needed to be to improve the patient’s condition.

3. The Algorithm

The formalism presented above for formulation of a symptomatic therapy recommendation cag be

divided into three steps: (a) making independent recommendations for each abnormal condition, (b)

resolving any conflicts due to interactions among these recommendations by revising some or all of

m,

and finally (c) combining all the individual therapy recommendations into a comprehensive treatrgent

plan including the modality of treatment, the starting time and a time for reevaluation of the trea

ent

and possible correction. (Figure 4 illustrates the three steps.) For our purposes, “abnormal condition)” is

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

concerned with one electrolyte.

ach
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Fig. 4. A schematic for overall system
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3.1 Initial Recommendations for Individual Abnormalities

Arriving at a recommendation for an individual abnormality (step (a) above) is itself a three-

ftep

process: determination of urgency, initial weatment selection, and determination of recheck time. Hach

of the three steps is described below. All three involve some sort of initial estimate based on a crijude

characterization of the patient’s condition, which is then revised to take into account the specific feat|

of the case. This division into subtasks allows corresponding division of the production-rule knowl

=

dge

base (see Implementation chapter for details) into largely independent segments, with well-defined ppths

of communication. We have, for instance, a clearly delineated body of knowledge related to determiging

the urgency of potassium disorders, another for selecting a specific treatment for such disorders, agd a

third for determining the recheck times. Three more distinct bodies of knowledge are rela

performing the same tasks for pH disorders, and so on.

3.1.1 Determination of Urgency

The urgency of the need for therapeutic intervention provides the context for all later considerati

o

ONS.

Based on our observations of clinicians, we chose to have five levels of urgency. ranging from sthble

(rating of 0) to critical (rating of 4). A patient is said to be stable when it is within the power of his|
body to control the situation, although some mild assistance may be in order. A critical patient

immediate danger and requires substantial assistance without delay.

The determination of urgency consists of two steps, approximation and refinement. An i
approximation of the urgency for treatment of a given symptom is obtained solely on the basis g
severity. In our case, this refers to the concentration in the bloodstream of the electrolyte uj
consideration. This estimate is then adjusted, through application of the production rules, to reflec

specific circumstances of the case. These rules represent the heuristics mentioned above for assig|

‘her

5 in

itial
f its
nder
the

hing

regions of the patient state space to patterns of clinical conditions. For example, a patient with modgrate

hypokalemia (low serum potassium) may start with a low urgency rating, but if the patient is also u

treatment with a digitalis preparation, the rating will be revised substantially upward, because of

greater susceptibility of a digitalis-treated heart to hypokalemia-induced arrhythmias. After having Ieen

adjusted according to the expertise of the knowledge base specializing in this task, the urgency rati

finalized and made available for its role in treatment selection.

hder
the

g is
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3.1.2 Determination of Initial Treatment Recommendation

The first step in treatment determination is the sclection, from the program’s repertoire,
treatments which are applicable to the current case, These active treatments are chosen on the ba
diagnosis and the urgency rating. (Again, the diagnosis and urgency rating are with respect to
clectrolyte, as recommendations are made for each electrolyte independently before being combi
it becomes active, each treatment is given initial ratings for risk and benefit. These ratings

dependent on the diagnosis and urgency; a given treatment will have different initial risk/benef]

lof those
bis of the
a single
hed.) As
are also

t ratings

for the different contexts in which it can be activated. The urgency thus affects treatment sclection both

through the choice of active treatments and through their initial risk/benefit ratings.

Once activated and initialized, the plausible treatments have their ratings adjusted

to the

characteristics of the particular case. Much as in the determination of urgency, the adjugtment is

accomplished through application of a set of production rules specializing in the task. K
clectrolytes whose treatments are almost completely determined by the diagnosis and urgg
changes to initial ratings are minor. For others, with more variation in treatment according to th

clinical context, the changes may be extensive. Potassium is an example of the latter, with mar

or those
ncy, the
 specific

y factors

involved in the choice of treatment, and consequently the potential for pronounced departure |from the

initial ratings. With pH, on the other hand, the decision to treat is based almost exclusively on the extent

of the imbalance, and once made, can be implemented in very few ways; the initial ratings accprding to

urgency and diagnosis are therefore generally adequate, and undergo little change dufing rule

application,

After all the rules have completed their adjustments, the active treatments are rank-order¢d by the

difference between their benefit and risk ratings. The treatment with the highest score (largest excess of

benefit over risk) is then recommended as the treatment of choice. Should there be a tie, treat

less risk are preferred. If the second highest ranking treatment has a score comparable to that

nts with

the first

choice, that treatment is also recommended as an alternate. This safeguards against the imprecisjon of the

scoring mechanism; the clinically appropriate treatment would have to be grossly misscored to

brought to the attention of the physician at least as an alternate.

iss being
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3.1.3 Determination of Recheck Time

An initial cstimate of the recheck time is based on the choice of treatment and on how qu

ckly

measurable effects are likely to appear. The more quickly change is expected, the sooner a reevaluatipn is

in order. As above, the initial estimate is modified to fit the details of the current case via applicationf of a

set of rules designed specifically for that purpose. The rules are concerned with factors that wpuld

increase the dangers of allowing the patient’s state to develop unmonitored. These considerations wpuld

include the severity of the condition, and the magnitude of the possible ill effects of overshootirjg or

undershooting in the attempt to return to normal levels. The suggested recheck time, added to the chosen

form of treatment, completes the set of recommendations for a single electrolyte.

3.2 Resolution of Cross-treatment Conflicts

Any inherent conflicts among the individual treatment recommendations must be resolved b

-fore

they can be combined into a single comprehensive recommendation package. This process is initiatgd by

the individual treatment formulation modules for each electrolyte, which may have concerns about a

y of

the recommendations for other clectrolytes. A concern is a list of conditions which, if present, Would

interfere with the therapy planned by the module having the concern, ie, would constitute a cor

flict.

After all the independent treatment modules have run, the conditions are evaluated; those which are

violated by recommendations for other electrolytes are activated as objections.

Objections are settled by modifying the recommendations which are in conflict. The module :Lhich

raised the objection (as a concern) and the one(s) which violated it are identified and requested to
their recommendations to resolve the conflict. Upon receiving such a request, a module will most
change its recommendation. If, however, the requested modification would adversely affect its attem
regulate a critical abnormality, the module may refuse. If none of the conflicting modules are ab

accommodate, the objection remains outstanding, All outstanding objections are reported to the w

vise
pften
ptto
le to

€T as

unresolved conflicts. In such a case, the physician has to choose from among a set of alternatives nane of

which arc entirely satisfactory. S/he must decide which aspect of the patent’'s condition is 10

priority.

have




-19-

It is hoped that this method of resolving conflicts among independent recommendations fhay be
applicable to other branches of medicine. as well. It commonly occurs that measures Lo correct dffferent
aspects of a patient’s condition interfere with each other. 1f more than one requires immediate atiention,
some sort of compromise is necessary, much as in the treatment of electrolyte disorders. This difficulty
can arise, for example, during the use of a mechanical ventilator. The ventilator provides breaths with
pre-specified oxygen content, at a pre-specified volume and rate, to patients with poorly funcfioning
respiratory systems. The volume and rate must not be set 1o high, or the pressure will interfefe with
blood flow into the heart and perhaps even rupture the lungs. Maintaining a sufficient supply of pxygen

may therefore require a fairly high concentration in what volume is allowable, but too high an pxygen

concentration is toxic. Meanwhile the pH, which is influenced by the rate of elimination of COp, must
also be kept within narrow bounds. One way to resolve these complications might be to have sparate
modules responsible for the pressure, l‘.}2 concentration, and pH. Each could recommend veptilator
settings that would be satisfactory with respect to its own parameter, and raise objections to the pettings
favored by the other modules. As long as each could predict the impact of any particular veptilator
setting on its own parameter, and could determine to what extent the patient’s stability depended on the

value of that parameter, they could conduct the same sort of negotiation used in the present program.

3.3 Final Unification of Recommendations

Finally, after conflicts between treatments have been resolved to whatever extent is possible| all the

individual recommendations are combined into a single comprehensive therapy package. This package
designates specific therapeutic interventions as well as when and what follow-up examinations to I::funn

in preparation for reevaluation.

3.3.1 Unification of Therapy Modalities

The combining of therapy modalities involves considerations of convenience, chemical interpctions,
and availability of standard solutions. The main factor in convenience is minimization of the nupnber of
distinct routes and times of intervention. Existing IV lines are taken advantage of, and any pew IV
solutions are combined as much as possible. The existence of IV line(s) may also be reason for syitching

an oral therapy to an intravenous additive.
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Chemical interactions play a limiting role in the combination of solutions. Care must be takenf to
avoid possible interactions among the different preparations. For example NaHCO; and CaCl njay

precipitate if given simultancously.

An attempt is made to use standard solutions because special formulation of solutions not routingly

available introduces the possibility of error, and also means a potentially harmful delay.
3.3.2 Unification of Recheck Times

The second half of the comprehensive package is the follow-up recommendation. The independpnt
recheck requirements for each electrolyte are translated into a series of bedside examinations 4nd
laboratory tests designed to gather all the information that will be needed to reevaluate the treatmgnt.
Convenience considerations similar to those mentioned for choosing therapy modalities are also involyed
here. Itis desirable, from both the patient’s and the physician’s points of view, to minimize the taking of
blood samples and other forms of examination. Consequently the measurements for each electrolyte fare
combined into a minimal number of lab tests selected from the standard repertoire, subject to the tirrr:g

constraints imposed by the different recheck requirements,

The final suggestion for when to reconsult the program for evaluation of the patient’s progress gnd
the appropriateness of the treatment is taken to be the time of the earliest lab test, as this is based on fthe
recheck requirements of the electrolyte(s) being measured. Once the unification is completed, fthe

recommendations are presented to the physician.

4. The Implementation

ABET has been implemented in Maclisp [7] (using the LSB [1] and BrandX [14] extensions to

encoded in production rules. But unlike other rule-based expert systems [2, 6, 12] ABET does not
goal-directed backward- or forward-chaining to identify applicable rule sets. Instead, as discussed a
(section 3.1), we have divided the overall task into a number of relatively simple and isolated sub
and have relied on this partitioning of the problem to select the appropriate rules. The rules dealing
cach subtask are packaged together, and the rules within any package may be executed in any or

When a package of rules is called to perform its subtask, each rule in it is tried exactly once. (The engire
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package may be called again if the electrolyte it deals with is involved in a conflict.) To our surpfise, no
further organization of rules was found necessary. Should further development prove this structuge to be

inadequate, however, the program could casily be modified to introduce new rule-sclection technidues.

There are three kinds of rules, one each for the three functions of the independent
clectrolyte-specific modules: determining the urgency, the initial treatment recommendations, and the
recheck times. Their formats are similar. Fach rule consists of an identifier (id), a list of predicatds, a list
of actions, and optionally a message. The id, an integer, is used for keeping a record of which rulps have
fired. The predicate portion has the same format for each kind of rule, and is described in the next
section, on patient-specific knowledge. The actions are different for each kind of rule, and are decribed
in the subsequent section. The message is simply a text string which is printed if the rule fires,|mostly

used to alert the physician to the presence of a condition which calls for some precaution.
4.1 Representation of, and Access to, Patient-Specific Knowledge

Eventually, as the complete patient management system for acid-base and electrolyte disordefs takes
shape, the therapy component (ABET), the diagnostic component (ABEL), and the top level decision
module will all use the centralized Patient-Specific Model to represent what is known about the ptate of
the patient. This multi-level, causal description of the patient’s condition, discussed in [8], was d[signed
for exactly such uses. But for ease of development, ABET has been given its own temporary - anfl much
simpler - representation of the patient state. This allows us to defer the difficulties of workingj out an
operational interface, and instead concentrate on the more immediate problems intrinsic to the fherapy

component itself. More details on how we expect to use ABEL'’s Patient-Specific Model can be fpund in

section 6.3 (Suggestions for Further Work).

We simply consider the state of the patient to be summarized by a collection of degriptive

characteristics. Each characteristic is associated with a value, which may be a number, an English s[i:rd or
phrase, or true or false, The complete catalog of patient characteristics is shown in figure 5. No sfructure

is imposed on this set - there are no explicit relationships between characteristics. The only op¢rations

1. There are implicit relationships in that the values of some characteristics are calculated from others (sed below),
and are thus constrained 1o meet some mathematical relationship. But beyond the original derivation of the value,
these links are not present or exploited in any explicil manner.
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involving these characteristics are that cach may be given a value (typically through the user answering a

question), and each may be asked its value (typically for evaluation of a rule’s predicate).

A query for the value of some characteristic will be handled in one of three ways. If the valug is

already known, it is simply returned. If it is not known but can be inferred from other characteristjes,

queries are generated for their values, the inference is made from the answers, and the inferred valug is

both returned and stored for later reference so the inference will not need to be repeated. The third cpse

Fig. 5. The patient characteristics

Characteristic
serum-k
serum-MNa

pH
serum-glucose
K_diagnosis
Na_diagnosis
pH_diagnosis

K_lempchar
Na_tempchar

pH_tempchar
EKG

renal_function
dig_therapy
Iv

-n pDI'I
hospitalized
seizures
respirator
body_weight
CHF
fluid_outs
dehydration
K_excess
ECF_deficit

Yalues

<a number>

<a number>

<a number>

<a number>

low_K., normal_K, high_K
low_Na, normal _Na, high_Na
normal pH, respiratory alkalosis,

metabolic alkalosis - chloride responsive,
metabolic alkalosis - chloride unresponsive,
respiratory acidosis, metabolic acidosis - acute,

metabolic acidosis - chronic,
metabolic acidosis - RTA wpel,
metabolic acidosis - RTA type 11,
metabolic acidosis - RTA type IV
acute, chronic, neither

acute, chronic, neither

acute, chronic, neither

normal, abnormal, widened-QRS,

peaked-T-waves, U-waves
none, mild, moderate, severe
{yes or no»

<yes or no

{yes or nod

{yes or noX

<yes or no>

<yes or nor

<a number>

none, mild, moderate, severe
<a number>

none, mild, moderate, severe
<a number>

<a number>

Source

asked

asked

asked

asked

inferred from serum-k and dig_therapy
inferred from serum-Na

asked

asked
asked
asked
asked

asked*
asked
asked
asked
asked
asked
aked
asked
asked
asked
asked

inferred from serum-k. pH and body_wejght

inferred from serum_Na and weight

*in the case of renal function, what is actually asked for is the creatinine clearance, from which one of the listed wgrds
is chosen to describe the degree of renal failure

**non per orum, unable 1o lake medication by mouth
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is when a value is not known and cannot be inferred. Then the user is asked to supply the informaion. It

is returned and stored for later reference.

When asking questions of physicians, it is important to conform to common medical inmr]::galivc

style; should the program appear to be presenting questions in a random or incohesive man

er, the

physician will assume it has no cohesive idea of what it's looking for. Eventually, when ABET is

connected to the diagnostic component (ABEL). questions will be directed through ABEL’s infofmation

acquisition module, which will collect the inquiries and ensure that they appear in an acceptablp order.

Currently questions are just asked as they come up, but it should be noted that they still do tend td appear

in a coherent and medically appropriate order as a result of the organization of rules into sepa

conceptually cohesive groups.

fatc and

Most queries occur in the course of the evaluation of the predicates in rules. The predicate|portion

of each rule is a list of one or more individual predicates, all of which must be true for the rule o

fire (ie.,

for the action specified in the rule to be carried out). A single predicate is a triplet, consisting of a

relation, the object being tested (the patient description or a particular aspect of it), and a value|[16]. A

predicate may be ncgated by preceding it with “not.” If the relation is one of the characteristicqused to

represent the patient state, the meaning of the predicate is “Does the object have a value

for this

characteristic equal to that specified as the third part of the triplet?” An example of this kind of gredicate

is [dehydration patient_state severe], which asks whether the “dehydration™ charactefistic for

the patient has a value of “severe.”

The relation may also be “greater” or “less,” appearing with an object referring to p single

characteristic of a patient description, as in [1ess [serum-k patient_state] 3.0]. The rgmaining

relation is “present.” Predicates using the “present” relation have as their third part the name of a

characteristic whose only possible values are frue and false. For one of these characteristics, ra

ner than

asking the awkward question of whether its value is equal to “true,” one simply asks if the characferistic is

present: [present patient_state hospitalized].
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4.2 Actions of Rules

‘T'he differences in the actions of the three kinds of rules reflect the differences in the data su'ucqurs

used to represent the urgency, the treatment choices, and the recheck recommendation. All three inv

some sort of scoring. With cach, some inital rating is adjusted by whichever rules apply to the case.

e

A

history records all changes made to the ratings - whenever a rule modifics a rating, its id number is added

to a list of rules which have changed that rating.

This history is specifically designed to allow us, in the future, to provide explanations of

program’s decisions. If every rule had associated with it a sentence or two giving the rationale behind

the

its

actions, then a justification of the ratings’ initial values followed by the rationales for each of the rules that

had changed them would constitute a fairly complete account of the process by which the program had

arrived at its recommendations. All that would be missing is an explanation of the decisions made by

objection handler and the funnel.

The following sections describe the actions of the three kinds of rules and the data structures ¢

affect.

4.2.1 Urgency Rules

hey

In the determination of urgency, the urgencies corresponding to all possible values of the electrofyte

under consideration are calculated simultaneously, The relevant data structure is the urgency vector §

figure 6). Each element of the urgency vector holds the urgency rating for a pre-defined rangg

bl

of

electrolyte serum levels, with the complete vector covering the entire range of possible values. With

potassium, for instance, the lowest range is for serum-k less than 2.0 mEg/L, the next is for seru

-k

between 2.0 and 2.4, and so forth to the highest, which is for serum-k greater than 6.75. All the elemgnts

are initialized to pre-set values, with high urgencies at the extremes and low ones in the center.

The

action of an urgency rule is to modify any or all of the values in the vector. A wide variety of operatjons

to do so were initially implemented. We have found, however, that the only ones we still use

ane
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5 s a . 3
subtraction, the sciting of floors, and keeping of the old value (the null operation).”

A typical potassium rule and its actions are shown in figure 6. As can be seen from its predicdte, this

rule is invoked if the patient is taking a digitalis preparation. [ts actions are to set floors on the

rgency

ratings corresponding to low levels of potassium and to leave unchanged those corresponding o high

levels. ‘This rule embodies the medical fact that digitalis treatment increases the heart's susceptil]
hypokalemia-induced arrhythmias. In one sense, this rule can be said to encompass three disting

about changes to urgency ratings for three different ranges of serum-k (under 2.4, 2.4 - 3.5, 3.5 - 4

ility to
't rules

). Our

use of the urgency vector to calculate urgencies for all ranges simultancously thus allows us to cgmbine

several similar rules into one, making the knowledge base more compact and more understandable;

Once all the rules have been tried, the element of the urgency vector corresponding to the

current

serum level of the electrolyte under consideration is taken to be the urgency for treatment with regpect to

that electrolyte.

4.2.2 Treatment Rules

In treatment selection, on the basis of the diagnosis and the previously determined urgency, f set of

specific interventions is activated. Each treatment has its own name, and as each is activated it 5 given

initial risk and benefit ratings, also on the basis of the diagnosis and urgency. The treatment rulep adjust

these ratings. The actions listed in a treatment rule designate which treatment’s ratings to modify, so

unlike the format of urgency rules, in which null operations must be retained as place-keepers, on

v those

treatments which are affected must be included, and they may be listed in any order. Each action fonsists

of the name of the treatment and instructions for modifying the risk rating and the benefit rating

Many

kinds of modifications were considered, but we again found it sufficient to allow subtraction gnd the

setting of floors. If the treatment is not active, nothing is done; if it is active, its ratings are updated as

2, The array actually used to represent the urgency vector has two entries for each one of the ranges describgd in the

floor sel on it by another. The convention we use is that regardless of the real chronological order of
applications, the raling for such a range is as though all of the settings of floors had occurred before

text. This is 1o prevent ambiguities in the rating for a range which has been subtracted from by one rule :ld had a

the rule

of the

subtractions. One entry s used 1o keep track of each kind of operation: one for the strictest (highest) floorfand one

for the wal of all subtractions. We nonetheless speak of a single urgency rating for this range because any
raling is requested. the offset is automatically subiracted from the floor. Similar hidden mechanisms arg
scoring for the trealment and recheck recommendations.

time its
used in
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Fig. 6. An urgeney rule and its application

{add_urgency_rule '([present patient_state dig_therapy])

e e -

‘((atleast 4) (atleast 4) (atleast 3) (atleast 3)
(atleast 2) (keep) (keep) (keep) (keep) (keep)))

Range Serum-K Urgency vector Rule applied Urgency vector
(initial) (dig threapy present) (after rule application)
0 <20 4 > 4 4
1 <24 3 > 4 4
2 3.0 2 > 3 3
3 {35 1 > 3 3
4 <40 0 > 2 2
5 {55 0 — o
& {585 1 — 1
T <645 2 — 2
8 <6.75 a - 3
g 2675 L — 4

indicated in the action. For notational compactness, we use a positive number for setting a floof, a

negative number for subtracting, and a 0 for specifying no change.

A typical treatment rule and its effects are shown in figure 7. This rule, from the sodium mﬂdr]e,

fires if the serum-Ma is 125 mEq/L or less and the patient is suffering from seizures. As this would b

an

extremely critical situation, the rule’s action is to favor the most aggressive intervention for low sodipm.

It sets the benefit rating for 3% NaCl IV (“Na,low-rapid IV™) to at least 5, and makes sure this treatmjent

is known to be slightly risky by setting a floor of 1 on its risk rating. Meanwhile the rule subtracts 4 ffom

the benefit rating for the second most aggressive treatment for hyponatremia, “Na,low-slow IV,” and

leaves its risk rating unchanged.

As described in section 3.1.2, the active treatment with the greatest difference between its benefit pnd

risk ratings after all the rules have been tried is considered the treatment of choice, and if the next pest

treatment has a score comparable to that of the first choice, it is recommended as an alternate.
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Fig. 7. A treatment rule and its application

(add_treatment_rule '([less [serum-Ma patient_state] 126)
[present patient_state seizures])
*((|Ma,low-rapid IV]| 1 5) (|Na,low-slow IV| O -4)}))

Treatment Initial scores Rule applied after rule application
name risk | benefi risk | benefit risk | benefit

Ma, none
Ma, low-slow oral
Ma, low-mod oral
Ma, low-rapid oral* 0 0 a 0
Ma, low-slow IV* 1] [} 0 8] 4
Ma, low-rapid IV* o o 1 5 1 5
Ma, NS* 0 0 o ]
Ma, DShalf
Ma, half NS
Ma, high-aral
Ma, high-1V

Aturgency = 3 (very unstable), and with a diagnosis of hyponatremia, the starred (*) treatments are active.

4.2.3 Recheck Rules

The format of the actions for recheck rules is simpler since only one variable is affectel. The

recommended recheck time will be a value between 0 and 6. Zero indicates a recommendgtion to

reconsult in an hour or two; five indicates a waiting time of one to two weeks, and six indidates no

follow-up is needed (for the electrolyte under consideration). The intermediate steps vary by poughly

two-fold per step. The initial value for recheck time is based on how quickly the treatment of dhoice is

expected to produce noticeable effects. This estimate is then adjusted by application of the rechegk rules,

which are concerned with the importance of monitoring the development of the patient. Each

recheck

rule may add to or subtract from the existing value, or set a ceiling. A typical recheck rule can bg seen in

figure 8. This rule states that if the patient’s pH is less than 7.2, a ceiling should be placed on the E:chf:ck

recommendation of one to two hours (recheck time “0"), and a message printed for the user, re

him/her of the severity of the situation.

inding
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Fig. 8. A recheck rule

(add_recheck_rule '([less [pH patient_state] 7.2])
'(nolongerthan Q)
'|Severe acidosis requires recheck every hour|)

4.3 Conflict Resolution (The “Objection Handler™)

As discussed in section 3.2, conflict resolution begins with the raising of concerns by the independpnt
modules responsible for each electrolyte. A concern is raised when the potential exists for another
module to recommend treatment which would interfere with that planned by the module having the

concern. The modules each have a concern generator which runs after the module has reached its gwn

initial recommendation. The concerns it raises depend on the patient’s condition and on the present
module’s recommendation. As the other recommendations are not yet necessarily available, it cannogbe
known whether the predicted interference will actually arise. Conseguently a concern must include sgme
test, to be performed after all the initial recommendations have been made, for recognizing whether fthe
potential conflict actually arose as foreseen. A concern consists of (a) a name, to identify the confligt it
addresses, (b) a description of the conditions under which the potential interference would arise, and (f) a
list of which modules can resolve the conflict by revising their recommendations, typically the module

having the concern and the one responsible for the interference.

After all the independent modules have given their initial recommendations, the objection hanfiler
considers whatever concerns have been raised. Fach one whose test conditions (part (b), above)|are
present becomes an active nhjection.3 The objection handler then asks each module in the lis{ of
disputants (part (c), above) how willing it would be to settle the objection by revising its recommendatjon.
The module responds with a number from 0 to 4, with 4 indicating absolute refusal. If every module
asked refuses absolutely, the conflict is considered irreconcilable and is reported to the user, who then
must decide which module (which aspect of the patient’s condition) to favor. Otherwise the module

which responded as being most willing is instructed to carry out the neccessary modifications tq its

3. This method for resolving conflicts is similar to the “goal protection” scheme used by Sacerdoti [10] to preveny the
planning process for achieving one goal from interfering with the planning for another goal.
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recommendation.® Apart from raising its own concerns. cach module is thus equipped to decide

basis of the current clinical situation how willing it is to change its recommendation to resolvy

conflict, as well as actually proceed with the modifications.

To clarify the operations involved in conflict resolution, let us consider one cxample, the inte

between serum-k and pH. Recall that an increase in pH causes a substantial drop in serum-k,

decrease in pH causes serum-k to rise,

In its initial recommendations, the potassium module assumes a constant serum-pH., Ond
concerns will be that if serum-pH is abnormal, the pH module may recommend treatment to chs
When the objection handler considers this concern, it checks the pH recommendation; if the pH

expected to change because of the recommended intervention (or for some user-supplied reason

on the

some

Faction

and a

of its
inge it
can be

hutside

the program’s domain), the concern is made into an active objection. The potassium and pH modyles are

identified in the concern as capable of settling the objection by revising their recommendations, so

then asked how willing it would be to do so.

The response from the pH module is simply the previously determined urgency for pH. ( ilhere is

one exception: acidotic conditions with urgency 3 respond with a 4.) So the less stable the pati
less willing the pH module is to accommodate. The response from the potassium module depends
direction of the expected change. If the shift would tend to alleviate the potassium problem
serum-k closer to normal), the answer is (; the K-module would be more than happy to have an aj
the shift would push serum-k further from normal, the response is the urgency rating for the pr

serum-k, which will be greater than or equal to the current rating,

If both responses are 4, the conflict is reported to the user as unresolved. If not, the more

module is instructed to modify its recommendation.® Should this be the pH module, it will cutllack its

recommended intervention to prevent aggravating the potassium disorder. If it is the potassium

it will in most cases prescribe a new treatment based on the predicted blood chemistry. The exce

4. In case of a tie, the module which comes first on the list is chosen.
5. Currently, one module is chosen and instructed to change ils recommendation enough to resolve the

cach is

nt, the
on the
(bring
sist. If
pdicted

willing

odule,

hlion is

tonflicl.

Although it hasn't yet become necessary, we expect we will eventually need the capability to have several n]:odulﬂ

each modify their recommendations less drastically, and thus resolve the conflict by cooperatively meeling p

way.
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that when the patient is currently critical (urgency = 4), it will not lessen the aggressiveness of]its

recommendation even if the prediction is for an improved serum-k; we cannot afford to wait.
4.4 Final Unification (The “Funnel™)

There are two parts to the final combining of the independent recommendations: unification] of
therapy modalities, and unification of follow-up recommendations. The emphasis in unification| of
therapy modalities is on combining multiple IV solutions into a single carrier with additives. By carrjers
we mean solutions of NaCl and/or dextrose with tonicity close to that of the bloodstrejm.
Administration of such solutions has little effect on blood chemistry, so dissolving small quantitie of

more potent substances in carriers is a good way to ensure safe concentrations of the additives.

The first step is to identify a carrier. The treatments for pH or for sodium and water balance thay
already involve a suitable solution, and if so we just use that. Otherwise we choose a carrier. The defjult
is “D5W,” an isotonic 5% (by weight) solution of dextrose. But if blood sugar is already high, we instpad
use “12NS" (“half-normal-saline™), a NaCl solution with tonicity half that of the bloodstream.

Once settled on a carrier, the additives required by the various treatment recommendations musf be
considered. Some can simply be mixed in (eg, moderate amounts of potassium chloride |for

hypokalemia); some require their own line (eg, isotonic hydrochloric acid for severe metabplic

alkalosis); a few require special consideration. Bicarbonate supplementation, to alleviate acidosis, if in
the form of NaHCO;. This is added to the carrier, but the presence of the accompanying sodium ay
necessitate switching to a carrier with lower sodium content. And when large amounts of potassjum
chloride are needed immediately, mixing it with the carrier may be too slow - a special arrangemjent

known as a “piggyback™ is used instead.®

6. Piggybacking refers to an infusion through an established intravenous catheter connected (o another bottlgd A
Y-shaped piece of whbing is inseried inlo the main tubing; the piggybacked solution is run in one branch of the [*Y™
and the main solution into the other. The mixture flows out the bottom of the *Y" and into the patient. Piggybpcks
are used when many different solutions have 1o be infused over a short period of time, when urgent reatments fust
preempl ongoing less urgent ones, or when highly concentrated solutions must be used.
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Unificaton of follow-up recommendations involves choosing a battery of bedside and labpratory

tests to gather the information that will be needed to reevaluate the treatment when the prLIram is

reconsulted. Selection of bedside examinations is quite simple: each of the physical tests the

knows about is associated with a predicate. If the predicate is true, the test is suggested. T

dehydrated patients, it is suggested that urine output be monitored; patients suffering from

should have their respiratory rate watched; elc.

Choosing laboratory tests is a matter of minimizing the taking of blood samples while ensu

ogram
hus for

pcidosis

ing the

availability of timely data. Each of the independent modules will have decided on a recheck timg for its

clectrolyte. Any two of these which are within one step of each other (recall that each step reIrcﬁents

roughly a doubling of the waiting time) are combined into a single blood sampling. Then the act

al tests

to be performed are chosen. For pH, there are no decisions - an arterial blood gas is recommepded at

whatever time the information is needed. But for other serum electrolytes, any of several tests

may be

specified. They vary in how long they take, and in how broad a range of electrolytes are reported If the

potassium module had asked for a recheck in two hours, and no other electrolytes need be knowh about

s0 soon, the recommended test is the Na/K determination, which doesn't take long but only refjorts on

sodium and potassium. On the other hand, if the potassium module wanted a recheck in 24 houry, and at

that time information on calcium would also be needed, the suggested test would be the chenfprofile,

which reports on six electrolytes and takes the lab about half'a day to process.

5. An Example

The case description for our example is shown in figure 9. With respect to acid-base and eldctrolyte

balance, the patient’s most pressing problem is severe acidosis. The potassium level is slightly |

bw, and

can be expected to worsen considerably as the acidosis is corrected. Treatment is also necespary for

moderate dehydration (and its attendant hypernatremia). Obviously the underlying diabe

pneumonia require attention as well, but that is well beyond the domain of our program.

The example is presented and commented on step by step. Underlined text indicates user
response to questions; anything not underlined is program output. As discussed above (in sect
although we ultimately expect ABETs interrogation to work through an information acquisition

for now it simply asks for information as it needs it.

tes and

nput in
on 4.1),
module,
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Fig. 9. Case Description

A 65 year o0ld man with a history of diabetes mellitus controlled
with diat. hypertension treated with a diuretic, and mild congestive
heart failure presents to the emergency ward with pneumonia
complicated by diabetic ketoacidesis of two days' duration.
Physical examination reveals moderate dehydration, rapid breathing,
fever, and signs of pneumonia. X-ray examination of the chest and
sputum examination are consistent with pneumonia. Urine and blood
studies are consistent with diabetic ketcacidosis. He is admitted
to the hospital for further treatment.

The first step is the formulation of independent recommendations for each electrolyte. Figure 10

shows the activity of the pH module. The low pH of 7.15 classifies the patient as “very unstable,’

L

an

urgency rating of 3. Given that level of stability, and the diagnosis of acute metabolic acidosis, there igno

choice but intravenous administration of bicarbonate, ie., the active trearments consist of only

possibility. This treatment, “pH,IV_HCO3_fast,” needs to have its rate of administration computed.

tild

To

do so, the program first asks for the patient’s pCO, and body weight, then calculates a serum-bicarborate

of 7 mEg/L, 17 short of the ideal 24 mEqg/L.. Multiplied into the bicarbonate space of distribu
(approximately 40% of body weight), this implies a totwal deficit of 480 mEq. Qur initial goal is to rep
half of that, or 240 mEq. At 44 mEq per ampoule, 5% ampoules would be needed, but three is

fion
ace

the

maximum we can safely add to a one liter solution. The recommendation is therefore to dissolve three

ampoules of NaHCO; in a liter of DSW. The presence of mild congestive heart failure triggers a mesgage

to the user about the hazardous possibility of overloading the circulatory system. Finally, the minifnal

recheck time of one to two hours is recommended, due to the severe acidosis. The message to that effect

in the “Comments” area is from the appropriate recheck rule,

Figure 11 shows the formulation of the sodium recommendation. The slightly high serum sodiurf of

148 causes an initial urgency rating of 1 (*mildly unstable™). The EKG information is needed to eval

ate

the predicate of a rule which sets most ranges to “critical” if the EKG is abnormal. (The conditiog of

sinus tachycardia, while reflecting an clevated pulse rate, is considered normal for our purposes.)
next question is for a rule which subtracts one from the urgency ratings for several ranges if the diso

is chronic (and if the EKG is normal and there are no seizures). Neither of these rules applies in our ¢

e
tder

HSC.
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Fig. 10. Independent Recommendations: pH

—————————— Formulation of Independent Recommendations --==-------

#** considering electrolyte PH ***

A. Urgency Determination
pH: 7.15

Regarding electrolyte PH, the patient is classified as: very unstable (grade

B. Treatment Selection

What is the pH diagnosis? metabeolic acidosis - acute

recommended:
IV bicarbonate as 1.26% sclution over 3-4 hours
pH, IV_HCO3_fast
benefit rating: 5.0
risk rating: 4.0
score: 1.0

pCd2: 20
body weight (Kg}: 70
Calculated serum bicarbonate is 7.0
Base deficit is 17.0 mEq/liter.
Total base deficit is 480.0 mEq.
Initial dose is 3 ampoules of sodium bicarbonate
Administer as 7.5% solution over 5 minutes if the patient is coding.
Otherwise, add to one liter of D5W and administer over 3-4 hours.

Comments:

Monitor carefully for congestive heart failure from salt overload.
C. Recheck Recommendation
recommended recheck time: one to two hours

Comments:
Severe acidosis reguires recheck every hour

|3 of 4)

The dehydration question illustrates one of the program's convenience features. Each charg

has associated with it a list of possible values. If the answer to a question does not match any

Ccreristic

Of these

values, the list of choices is displayed and the question is asked again. Besides catching typing ergors, this

feature makes it casy for the user to get a list of acceptable responses - all s/he need do is enter so

which won't match any of them, such as the question mark in the example.

mething




Fig. 11, Independent Recommendations: sodium

*** considering electrolyte NA ***

A. Urgency Determination
Na: 148
EKG: 51 h rdi
Is the sodium disorder "acute", "chronic” or "neither"? acute
Degree of dehydration: 2

Please enter one of the following: MONE, MILD, MODERATE, SEVERE
Degree of dehydration: moderate

Regarding electrolyte NA, the patient is classified as: moderately unstable (grpde 2 of 4)

B. Treatmesnt Selection
Is the patient unable to take medication orally? n

serum-glucose: 500
recommended:
0.5 normal saline - rate to be calculated
Na,half NS
benefit rating: 5.0
risk rating: 1.0
score: 4.0

Degree of congestive heart failure: mild
creatinine clearance: 100

Estimated degree of dehydration is MODERATE
CHF = MILD
renal function = NORMAL

IV rate iz slowed by factor of 1.5
Calculated optimal IV rate is 400.0 cc/hour.

C. Recheck Recommendation
recommended recheck time: ong to two hours
Comments:
Moderate dehydration reduces recheck time 50 per cent

mild CHF reduces recheck time 50 per cent
Moderate iliness requires recheck in 8 hours
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The eventual response of “moderate™ dehydration triggers a rule which sets the urgency to at Jeast 2.

The moderate dehydration indicates that even though the serum sodium is high, the patient actually has a

sodium deficit; there is little enough fluid for a less than normal amount of sodium to yicld a highpr than

normal concentration.

Mo other rules are applicable, and the final urgency rating is 2.

For treatment selection, apart from what we already know, there are questions about serum glucose,

and about whether the patient is able to take medication by mouth. Had the patient been unablefto take

medication orally, perhaps due to persistent vomiting, all therapies which depend on that route

have been strictly ruled out. The serum glucose influences the choice of carrier. The highest sc¢

would

ring of

the active treatments is half normal saline. Before calculating its rate of administration, the [I'Dgram
e heart

needs to know about the presence of renal failure (measured by creatinine clearance) or congesti

failure. With moderate dehydration we would like to administer 500 cc/hour, but the presence pf mild

congestive heart failure forces us to slow down to 400.

The recheck recommendation is again the minimal one to two hours. As can be seen fi

m the

comments in the example, the urgency of 2 (moderate illness) sets a maximum of § hours; this figure is

cut in half by the presence of mild congestive heart failure and again because of the

dehydration.

derate

Formulation of the potassium recommendation is shown in figure 12. The serum-k of 3.0, being

slightly low, gives us an initial urgency rating of 1. The urgency rules for potassium are conce

d with

heart function and whether the disorder is acute or chronic. Since the patient is not taking digitalif, and is

already known to have a normal EKG, we are not as worried as we might be about hypokalemia-jnduced

arrhythmias. On the other hand, we are more concerned than we would be if the condition were ¢hronic,

because in chronic situations the body generally has had a chance to partially compensate

abnormal electrolyte level. The final urgency rating is just what we started with: mildly unstable.

for an

For treatment of mild hypokalemia, there are several oral and intravenous methods of

supplementation, with varying rates of effect. The fact that the patient does not currently havg
gives a slight edge to the less intrusive oral therapies. (The funnel will realize that the S:}diumr

modules are recommending intravenous treatments, so if the potassium module chose an oral

an IV
nd pH

therapy



Fig. 12, Independent Recommendations: potassium

#++ considering electrolyte K ***®

A. Urgency Determination

Is the patient on digitalis? n

Is the potassium disorder “"acute", “"chronic” or "neither"? acute

K: 3.0

Regarding electrolyte K, the patient is classified as:

B. Treatment Selection
Does the patient have an IV? n
Is the patient hospitalized? y
Estimated potassium excess = -B630

recommended:
KC1 tabs, 80 mEq po aD
K,low-rapid oral
benefit rating: 5.0
risk rating: 0.3
score: 4.7

also considar:
KC1, 40 mEq IV over 24 hours
K, low-slow IV
benefit rating: 5.0
risk rating: 1.0
score: 4.0

C. Recheck Recommendation

recommended recheck time: one to two weeks

mildly unstable (grade 1

of 4)

here, the funnel would probably switch it to an IV additive anyway.) Were the patient suffering fjom

renal failure, aggressive treatments would be very risky, but we already know his/her renal functio

N is

normal. The last consideration is the magnitude of the potassium deficit. Although the serum-k is nof far

from normal, the very low pH indicates a large actual shortage of potassium, favoring aclive
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intervention.” All these factors combined make the most aggressive of the oral therapies the treats

choice, with the slowest of the IV therapies a close second.

The recheck recommendation is a rather leisurely one to two weeks, despite the adminis!rIinn of

potassium supplements, because the urgency rating is still only a one, and no drastic chan
expected. This picture will be dramatically altered when the objection handler considers the effect

recommended treatment for pH.

hent of

€5 arc

L of the

Figure 13 shows the efforts of the objection handler to resolve the conflict between the pojassium

and pH modules over the serum-pH. The potassium module, as a matter of routine, had raised a qoncern

called “K_SHIFT_DUE_TO_PH." just in case the pH should change enough to shift significant amounts

of potassium in or out of the cells. To evaluate this concern’s activation conditions (a sig

hificant

potassium shift), it was necessary to predict the pH. The program made its own prediction by ghessing

that the recommended pH treatment would bring the pH halfway back to the normal 7.4 from its
value of 7.15. The user concurred with this estimate, which was then used to predict a new sen

2,22, This is indeed a significant shift, and the concern became an objection.

current

im-k of

The objection handler then asked the pH and potassium modules how willing each woulfl be to

revise its recommendations. As discussed in section 4.3, the pH module, when it is facing an acidois with

an urgency of 3 or greater, responds with 4, meaning “absolutely not.” The potassium module,

b

acing a

pH change that will worsen the serum-k situation (push it further from normal), answers with the yirgency

rating that would correspond to the predicted serum-k. In this case, that is a 3. Since the pofassium

response was lower than the pH response, the potassium module is directed to revise its recommepdation

in light of the fact that the pH recommendation will be allowed to stand.

7. This consideration of the pH ought not be confused with the kind of cross-module conflicts that are deal

with by

the objection handler. There we are concerned with interactive effects caused by the intervention recommgnded by
another module. Objections are raised 1o prevent changes from happening behind the current module’s back, due to

the actions of other modules. Here, on the other hand, we are concerned with the static masking effect of p

{ on the

body’s tolal stores of potassivm, We are simply acquiring a more complete picture of the current polassium pituation

than is possible from consideration solely of the serum-k.
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Fig. 13. Conflict Resolution

predicted pH (estimated at 7.28 based on pH treatment recommendation): 7.28
concern K_SHIFT_DUE_TO_PH activated as an objection

pH willingness to revise: 4
K willingness to revise: 3

Reconsidering K

predicted K; 2.22
new urgency rating: 3

Worsening of serum-k is expected on the basis of the predicted pH
change. Cerrection of K disorder should be delayed until the expected
pH change occurs.

B. Treatment Selaction
Estimated potassium excess = -630

recommended:
KC1, 10 mEg IV over one hour times three doses
K.low-slow crash
benefit rating: 5.0
risk rating: 2.0
score: 3.0

Comments:
#&+ WARNING: This level of hypokalemia may be T1ife-threatening!
The patient should have an electrocardiogram done now and serially
to evaluate the degree of physiologic hypokalemia.

C. Recheck Recommandation

recommended recheck time: 4 to 6 hours

What follows is a rerun of the potassium module, assuming the predicted serum-k. This time a Iry

aggressive IV therapy is chosen. With an urgency of 3 the recheck recommendation is dropped to
hours, and the user is cautioned not to start until the predicted changes actually occur, lest we pump 13

quantities of KCl into a patient whose serum-k is already near normal.

One step remains: the unification of recommendations. Figure 14 shows the funnel in operat

[
L=

on.

The pH recommendation is passed through unchanged. On consideration of the sodjum

recommendation (400 cc/hr of %NS, to alleviate volume depletion and sodium deficit), it is discove

that the bicarbonate solution already planned for acidosis will also satisfy the sodium treatm

red

ent
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objectives. Its rate of ~300 ce/hr is close to the 400 cc/hr recommended for volume depletion, Ind the

sodium in NaHC{]3 will sufficiently reduce the sodium deficit.  Since the bicarbonate i

fusion

adequately serves the treatment objectives of both the pH and sodium recommendations, the 'eNS

solution is simply dropped. And the potassium supplement, because it requires rapid administrdtion of

concentrated KCl, becomes a piggyback on the bicarbonate solution.

Next come the follow-up recommendations. The presence of dehydration, hypokalemja, and

acidosis call for the bedside examinations shown. As for laboratory tests, the sodium and pH modules

have asked for reconsultations in one to two hours, and the potassium module in four to six hourq Since
the potassium request is only one step longer than the others, rather than take blood twice the grogram
recommends checking all three in one to two hours. It suggests the Na/K determination for sodijim and
potassium, and an arterial blood gas for pH, all from one blood sample. That concludes the case.
Fig. 14. Unification of Recommendations
--------------- Fina¥ Umification —=-me=rensamnns
Combined treatment recommendations:
IV Solution #1:
NaHC03, 150 mEq (three ampoules in D5W, one liter) to run over 3-4 hoyrs

IV Solution #2: (piggyback onto IV Line #1)
KC1, 10 mEq in 50 cc DSW, to run over one hour (three doses).

Recommended bedside examinations:
For dehydration: wvital signs, lungs, heart, urine output
For hypokalemia: weakness, electrocardiogram
For acidesis: respiratory rate (watch for fatigue)
Recommended laboratory tests:
For potassium and sodium: MNa/K determination in one to two hours

For pH: arterial blood gas in one to two hours

END-OF-CASE




6. Discussion and Conclusions

6.1 Survey of Therapy Programs

Earlier attempts to prescribe therapy with Al techniques have often been subsumed in more gengral

consultation programs that also conducted diagnosis. Two such programs, described below, have bg

cn

written for diagnosis and treatment of infectious disease (MYCIN [12]), and of eye dise

5

(CASNET/Glaucoma [15]). Two other projects have concentrated entirely on treatment: the Digitplis

Therapy Advisor [3]. for management of patients receiving digitalis preparations, and VM [2],

management of patients on ventilators.

6.1.1 Mycin

ar

MYCIN specializes in diagnosis and treatment of bacterial infection of the bloodstream. It yses

associative triples to represent the patent-specific knowledge, and production rules for its med

cal

knowledge. Each rule consists of a set of premises and a conclusion. The interpretation is that if the

premises are known to be true, the conclusion is taken to be partly confimmed with a numerical measurg of

certainty. The same rules also direct the flow of control through goal-directed backward-chaining. The

highest level goal is to determine if the patient is suffering from a significant infection which should

be

treated, and if so, to select the appropriate therapy. This goal, like all others, is pursued by first reuieIng

all the rules which state the goal as their conclusion. Sequentially for each rule in this set, MYCIN

en

attempts to confirm the goal by evaluating the premises of the rule. If the validity of a premise is pot

already available in the data base, then determination of the premise’s validity itself becomes a goal. The

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

resulting tree structure of hierarchical goals eventually reaches the level of primitive facts. If trying allrﬂ
5

applicable rules for a particular goal fails to either conclusively confirm or deny it, MYCIN asks the

for the clinical information that will establish the validity of the goal.

T

This backward-chaining goal structure allows efficient problem solving, but it also diminishes [the

modularity of the knowledge base, as it becomes necessary to consider the interactions between rr
during problem solving. Rules must be written with an eye towards their role in dynamic constructio

the goal structure as well as their role in representation of medical knowledge.

les
of
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6.1.2 CASNET/Glaucoma

The Glaucoma program uses the CASNET theory of representation of causal knowledge to

berform

diagnosis and therapy of ecve discases. Medical knowledge is represented as a network of nodes

corresponding to physiological states, linked together by transition probabilities. States

ire also

associated with support values, indicating how strongly certain test results verify the presence of the state.

The transition probabilities are used to decide which state would be most fruitful to im’estjgzlte next,

while the support values are used to score states for confirmation or denial. Diseases are recog

comparing the pattern of confirmed and denied states to those of known disorders. The

ized by
therapy

alternatives are then evaluated through the same techniques used for diagnosis. A new causal ngtwork is

constructed around nodes representing the various therapies, and their effects are probabifistically

propagated through the network to determine which of the original disorders would remain.

CASNETs explicit reliance on causality is advantageous. People seem to prefer know

something happens to knowing merely that, under the circumstances, it does. A program that 1

ng why

works in

these familiar terms is more likely to appear sufficiently reasonable to be accepted by p

icians.

Moreover, perfecting the performance of such a program is a plausible goal, because any errors |t makes

in classifying a patient must ultimately be related to a flaw in the causal model. The mistake shjould be

correctable by adding more tests to distinguish the erroncous case or disaggregating some stage in the

network into several to give a more detailed model of some aspect of the discase. In a more s

oriented approach such local refinement would be difficult.

6.1.3 Digitalis Therapy Advisor

The drug digitalis is commonly used to strengthen and/or stabilize the heartbeat. Unfor

istically

lunately,

even slight overdoses have toxic effects. Since patient sensitivities vary, and the signs of toxjcity are

subtle, digitalis is difficult to administer safely. Toxicity occurs in 20 per cent of all patients rece
drug [4]. Although experienced cardiologists often achieve a far lower incidence of toxici

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

ving the
v, other

Episodes

of toxicity. The Digitalis Therapy Advisor was developed with hopes of spreading more wilely the

knowledge of expert cardiologists regarding digitalis use, thus helping less expericnced physiciang use the

drug cffectively.




P

The program builds a patient-specific model, involving both a formal, quantitative pharmacoki
model, and qualitative, clinical data. It then uses the patient model w0 formulate an inital dg
regimen, specifying a goal for total body stores, and loading and maintenance doses calculated to ach
and maintain that goal. In a continuing series of consultations with the physician, the program carc
maonitors the patient’s clinical responses for signs both of toxic and therapeutic effects. Tts patient
and dosage recommendations are updated through a feedback process. The patient’s actual res
provides increasingly exact guidance as to his/her drug sensitivity and rate of absorption, allowi

increasingly accurate patient model and dosage recommendations.

The program’s main improvements over earlier attempts in this field are wwofold. Fil]. in

formulating its initial dosage recommendations, it takes into account patient-specific factors that
increase digitalis sensitivity, through the patient-specific model. Second, in the feedback process
refines its patient model. the program makes use of clinical as well as quantitative data.
nonquantitative clinical information, although harder for a program to codify and work wit

interpreted properly actually provides a more relevant portrayal of the patient’s condition.
6.1.4 VM

VM is a program for the management of patients receiving ventilation assistance. Such patients

hetic
kage
ieve

Fully

el
nse

an

ght
that
The
h, if

need

to be weaned off their ventilators, gradually increasing the demands made on their own respirgtory

systems. VM uses MYCIN-like production rules for both knowledge representation and contry
program flow. The main difference is that VM uses forward-chaining instead of MYC
backward-chaining mechanism. That is, the rules to be tried next are selected on the basis of ha

premises which have just been confirmed, rather than on the basis of having goals which would cor

bl of

the premises of the rule which has just been tried. The strategy is “What can we prove with this?,” rather

than “How can we prove this?"

Like the Digitalis Therapy Advisor, VM models the development of the patient through time.

The

inclusion of time is its main improvement on the MYCIN-style rules. Premises often ask how Igng a

certain condition has been met. But VM's model of development is limited by its low levs
differentiation among patients. It attempts to guide each patient along a fixed path of improve

which varies only according to the type of ventilation assistance and a handful of patient characteri

l of
ent,

tics.
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Without more flexibility, it is difficult to be prepared for the entire range of likely siationy These
limitations are not, however, intrinsic to VM’s fundamental approach - Fagan's thesis does mention

possible extensions to provide more patient specificity.

6.2 Evaluation

What ABET embodies is the first general approach to therapy of acute symptomatic problems. In
particular, this task has been accomplished for the domain of acid-base and electrolyte disofders via
decomposition of the problem into a number of conceptually simple steps. ABET's performante, while
adequate for an exploratory demonstration project, could certainly be improved through addption of
some of the techniques developed for the other therapy programs. Use of causality, whether in fhe form

of the CASNET representation or in the form of ABEL's causal links, could lend our program p deeper

understanding of its domain. Its knowledge is now largely phenomenological, without explicif reasons
given for the correspondences between clinical conditions and preferences for certain urgency dategories
or specific treatments or recheck times. The rules expressing these correspondences are often id¢ntifiable
with particular pieces of standard causal medical reasoning, but the causal reasoning itself is nof directly
exploited - it has been transformed into the rule set and is present only implicitly. Explicit inqusion of
the medical reasoning behind ABET’s actions would enhance the program’s clarity and allow it Yo handle
unanticipated interactions in a principled manner, as well as easing the development of explanation

facilities.

Mycin's backward-chaining mechanism gives it an effective goal structure far more flexjble than
ABETs control mechanisms. We had originally anticipated necding something similar. Hofpvever, as
discussed earlier, the clinical practice of acute symptomatic therapy has a natural decompositipn which
allows us to perform the task without an elaborate scheme for sequencing of operations. Should our
program prove unable to adapt o unforeseen clinical complexities, a new method for rule selectjon could

easily be inserted.

A weakness of the program as it stands is the absence of quantitative reasoning. Some cajculations
are performed, but only in the peripheral matter of ascertaining the values of ccrtail patient
characteristics. No quantitative modeling is performed to predict the effects of therapips under

consideration, nor to analyze the efficacy of previously administered therapies. Much could bg learned,




in this respect, from the Digitalis Therapy Advisor and its pharmacokinetic modeling.

And ABET needs a conception of time something like those of the Digitalis Therapy Advisor 4
VM. In the original proposal for the Acid-Base and Electrolyte Consultant System [13] initial thers

formulation is viewed as only the first of three steps in the treatment procedure. It must be followed

an evaluation of the patient’s response and an improved reformulation of the original Lhcrapc]tic

regimen. Before it can be an effective part of an overall patient management system, the ther
component will have 1o understand the patient’s progress through time, perceive the inadequacies of
own recommendations, and know how to adjust. The Digitalis Therapy Advisor, in particular, has b
very successful at tracking the patient through time, because its patient model is flexible enough

represent the subtleties of a specific patient's development.

In one sense, however, these criticisms are irrelevant. The completion of a system capable

expert-level performance was not the intent of this project. We wished to explore the feasibility

nd

py
by

Py
its
ben

o
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of

applying Al techniques, and particularly a certain domain-independent model of the therapy prodess

(that outlined in the Task Domain chapter), to the field of acid-base and electrolyte balance. What

We

have found is promising. The program itself has achieved a basic level of competence, using simple
hopefully generalizable methodology. The field of acid-base and electrolyte balance has been prep
for further work, and our model of the therapy process has shown itself applicable to at least one dom
The fact that other projects, aimed specifically at high-level performance in a single field of medi
have been successful with techniques we have failed to use is an indication of how we might impr

ABET's performance. 1t does not, however, bear directly on the successfulness of our own project.

6.3 Suggestions for Further Work

in,

DVE

The current program’s continuing usefulness as an exploratory research tool requires a variety| of

improvements, some minor and some rather ambitious. A few of these have been discussed above, in

course of comparing ABET to other therapy projects: use of causal and quantitative models, adoption

the

of

a more flexible goal structure, and incorporation of some sense of the patient’s development throggh

time. There are also a number of other possibilities.
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A few direct extensions to what's been done, simple but nonetheless likely to yield interesting
would be the addition of more electrolytes o ABET's repertoire, and trial of the objection han
more extensive interactive effects.  These would allow a more thorough trial of the prg
performance in its target domain. Other extensions, requiring new facilities but little change

existing program, would include an explanation generator and an information acquisition module

improvements, although having little impact on ABET's performance capabilities per se, WIId be

essential prerequisites to the program'’s acceptance in the clinical setting. Physicians would refu
reasonably, to heed the advice of a program which could not explain its reasoning in their terms, o

did not appear to go about the task of information gathering in a familiar or conventional style.

Modifications of a more fundamental nature are needed to help ABET more closely sirnuIatfe the

cognitive processes of actual clinical practice. Some sort of verification or consistency-check oug

done on symptomatic findings. The program ought to notice and question further when condition

resulls,
Hler on
jaram's
to the
These

, quite

r which

Lo be

b which

don't generally coincide seem to be simultaneously present in the description of the patient stqe. To

recognize this sort of situation reliably may well require a deeper functional understang
physiological mechanisms than the program now has. It is perhaps possible that the deeper kng
embedded in the diagnostic component, ABEL, could be utilized 1o determine the plausibility

patient state presented to ABET.

It will also be necessary to extend ABETs expertise to ctiological treatments. We currently ¢

ing of
wledge
of the

nvision

doing so by having ABEL provide a simple causal network describing the mechanism underl
patient’s disorder, distilled from ABEL's more elaborate Patient-Specific Model [8]. We would

through the network and select the earliest point at which we could intervene, whether it be
representing a dysfunctional state or a link connecting two such states.® After choosing an app
means of intervention, we predict how the acute situation will evolve in light of our treatment, an

the symptomatic portion of ABET to the difficulties that are expected to remain.

8. A similar method for isolating and treating the cause of a disorder is used in the Congestive Heart
program [3],

ng the
n step
node
riate

H apply

Failure
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Many of these improvements will occur as a consequence of coupling ABET to the rest of fhe

Acid-Base and Electrolyte Consultant System. We could then employ the facilities already present in the

ABEL diagnostic component. lis information acquisition module could ensure a medically appropriate

style for our questioning. Use of its quantitative modeling capabilities could improve ABHI™s

understanding of the effects of therapies, both those projected and those actually administered. And

access to ABEL’s sophisticated causal models would be multiply advantageous. It would facilitate
extensions described above into etiological treatment, consistency-checking, and generation

explanations, as well as allowing a principled approach to unanticipated situations and enhancing

overall clarity of the program.

the
of
the

ABET has been an exploratory effort into the feasibility of using Al technigues in the domair of

therapy for acid-base and electrolyte disorders. The performance of the program, while far from that
human expert, is sufficiently good to establish the possibility of achieving genuine expertise, given
improvements outlined above. More importantly, we have devised a general approach to the formula
of acute symptomatic therapy, and demonstrated its applicability to at least one areca. Whether

formalization will be as widely applicable as we hope remains to be seen.
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