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(ABSTRACT) 

A medical expert system for predicting qualitative 

pharmacodynamic interactions of the cardiovascular system is 

described. TLCM traces causal paths of drug action through 

up to three levels of drug action. The three levels which 

are molecular/receptor level, physiological level and clin- 

ical level provide both deep and shallow reasoning in order 

to overcome the problem of unknowness in medical expert sys- 

tems. Sparcity of information in pharmacology results from 

necessity of using non-invasive techniques for monitoring 

drug effects in the human subject and difficulty in isolating 

effect from feedback. The qualitative nature of TLCM is an- 

other attempt to deal with incomplete information in 

pharmacology.
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CHAPTER 1. INTRODUCTION 

The seriousness of drug interactions, the prevalence of drug 

interactions and the dependence by health professionals on 

expert knowledge to predict drug interactions indicate the 

need for an expert computer system to aid the medical and 

veterinary practitioner in avoiding detrimental drug inter- 

actions and anticipating beneficial drug interactions. In 

the worst case, drug interactions can cause hypertensive 

crises, hemorrhaging, coma or seizures (Ehrich 1984). The 

incidence of observed drug interactions varies from 1.4% to 

56% of hospitalized patients (Speight 1987 p 257). This is 

very likely an underestimate since the most widespread and 

underreported interaction is probably a lack of therapeutic 

effect when two or more drugs affect the same clinical pa- 

rameter in opposite directions. While many interactions are 

well known, our rapidly expanding pharmacopoeia presents the 

possiblity of new and untested drug combinations causing 

unreported drug interactions. Drug interactions, even when 

observed, are often incorrectly ascribed to a new disease 

state or idiosyncratic patient response. All these problems 

are compounded in the hospitalized and elderly patient who 

is most likely to be administered several drugs and least 

likely to be able to withstand adverse reactions. 
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While investigating approaches for predicting drug inter- 

actions, we observed experts in pharmacology looking at 

pharmacodynamic drug actions in terms of three levels of drug 

action: molecular, physiological and clinical. Pharmacology 

can be subdivided into two broad areas, pharmacodynamics and 

pharmacokinetics. Pharmacodynamics is a study of the 

biochemical and physiological effects of drugs and their 

mechanisms of action (Goodman 1975). Pharmacokinetics is a 

study of the absorption, distribution, excretion, and 

biotransformation of drugs (Goodman 1975). In order to de- 

tect almost all drug interactions one needs to look at the 

pharmacokinetics and pharmacodyanmics of drug actions as well 

as feedback from the pharmacodynamics of drug actions. In 

this thesis, we focus on the qualitative actions and inter- 

actions of drugs which mainly involve pharmacodynamics. 

A pharmacodynamic interaction is illustrated by verapamil and 

propranolol. Propranolol is a blocker of beta-one receptors 

at the molecular level of drug action; see Figure 1 on page 

4. At the physiological level it decreases the frequency of 

action potential at the sino-atrial (SA) node and decreases 

the contractility of the heart. At the clinical level 

propranolol decreases heart rate as a result of the decreases 

in the rate of action potential. Also at the clinical level 

of drug action and as a result of the decrease in 

contractility of the heart, propranolol causes a decrease in 
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stroke volume. Blood pressure decreases as a result of 

stroke volume decrease. Another cardiovascular drug, 

verapamil, has the molecular effect of blocking the passage 

of calcium across membranes of the myocardium; see Figure 2 

on page 5. At the physiological level verapamil decreases 

electrical conduction at the atrio-ventricular (AV) node 

which has a further physiological effect of reducing the 

frequency of action potential at the SA node. Verapamil has 

other physiological effects such as decreasing vascular tone 

in peripheral blood vessels. The decrease in peripheral 

vascular tone further causes a decrease in peripheral 

vascular resistance. At the clinical level verapamil de- 

creases blood pressure as a result of the decrease in pe- 

ripheral vascular resistance and verapamil decreases heart 

rate as a result of the decrease in action potential at the 

SA node. Tracing the actions of propranolol and verapamil 

through three levels of drug action can be used to identify 

the interactions of propranolol and verapamil. By tracing 

drug actions of verapamil and propranolol in this way we can 

see that they interact at the physiological level of drug 

action. See Figure 3 on page 6, where both drugs decrease 

cardiac contractility and rate of action potential at the SA 

node. This interaction is known to be clinically significant 

since it can lead to an additive cardiorepressive response 

(Shinn 1985 p129, Schneeweiss 1986 p263). 
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The technique of tracing drug effects through three levels 

of action and then comparing these traces can be used to 

predict pharmacodynamic drug interactions. Using a subset of 

cardiovascular drugs we will demonstrate a computerized im- 

plementation of this technique for reporting pharmacodynamic 

drug interactions. Our implementation is totally qualita- 

tive. Our qualitative approach is one attempt to deal with 

unknowness and uncertain information in medicine. 

A computerized system to predict pharmacodynamic drug inter- 

actions should be modular so that new drugs can be incorpo- 

rated easily as they are added to clinical use. The system 

should predict rather than use a database of known inter- 

actions. The system should cautiously report all inter- 

actions no matter how unlikely so that there would be a small 

risk of missing interactions that actually do occur. It 

should show the logic of individual drug actions to increase 

its acceptance by medical and veterinary practitioners and 

to increase its usefulness to students. It should be able 

to find interactions between more than two drugs since many 

patients receive more than two drugs at a time, and the 

chance of interactions increases with the number of drugs 

administered. 

About the time we started looking for a way to predict drug 

interactions, D. Whitehead (Whitehead 1987) implemented a 
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causal qualitative reasoning system developed by Roach and 

Eichelman (Roach 1985). Whitehead was working in the domain 

of a mechanical-hydraulic hoist, and he developed a general- 

ized counterfactual propagator (called WIF for What IF). WIF 

allows hypotheticals to percolate through a system by means 

of the rules of the system. WIF does this in an economical 

way that affects only the subset of rules and facts involved 

in the assumptions of change. WIF uses causal reasoning to 

maintain consistency in a world after the introduction of a 

hypothetical. It seemed promising to utilize WIF, since it 

captures causality, to trace causal paths of drug actions 

through the three potential levels of drug effects. 

Earlier attempts at computerized systems for predicting drug 

interactions tended toward large data bases from which re- 

ports of drug interactions could be retrieved (Consumer Drug 

Watcher, Drug Star, Drug Master). These systems are not 

predictive and make no attempt to model experts' reasoning 

abilities. Another approach used in medical domains is 

Minutely detailed physiological models (Chau 1984, Chokhani 

1981, Gedeon 1983, Kresh 1984, Greenway 1982). These de- 

tailed models have limited success because there are gaps in 

knowledge of the human body requiring a lot of estimating of 

values. These models are often limited to narrow domains 

such as the arterial system (Burattini 1985) or carotid 

baroreceptor control of blood pressure (Gedeon 1983). And 
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even when there is a model of a well known and narrow domain, 

the model requires such exhaustive fine tuning and detailed 

updating that the programming hours do not correspond to the 

usefullness of the system. 

This thesis describes a predictive drug interaction expert 

system built using causal qualitative relationships of drug 

action. It utilizes WIF to trace drug actions through mo- 

lecular, physiological and clinical levels. Once drug 

actions are traced it looks for intersections in the traces 

in order to identify pharmacodynamic drug interactions. The 

following chapters will provide a literature review, problem 

definition, problem solution, results and conclusions. An 

additional chapter will describe a model of a beating heart 

that was also developed using causal reasoning with WIF. The 

heart model was developed in an attempt to produce a physio- 

logical model of the cardiovascular system. It only encom- 

passes the physical qualities of blood flow in the heart. The 

model of pharmacodynamic drug action and the model of a 

beating heart are both potential components of a complete 

system for predicting drug actions and interactions. A com- 

plete system would include pharmacodyanamics, 

pharmacokinetics, feedback as a result of drug action and 

some quantification of effects. In chapter 7 we will present 

a diagram of a complete system and discuss how the models in 

this thesis fit into that hypothetical system. 
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CHAPTER 2. LITERATURE REVIEW 

Because of recent advances in knowledge representation, na- 

tural language understanding, programming languages) and 

search strategies, development of large scale expert systems 

is possible in such complex fields as medicine, mathematics, 

chemistry, electronics and education. This literature review 

will consider expert systems, medical expert systems, 

pharmacodynamic systems, consistency maintenance, uncer- 

tainty in expert systems and causal reasoning since all these 

topics provide the background for the expert system developed 

in this thesis. 

EXPERT SYSTEMS 

Expert systems attempt to model human problem solving (Newell 

1972) in a narrow domain of specialization, such as that of 

a human expert with years of experience. This allows the 

dissemination of technical problem solving capabilities far 

from the modeled expert and allows experimentation with the 

cognitive process of problem solving. Expert systems have 

proven so powerful and useful that in 1988 about 400 million 

dollars were spent on expert system development and mainte- 

nance (Roach 1988). 
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Expert systems are composed of a knowledge base, inference 

engine, user interface and, ideally, an explanation module 

and a knowledge update module. The knowledge base is typi- 

cally composed of facts, procedural rules and heuristic rules 

(Newell 1972). The inference engine might include backward 

chaining, forward chaining, backtracking and/or recursion. 

The user interface is usually menu based but may be built 

with natural language understanding capability. The explana- 

tion and knowledge update modules are highly variable and 

their implementation is dependent on the implementation of 

the three main modules. 

RULE BASED EXPERT SYSTEMS 

General Problem Solver (GPS) is an example of a rule~based 

expert system. This system is a problem solving program that 

uses production rules to model human thought processes 

(Newell 1963). GPS has the goal of transforming object A into 

object B by applying rules that reduce the difference D be- 

tween A and B (Newell 1963). More recently, other expert 

systems have been developed that use production rules. These 

include DENDRAL (Buchanan 1978) and MYCIN (Shortliffe 1976). 

Production rules are usually in the form : 
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if conditionl 

condition2 

conditionNn then actionl 

actionN 

Pattern matching between antecedents (conditions) and conse- 

quents (actions) can then be done to chain forward or back- 

ward between rules. 

Rule based expert systems have been successful because they 

provide knowledge bases that are modular and uniform. This 

modularity makes them easy to maintain and update, allows 

tracing of the reasoning chain for purposes of explanation 

systems, and allows the separation of domain dependant 

knowledge from inference rules. 

DICA E SYSTEMS 

MYCIN (Shortliffe 1976) is an example of a medical expert 

system. This expert system is designed to select 

antimicrobial therapy for a patient with a bacterial in- 

fection. The system goes through the following steps: 
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(1) decide whether the patient has a significant infection; 
(2) determine the likely identity of the offending 

organism; 
(3) decide what drugs are apt to be effective against this 

organism; 
(4) choose the drug that is most appropriate given the 

patient's clinical condition; 
(Shortliffe 1976) 

MYCIN has about 200 production rules in its knowledge base. 

Its inference engine invokes rules with backward chaining 

resulting in a depth-first search with backtracking. All ap- 

plicable rules are fired making the search exhaustive. 

MYCIN attacks the problem of inexact reasoning in medicine 

by attaching certainty factors to each production rule. These 

certainty factors reflect quantitatively an expert's belief 

in the strength of individual rules. A modified use of Bayes' 

Theorem combines the probabilities of all the rules in a 

reasoning chain (Winston 1984). 

The authors of MYCIN attempted to gain acceptance for their 

system in the medical community by including an extensive 

explanation system and a maintenance facility for adding new 

rules called TEIRESIAS (Davis 1976). The ability to add new 

rules to MYCIN without TEIRESIAS leads to problems. Every new 

rule that is introduced must be tested for consistency with 

the rest of the data base. In testing for consistency con- 

tradictions might be discovered. Then the system must chose 
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which contradicting fact is more believed. MYCIN cannot deal 

with consistency maintenance or truth maintenance. 

INTERNIST/CADUCEUS (Pople 1982) is another well developed 

medical expert system applicable in the domain of internal 

medicine. It tries to present differential diagnosis by us- 

ing modified Baysian factors to represent probability of a 

particular disease. Its knowledge base includes over 500 

diseases or 75% of the diseases of internal medicine (Pople 

1977), making it a very large system. Its knowledge repre- 

sentation includes a disease taxonomy or disease tree with 

diseases as the terminal nodes. The tree is traversed top 

down, and then other manifestations of a particular disease 

diagnosis are traced bottom up and verified, if necessary, 

to rule out a differential diagnosis. This system's main goal 

is to model the expert internist's reasoning ability. Unfor- 

tunately, its knowledge base is incomplete and its inference 

engine can get side tracked into deadends or circuitous rea- 

soning (Pople 1985). These problems may be solved as work 

continues on this very large and ambitious system. 

More recently there has been a trend for expert systems to 

model the human or animal body or systems in it (Greenway 

1982). ABEL, for example, models the particular patient being 

diagnosed (Patil 1979). Many of these models of the body or 

body systems are purely quantitative (Bourne 1983) and suffer 
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from the problems of incomplete data, invalid approximations 

and lack of generality. In an attempt to avoid the problems 

introduced by quantitative models, qualitiative modeling is 

being investigated. Some of the more qualitative models have 

used causal reasoning (Patil 1984, Weiss 1978). 

CAUS EASONING 

One medical expert system using causal reasoning is CASNET 

(Weiss 1978). It models the disease state of glaucoma as a 

dynamic process using causal associational networks for 

knowledge representation. The model has three levels which 

are observations, pathological states and disease categories. 

Causal, associational, and classification links (arrow re- 

lationships) connect nodes on levels and between levels. 

CASNET not only identifies the ophthalmologic disease but 

also prescribes therapy and predicts patient outcome with and 

without therapy. Inference is bottom-up starting from the 

signs, symptoms, and test results observed. It moves from 

the observation level up through pathophysiological states 

to disease categories. Confidence factors called statuses are 

computed for each node based on test results and causal arc 

values. Statuses must be above a threshold value to label a 

node as confirmed. Classification tables are basically 

groups of production rules that link groups of confirmed 

nodes with recommended treatment. References are included 
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with printouts of possible treatments to make the recommen- 

dations acceptable to the consulting physician. 

Causal relationships are common in the homeostasis of bi- 

oOlogical systems (Guyton 1986), and, therefore, have been 

useful in the qualitative modeling of biological systems 

(Darvas 1978). Causality was defined by Herbert Simon in 

Models of Discovery (Simon 1977) as the asymmetry of a re- 

lationship. If "A causes B" then we cannot say that "not B 

causes not A". For example if we said "rain causes the corn 

to grow", we would not also conclude that "corn not growing 

causes it not to rain". 

When new facts are added to a database the database must be 

checked for contradictions or inconsistencies. This is a 

problem that must be dealt with in expert systems since a 

useful expert system must have aechangeable database 

(Shortliffe 1976). 

Simon and Rescher (Simon 1966) provide insight into consist- 

ency maintenance in causal systems by classifying causal 

functions into modal categories where the lowest numbered 

function is the most believed one. This allows the mainte- 

nance of a consistent world after an inconsistency has been 

Chapter 2. Literature Review 16



introduced into it by removing the least believed facts. At 

Virginia Tech a hypothetical reasoning system has been de- 

vised and implemented (Roach 1985, Whitehead 1987) that re- 

stores consistency to a system after the introduction of an 

inconsistency in a way that allows the selection of the most 

believable of all possible consistent worlds. This system, 

called WIF (What IF), will be described in greater detail 

Since it is used extensively in this thesis. 

WIF, A COUNTERFACTUAL ENGINE 

WIF (What If), implemented in HC Prolog, which was also de- 

veloped at Virginia Tech (Roach & Fowler 1985), has been 

successfuly used in a robot planning systems (Graham 

1986, Pendergraft 1988) and a fault analysis system (Whitehead 

1987). WIF is composed of facts and rules specifying causal 

relationships between the facts. Each fact is assigned to a 

modal category designating the degree of believability, with 

the most believed or unchanging facts occurring in the lowest 

modal category. In the following example notice that the 

modal categories included in the outer parenthesis of each 

fact range from 1 to 5. The counterfactual is a fact that 

introduces inconsistency in the system. Notice that the 

counterfactual is contradictory with fact #5. 
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Examples from a robot world: 
(fact (ENTITY robota) 1) #1 
(fact (ENTITY boxa) 1) #2 
(fact (ENTITY rooml) 1) #3 
(fact (ENTITY room2) 1) #4 
(fact (INROOM robota rooml) 5) #5 
(fact (INROOM boxa rooml) 5) #6 
(fact (NEXTTO boxa robota) 5) #7 
(rule (NEXTTO *x *y) -> (INROOM *y *rl) 

(INROOM *x *r1) 
Counterfactual: (INROOM robota room2) 
(Roach 1985) 

In order to restore consistency one must remove fact #5 and 

fact #7. One would not eliminate any facts of modal category 

l if consistency can be restored by eliminating facts from 

modal category 5. 

The algorithm that handles consistency maintenance adds the 

counterfactual to the database. It then finds all the rules 

that can match the counterfactual to the left hand side of 

the rule. If the instantiated right hand side is not in the 

database the negation of the right hand rules are added as 

nodes to an and/or tree whose root is the counterfactual. 

Each node of the tree is matched to the left hand side of the 

causal rules and new nodes are added as necessary if further 

inconsistencies are detected. When there are no more 

matches, the route through the tree that requires negating 

facts of the highest possible modal category and/or lowest 

number of facts is adopted to restore consistency. In this 
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way consistency is restored in an efficent manner since only 

the rules directly involved need to be examined. 

WIF is a hypothetical reasoning engine with causal reasoning 

(Whitehead 1987). This implies that you can introduce a fact 

known to be false, assume it is true and follow the conse- 

quences of the assumption. This technique can be used 

predictively by asking what will happen in a hypothetical 

situation, even those situations that include a number of 

hypotheses. WIF can also be used to confirm the results when 

a hypothetical action is taken because the user can ask if 

the observed state can be explained by adding a fact or facts 

to the system. 

In summary, WIF is used as a hypothetical reasoning engine 

since it incorporates qualitative simulation of causality and 

maintains consistency of its database in a succinct manner 

when one or more counterfactuals are added to the database. 

WIF is succinct because it does not need to rebuild its en- 

tire database to maintain consistency. WIF only examines the 

parts of the database affected by the counterfactual and then 

eliminates conflicting parts of the database by deleting 

less believed facts before more believed facts. 
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DRUG TERACTIONS 

Estimations of incidence of drug interactions range from 3% 

to 20% of patients taking more than one drug (Murad 1985) and 

from 1.4% to 56% of hospitalized patients (Speight 1987), 

making their detection an important medical problem. Not 

only are drug interactions common but their effects are often 

attributed to the disease state (Ehrich 1984), an interpre- 

tation that might lead to additional drug therapy and the 

possibility of even more drug interactions. 

Not all drug interactions are deleterious. The informed 

practitioner can take advantage of the additive, synergistic, 

or potentiative capabilities of drug combinations to the 

benefit of the patient. For instance the anti-infective 

agents trimethropim and sulfamethoxasole act together 

synergistically, giving an effect that is greater than the 

addition of the individual effects (Ehrich 1984). When drugs 

are antagonists they might nullify each other. This effect, 

on occasion, can be used to good advantage by the knowledge- 

able practitioner when dealing with drug overdoses. 

Drug interactions can be undesirable, too, when a given 

interaction increases potential for hemorrhage, coma, sei- 

zures, or hypertensive crises in the patient. These situ- 

ations are life threatening and the practitioner must be 
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alert to prevent these interactions and detect and treat them 

immediately if they occur (Ehrich 1984). 

While many drug interactions are well known and predictable, 

the number of therapeutic drugs is continually expanding, 

increasing the likelihood of a health practitioner observing 

previously unreported drug interactions. Considering that 

most hospitalized patients and elderly patients receive more 

than one drug, an expert system that predicts interactions 

before administration of multiple drugs would be useful. 

G ST 

Attempts have been made to use artificial intelligence to 

predict drug interactions (Darvas 1978, Lee 1985, Roach 

1985). Darvas used PROLOG to create a logic based system to 

predict drug interactions. This entailed encoding 100 pages 

of a drug interaction source book (Morselli 1974) into rules 

of the form: 

Conclusion if Premisel 
Premise2 

PremiseN 
Example: ((Base *x) if (Contains *x amine) ) 

With these rules of logical association anda database of 

facts giving the characteristics of drugs under consider- 
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ation, the PROLOG interpreter performs pattern matching to 

instantiate the variables in the rules. Since backtracking 

and depth-first search are built into PROLOG, the database 

will be exhaustively searched to find possible interactions. 

The system for drug interactions described above suggests 

interesting possibilities for developing a predictive drug 

interaction system. The system described by Darvas, however, 

fails to be practical since it is far from complete (it con- 

tains only 52 drugs used in Hungary). It represents a mix- 

ture of pharmacokinetic, pharmacodynamic and physiological 

mechanisms of drug interactions without attempting to cover 

any aspect of drug interactions exhaustively. The system also 

fails to provide essential facilities such as a good user 

interface, an updating ability and or an explanation ability. 

DIE (Drug Interaction Expert) (Roach 1985) is another attempt 

at predicting drug interactions. DIE was built with the use 

of GUESS (General Purpose Expert Systems Shell) (Lee 1985). 

DIE is another PROLOG based system. DIE uses hierarchical 

trees and frames to organize knowledge. DIE also contains a 

natural language interface implemented with a pattern match- 

ing parser. Unfortunately, DIE relies on shallow reasoning 

and is also incomplete. 
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Commercially available computer software packages (i.e. Drug 

Master, Drug Star, Consumer Drug Watcher) rely on accessing 

databases of previously identified drug interactions. This 

software has limited usefulness since new drugs are contin- 

uously added to the medical and veterinary pharmacoepia. 

There is a long lag time between drug release and appearance 

of reports of interactions. Some of this software has been 

made available to the public in such frequently visited 

places as supermarkets (Roach 1988). 

Expert system development progresses in parallel to computer 

science developments in knowledge representation, modeling 

and reasoning. Recent developments in consistency mainte- 

nance, causal reasoning and qualitative modeling can be ap- 

plied in the domain of drug interactions. The next chapter 

discusses how an expert system to predict drug interactions 

is designed based on the literature review of this chapter 

and the ideas of the researchers. 
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CHAPTER 3. PROBLEM DEFINITION 

A three level hierarchical model has been constructed to 

predict pharmacodynamic interactions of the cardiovascular 

system. The: levels of the model are: molecular effects 

(including effects on receptors and/or membranes), physio- 

logical changes (including effects on the functioning of 

various body systems), and clinical effects (those effects 

which can be observed by a clinician). PROLOG statements 

(facts) represent truths at each of these levels. PROLOG 

rules connecting the facts encode causal relationships. A 

fact in one level is the antecedent to a consequent in an- 

other level or in the same level of the model (particularly 

in the physiological level). 

The first two levels, which describe the molecular mechanism 

of action and the physiological effects of drugs acting on 

the cardiovascular system, represent deep reasoning. The 

third level of the model which describes clinical effects, 

represents shallow reasoning. The representation of both deep 

and shallow reasoning is needed to accommodate the uncer- 

tainty and uneven quality of information in the domain of 

pharmacodynamics. 
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PHARMACODYNAMICS 

Pharmacodynamics deals with the mechanisms of actions of 

Grugs (Goodman 1975 p29). Action of a drug begins at cellu- 

lar receptor sites. Here, parts of the drug chemically bind 

with the receptive substances of a cell. A drug that initi- 

ates an effect or series of effects when bound to a receptor 

is known as an agonist. A drug that binds to a receptor but 

does not initiate an effect, thereby blocking an agonist is 

called an antagonist. If an antagonist binds to a receptor 

in a chemically irreversible manner it is termed a noncom- 

petitive antagonist. An antagonist whose inhibition of 

agonist effect is lessened by increased concentration of the 

agonist is said to be a competitive antagonist and acts 

reversibly at the receptor site. Types of receptors are 

classified by the effect of agonists. Quantification of drug 

effect can be demonstrated by log dose effect curves. Antag- 

onists that act on all these same receptor sites are also 

usually extant. 

Binding of a drug to a receptor initiates a sequence of 

events or prevents an agonist from initiating that series of 

events. Receptors can then be classified by effect of known 

agonists and by blockage of effect by known antagonists. 
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When an agonist binds to a receptor it does not create new 

actions but speeds up or slows down physiological functions 

that already exist. A type of drug receptor that is found on 

most cells will have widespread effects. A type of receptor 

found on specialized cells will have much more specific ef- 

fects. 

Pharmacodynamics accounts for the physiological effects of 

the drug that occur once it is bound to a cellular receptor 

or receptors. The quantification of these effects can be re- 

lated to concentration of the drug at the receptor sites. 

Drug dose is related to the drug effect. The relationship 

is linear within certain boundaries if dosage is plotted on 

a log scale. The relationship between the amount of drug 

introduced into the patient and the amount that eventually 

gets to the receptor sites is the result of absorption, dis- 

tribution and clearance, processes described as the 

pharmacokinetics of the drug. 

It is not possible to provide all the causality relationships 

for all drugs from the binding of the drug to a receptor all 

the way to clinical effect. The next section on unknowness 

will explain why there are gaps in the causality relation- 

ships for some drugs. 

Chapter 3. Problem Definition 26



UNKNOWNESS 

"Not infrequently, analysis of drug action is limited 
by available physiological and biochemical knowledge. 
Elucidation of basic cellular function and further ex- 
ploration of drug action then often proceed in paral- 
lel, with the drug frequently serving as an 
indispensible tool." (Factors that modify Drug Effects 
and Drug Dosage, p33. 5th ed. Goodman and Gilman). 

Uncertainty and gaps in our knowledge of pharmacodynamics 

strongly affect our attempts to model it. Incomplete infor- 

mation as well as the biological drive for homeostasis in a 

living organism create difficulties that hamper modeling. 

The complexity of the action of pharmacological agents in the 

body, the need for humane medical research and the constant 

introduction of new drugs yield a large degree of uncer- 

tainty. Effects of the drug measured in vitro may not 

translate directly into results in an animal's body. Moni- 

toring to gain knowledge of in vivo processes in the human 

subject is limited to nondestructive techniques that provide 

incomplete information. Although the range of drug monitor- 

ing techniques is much broader in the non-human subject, the 

results do not always carry over from one species to another. 

Homeostasis or the drive for stability in a living organism 

adds to the uncertainty in the problem domain. Drug effec- 

tiveness is quickly and repeatedly dampened by biological 

feedback. Intrinsic and extrinsic control mechanisms are al- 
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ways at work (Schneck 1983). Receptors controlled by the 

Central Nervous System are in all parts of the body and mon- 

itor parameters such as blood pressures, flows, stretch of 

vessel walls, temperature and ionic concentrations of oxygen 

and hormones. Release of powerful hormones like epinephrine, 

norepinephrine and vasopressin in response to medications or 

other stimuli are followed by attempts to bring values back 

to normal levels almost immediately. Only an organism on the 

verge of death can no longer maintain homeostasis. Feedback 

response is so consistent and immediate that even with accu- 

rate and complete monitoring it is difficult to separate re- 

sponses due only to a drug and those due to a drug plus 

feedback. 

The great amount of uncertainty and unknowness in 

pharmacodynamics means that the effects of every drug cannot 

be modeled the same way. A three level model was constructed 

to allow modeling of drugs corresponding to different levels 

of understanding. Clinical effect represents shallow reason- 

ing or understanding. It is the minimal amount of information 

we could have for a chemical entity and still call the chem- 

ical a drug. The deepest level of understanding is the ef- 

fect of a drug at a receptor or membrane. This is where a 

chemical introduced into an animal body takes on the function 

of a drug by binding to molecules of the animal's cells. The 

causal relationship that connects a drug to its clinical ef- 
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fect, from the perspective of this model, is initiated at the 

cellular membrane. Connecting molecular effects at membranes 

and/or receptors to clinical effect is the middle level of 

this model, physiological effect. Physiological effect is 

represented by varying numbers of layers, depending upon the 

understanding of a particular drug, the physiological layers 

being connected to each other by causal relationships. 

OMPU ODELS DICIN 

Modeling is a useful and accepted technique in computer sci- 

ence and medicine (Bourne 1983,Chau 1984). Modeling attempts 

to create a microcosm or abstraction of a domain. In this 

microcosm, experimentation can be performed and predictions 

can be made. If the modeling is accurate then the model's 

predictions will carry over to the real world. 

In many domains real time experimentation is inappropriate. 

In these domains experimentation could be destructive to in- 

dividuals or to environments or merely expensive or incon- 

venient. Investigation of nuclear power plant disasters and 

war games are two examples that quickly come to mind of sit- 

uations where experimentation is impossible. Drug inter- 

action is another domain where real time experimentation is 

impossible. In the domain of drug interactions prediction 

with models can prevent morbidity and mortality. 
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There are two fundamentally different ways of modeling bi- 

ological systems. One is a physiological model that abstracts 

from all the numerous and complicated physiologic facts and 

interactions known at the time the model is formulated 

(Bourne 1983,Greenway 1982). The other is a model based on 

the reasoning processes of the experts in the field 

(Shortliffe 1976,Weiss 1978). This second type of model, 

which is usually incorporated into an expert system, can be 

further subdivided. First generation expert systems such as 

MYCIN relied on production rules for knowledge representation 

and were a departure from generalized problem solvers in that 

they were knowledge based and used domain-specific techniques 

for reasoning and knowledge representation (Davis 1977). 

Second generation expert systems (Weiss 1978, Escaffre 1985) 

rely on causal, qualitative models. These expert systems are 

able to avoid problems caused by scarcity of quantitative 

information. 

Medical computer systems based on rules (Davis 1977), phys- 

iological models (Escaffre 1985, Leaning 1983) and quantita- 

tive models (Bourne 1983) have been implemented. They rely 

on mathematical, statistical, quantitative and qualitative 

modeling to varying extents. In choosing appropriate tech- 

niques for modeling and predicting drug interactions it is 

important to remember that causal qualitative models have 
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been most successful in dealing with scarcity of information 

and uncertainty. 

CAUSA D 

Choosing an approach to modeling pharmacodynamic drug inter- 

actions initially involved attending small and large animal 

rounds at the Virginia Maryland Regional Veterinary College 

taught by Dr. J. R. Wilcke. The veterinary student has a huge 

mass of facts to learn and teaching the veterinary student 

involves organizing these facts into large chunks as an aid 

to memorization. In the interest of helping the students re- 

member the details of pharmacodynamics, drugs are taught by 

classes, which may be related to their chemical structure, 

and the class of drug is related to the clinical parameters 

they affect. Analogy and prototypes are often used to relate 

an unfamiliar drug to those that are already understood. In 

discussing feline cardiomyopathy, for example, the veterinary 

students were reminded of what they knew about alpha and beta 

agonists and antagonists. This information was related to 

slowing heart rate and increasing contractility in order to 

increase cardiac output. This was finally related to several 

drugs with attention to what differentiates the drugs in the 

same class. 
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Analogy relating new drug combinations to prototypes was a 

first model we designed for the reasoning processes observed 

at Veterinary rounds. We took this model back to the experts 

at the Veterinary College to get more examples of the use of 

analogy in predicting pharacodynamic drug interactions, but 

found that the experts were not able to give us sufficent 

examples to justify the use of the model. Our second model 

of reasoning processes to predict pharmacodynamic drug 

interactions was a hierarchical, three level, causal model. 

This model was an amalgamation of references to three levels 

of pharmacological knowledge observed at rounds and reports 

of success with causal, quantitative models in the literature 

(Weiss 1978, Escaffre 1985). 

The next three subsections will discuss the three levels of 

our model. Causality relationships within levels and between 

levels will be identified. 

echanism o ctio 

Action of most drugs begins at the cell membrane of an 

organism. In order to represent molecular effects at mem- 

branes and/or receptors, PROLOG mechanism facts are used in 

our system. These are added to the present state of the sys- 

tem when a drug with a known mechanism is introduced into the 

system. An example of a mechanism fact is: 
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(MECHANISM (*mechanism) ) 

(MECHANISM (*receptor *effect) ) 

which could be instantiated as: 

(MECHANISM (alpha_one stimulant) ) 

meaning there is a mechanism which stimulates 

alpha one receptors. 

The mechanism facts have effects on physiological parameters 

which are expressed in rules as follows: 

((MECHANISM (*mechanism) ) -> 

(STATUS *parameter *location *level) ) 

whiach could be instantiated as: 

((MECHANISM (alpha_one stimulant)) -> 

(STATUS vaso_constriction periphery increases) ) 

meaning that the mechanism which is an alpha-one 

stimulant causes an increase in vasoconstriction 

in peripheral blood vessels. 

One mechanism can have more than one effect with each effect 

expressed in a separate rule. The consequence of each effect 

is a change in at least one physiological parameter. 
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Physiology 

The physiology of some system of an organism, dealt with at 

the second level of the model, is sped up or slowed down by 

the introduction of an efficacious drug. If the physiology 

of the organism has already been altered by a disease state 

then the physiological parameters of the disease state are 

the background against which the drug acts. 

Physiological parameters are individually represented in 

PROLOG facts. Each physiological fact gives the status of a 

parameter by giving its name, location and value (in relative 

terms) such as: 

(STATUS *parameter *location *level) 

which could be instatntiated as: 

(STATUS perfusion body normal) 

meaning perfusion of the body is normal. 

In a healthy subject all parameters start at a normal level. 

Parameter levels may be changed directly by introduction of 

a drug or indirectly by causation from a triggered mechanism. 

Sets of abnormal parameters can be used to model the diseased 

state of an individual. 
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Clinical Effects 

At the third level of the model are the clinical changes re- 

sulting from the underlying physiological parameter changes. 

This level represents shallow reasoning. Medical ethics re- 

quires that drugs only be prescribed if they can be expected 

to have beneficial clinical effects, therefore this level of 

information is available for all legal medications. Using 

the same pattern as physiological parameters, clinical pa- 

rameters are represented by three values. These values are 

location (tissue or organ) at which the change occurs, iden- 

tifying feature used by the clinician and one of three val- 

ues, normal, elevated, or depressed. An example of a clinical 

status follows: 

(STATUS hr any normal) 

meaning the hear rate is normal at any location. 

Cc E CHIC OD 

Transitivity of causal relationships connects membrane ef- 

fects through physiological changes to clinical changes. 

Print-outs of causal chains connecting membrane effects to 

physiology to clinical effects can be produced to explain the 

reasoning of the system. They can also be used to find 
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interactions since an interaction is defined as the inter- 

section of any two causal chains at the same parameter. 

Causal links join the three levels and the states of parame- 

ters within the levels. The links can be specified as causal 

recursive as defined by Asher (1983) since they are strictly 

unidirectional with no feedback loops or reciprocal linkages. 

The flow of causation is always from receptor level to phys- 

iological level to clinical level. 

The unidirectional flow of causal chains allows drug infor- 

mation to be sparse since entrance of information from any 

level will result in a clinical outcome because by definition 

we are dealing with chemical entities that have clinical ef- 

fect. Most importantly these links are a direct result of 

the functional physiology of the model. Pharmacodynamic the- 

ory has established that a drug that binds to a particular 

receptor as an agonist or antagonist affects the organism's 

physiology in a known and quantitative way. The 

quantification of the effect is a result of the proportion 

of total receptors bound and the reversibility or 

irreversibility of the binding. 

Chapter 3. Problem Definition 36



Interactions between drugs are predicted on the basis of 

intersections in the causal chains of the drugs. An inter- 

section at any level will affect higher levels because of the 

transitivity of causality. 

Some quantification of drug response is calculated in terms 

of therapeutic, sub-therapeutic and toxic doses. This gives 

some indication of how thoroughly saturated receptors will 

be. Yet quantification is not emphasized in our model. This 

is because quality of drug interactions is believed to be 

more important than the minute details of quantification. It 

is more ethical to provide warnings of all possible inter- 

actions than to warn only when some derived quantification 

of effect goes above a threshold value. 

The causal chain of drug action can be traced and used as an 

explanation system for a student or sceptical user. 

Assuming all known drug mechanisms are already in the model, 

a new drug can be easily entered by linking it to its effects 

at any of the three levels. 

Scu ACODYNAMICS 

Our model is limited to the effects of cardiovascular drugs. 

Cardiovascular drugs will commonly increase or decrease such 
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clinical parameters as blood pressure, heart rate and stroke 

volume. The physiological and biochemical rate changes lead- 

ing up to the clinical changes are less frequently known. 

Gaps in our knowledge may also exist concerning cellular 

receptors. Even when the primary receptors are known there 

may be unidentified receptors involved in the physiological 

changes leading to primary clinical effects, side effects 

or interactions. 

There are several cellular receptors known to be involved in 

the pharmacodynamics of cardiovascular drugs. Alpha-one 

receptors are an example of a receptor important in 

cardiovascular pharmacology. Blockage of alpha-one receptors 

increases peripheral vasodilation with a resulting drop in 

blood pressure. Stimulation of alpha-one receptors increases 

peripheral vasoconstriction with a resulting rise in blood 

pressure. Based on haemodynamic principles it can be argued 

that any agent that increases peripheral vasoconstriction 

will increase blood pressure and any agent that increases 

peripheral dilation will decrease blood pressure. Therefore, 

the clinical effect of a drug could be inferred from know- 

ledge of its receptor or knowledge of its physiology. 

If you consider the three level model as a closed world (re- 

presenting the closed world of an animal body), then the in- 

troduction of a drug could be considered to be a 
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counterfactual (Simon 1966). It is a counterfactual because 

it directly causes statuses of parameters to change. The new 

status is then in contradiction to a former status. The world 

is now inconsistent and must be restored to consistency by 

deciding what statuses to keep and what statuses of parame- 

ters to change. Consistency can be restored by rebuilding the 

world from the bottom up. This is a tedious and time consum- 

ing task in a world as complex as an animal body. 

A system to handle counterfactuals without rebuilding the 

entire world (Whitehead 1987,Roach 1985) is used to keep our 

model consistent with the introduction of each drug. Each 

drug can affect several statuses of parameters in the animal 

body. Checking for interactions between just two drugs can 

involve a dozen different status changes. Our system will 

check for interactions in as many as twenty drugs at a time. 

This is possible because the drugs are treated as count- 

erfactuals in a causal model. This allows restoration of 

consistency in the world by building and/or trees of 

causation. Only the directly affected statuses need to be 

examined and these statuses can be determined by following 

chains of causation as far as they proliferate. The use of 

WIF (Whitehead 1987) allows the development of a new kind of 

programming technique. This technique uses a subset of PROLOG 

to utilize functional causality in an efficient manner. 

Chapter 3. Problem Definition 39



Using WIF the causal effects of an individual drug will be 

examined in an efficent manner. Interactions will be con- 

Sidered as the intersections of two or more causal chains. 

All combinations of drugs input into the model do not need 

to handled together. 

SUMMARY OF MODEL 

A three level hierarchical model of mechanism, physiology, 

and clinical effect is based on pharmacodynamic principles 

and the reasoning of experts. Key problems, in the develop- 

ment of our model, were sparse drug information, unknowness 

and uncertainty in medicine, need to handle multiple drugs 

and non-static nature of pharmacological information. 

This chapter gives the basic approach we used in attacking 

these problems. The following chapters will discuss the de- 

tails of our proposed solution, provide results of drug 

interactions predicted by our model and conclude with our 

assessment of the success of this solution. 
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CHAPTER G. PROBLEM SOLUTION 

A three level causal model of cardiovascular pharmacodynamic 

drug interactions has been created. It is a qualitative 

causal model based on the reasoning of experts as well as the 

physiology of the cardiovascular system. Some experts in 

pharmacology at the Virginia-Maryland School of Veterinary 

Medicine have been observed to rely on a three level concep- 

tualization of drug action. These three levels are the 

molecular/receptor level, the physiological level, and the 

clinical level. Therefore our model will rely on these three 

conceptual levels. The molecular level has a causal re- 

lationship to the physiological level and the physiological 

level has a causal relationship to the clinical level. Hence 

the model is known as Three Level Causal Model or TLCM. A 

trace of the causal relationship from molecular level to 

physiological level and then to clinical level will be called 

a causal chain of drug action. If the mechanism of action is 

unknown the complete trace for that drug will start at phys- 

iological level and end at clinical level. If neither mech- 

anism of action or physiological effect is known the drug 

action will be clinical effect alone. 

This chapter describes the details of how TLCM works. It 

starts with the algorithm for the problem solution. Then, 
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in order to explain this algorithm we discuss some underlying 

principles including causation, causal chains of drug action, 

modeling states of the patient and actions of the drug in 

TLCM, modeling a patient in TLCM and principles of 

pharmacology. This is followed by a description of each 

conceptual level of drug action including molecular, physio- 

logical and clinical levels and how they are implemented in 

TLCM. After discussing the levels of drug action, examples 

of drug causal chains are given. Lastly we show and give 

examples of how the drug causal chains are used to detect and 

report pharmacodynamic drug interactions. 

GO Oo Cc G CODYNAMIC DRUG INTERACTIONS 

A brief description of the algorithm used for predicting drug 

interactions follows and is summarized in Figure 4 on page 

44. Starting with a patient modeled at the molecular level, 

physiological level and clinical level of cardiovascular drug 

action a list of drugs will be input. For each drug in this 

list of drugs to be evaluated for interactions a trace of 

drug effect through three conceptual levels of drug action 

is produced. Each trace of drug action will start at the 

molecular level of drug effect if this information is known. 

Otherwise the trace will start at the physiological level. 

If information of drug effect at the physiological level is 
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not known the trace of drug action will start at the clinical 

level. 

Once all traces of drug action are derived they will be com- 

pared regarding presence of common nodes. These common nodes 

will be identified as interactions between pairs of drugs. 

Each interaction will be examined for direction of effect. 

In terms of direction of effects a determination will be made 

as to whether the interaction is enhancing a positive or 

negative effect or whether the interaction is negating ef- 

fects because each drug effects the same parameter in oppo- 

site directions. 

Before discussing the implementation of this algorithm for 

TLCM we will discuss some basic principles and definitions 

that underly TLCM. 

Causation 

A causal model implies a causal relationship between vari- 

ables in the model. Without getting into the philosophical 

issues of causation we will give a functional definition as 
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Until all drugs are introduced 
l.Introduce a drug into a model of a patient 
2.Identify the deepest level of understanding we have 

for this drug 
3.Trace a causal chain of drug action from the deepest 

level of understanding to the clinical level of drug 
action 

II.Identify drug interactions by finding common nodes 
in drug causal chains for all drugs introduced 

III .Determine directions of interactions 

Figure 4. Algorithm for Predicting Drug Interactions 
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follows: If A causes B, then values of B are dependent upon 

values of A. This relationship will be represented as: 

A ---> B 

This definition assumes that A precedes B in time. It also 

assumes transitivity of causation. In other words: If A 

causes B and If B causes C, then by transitivity A causes 

Cc. 

A ---> B 

& B---> C implies A ---> C 

We are using directed graphs to represent causal relation- 

ships. The nodes of the graphs (A,B,C) represent independent 

(A) and dependent variables (B,C) in the causal relation- 

ships. The arrows of the directed graphs are therefore 

causal links between variables. 

A causal path from X to Y includes all the nodes and links 

between X and Y. Furthermore, because of the transitivity 

of the causal relationship, whenever a resultant variable 

matches an antecedent variable of another causal chain the 

chain is effectively lengthened another link(s). 
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A ---> B ---> C 

& C ---> D implies A <---> B ---> C --=-> D 

Causal relationships can branch meaning that an antecedent 

node can cause more than one consequent node. 

A ---> B 

& A ---> F 

& A ---> H can all coexist. 

A consequent node may have several antecedent nodes. 

A ---> G 

& X ---> G 

& Z <---> G may all coexist. 

We can discriminate between direct causality and indirect 

causality. If A causes B and B causes C, there is a direct 

causal link between A and B and between B and C. There is 

an indirect causal link between A and C. 

Lastly we must stress that a causal relationship between 

variables differs from implication between variables. 

Causation is a functional dependency that does not contrapose 

(Simon, 1966). In other words: "A causes B" is incompatible 
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with its contraposition "Not B causes Not A". However, we 

could say that "If A causes B" then "B is a function of A". 

The Counterfactual Propagator (WIF) 

The three level causal model (TLCM) uses What If (WIF), a 

counterfactual engine, to find causal chains of drug actions. 

WIF has its own terminology wherein WIF facts are causal 

nodes and WIF coherence rules are causal relationships link- 

ing nodes or facts together into causal chains. We assume 

an organism is a closed world so that introduction of a drug 

is an exogenous event and all results of that drug introduc- 

tion are endogenous events. WIF traces causal paths in this 

closed world and restores consistency in this world after the 

addition of a drug(counterfactual). An essential aspect of 

WIF is that the facts are in a hierarchy of modal categories. 

The modal categories represent the likelihood of a node's 

changing after the introduction of a counterfactual. 

As input to WIF, TLCM supplies a list of facts (or causal 

nodes) in modal categories depending upon how likely they are 

to change, a list of coherence rules (or causal relation- 

ships) that affect the facts and a couterfactual (or admin- 

istered drug). The output from WIF is a tracing of the effect 

of introduction of the drug (or causal path) and a list of 
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facts that are still true after the addition of the counter- 

factual to the closed world (or patient). 

Actions and States 

At this point we wish to give another interpretation of nodes 

and causal relationships. We again examine the directed 

graph: 

A --> B 

We can define A and B as physiological or clinical states of 

a patient. The arrow can be considered to be an action on 

state A giving rise to state B. For example, if you affect 

the state of vaso-constriction (either increase or decrease) 

you also affect blood pressure. An action on the current 

state of vaso-constriction results in a change in the current 

state of blood pressure. 

Causal Paths of Drug Actions 

Causal paths of drug actions are essential to predicting drug 

interactions in our algorithm. In its most complete form a 

causal path of drug action is a trace of all nodes (or states) 

from the molecular/receptor level through the physiological 

level to the clinical level of drug effect. This path may 
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branch (and commonly does). A causal path may also consist 

of two or more unique paths in the case where a drug has more 

than one molecular effect. 

Use of drug causal paths is borrowed from the sociological 

techniques of Simon (1966), Blalock (1985) and Asher (1983). 

These techniques allow qualitative modeling of complex quan- 

titative relationships. Path coefficents, indicating a pre- 

cise qualitative mapping between antecedent and consequent 

nodes, have not been included since they are not consistently 

derivable. Therefore we are concentrating on the qualitative 

nature of drug causal paths. The quantitative equivalent of 

our arrow pictures is called "path analysis". 

Feedback of Drug Actions 

We are not directly modeling feedback from drug actions. In 

the terminology of causal path analysis (Hayduk 1987) our 

causal paths are recursive. In the terminology of path anal- 

ysis recursive means there are no loops and there is no re- 

ciprocal causation. It is possible to model drug actions 

without feedback since the feedback is usually negative 

feedback. Negative feedback converges to a stable value that 

can be subtracted from total drug effect. Positive feedback 

cannot be modeled in TLCM since it is an abnormal, unstable 

Situation that results in diverging values. Our inability 
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to model feedback in TLCM is a limitation since drug inter- 

actions may arise as a result of feedback interference. This 

limitation of TLCM will be discussed in the conclusions 

chapter. 

First Principles of Pharmacology 

Two principles of pharmacology are essential to the develop- 

ment of TLCM. First, a drug cannot introduce a new physio- 

logical function to an organism, a drug can only speed up or 

slow down processes already present. The second principle 

is that biological activity of a drug is caused by the drug 

interacting with molecules of the target organ or organism. 

These two principles have important implications for a causal 

model of drug action. 

Since drugs do not introduce new physiological functions to 

an organism we conclude that if we can model normal physiol- 

ogy we can model pharmacodynamic drug actions. TLCM models 

normal physiology with a database of physiological statuses 

(or facts) known to be pertinent to the cardiovascular sys- 

tem. 

Since drug action is initiated by a drug interacting with 

molecules of the target organism we can use the action of 

drugs at the molecular level of the patient to start a causal 
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chain of drug action. In fact if we can identify the molec- 

ular level of drug action we can trace a complete causal 

chain of drug action (based on what we know about the drug 

at this time) from the molecular level to its clinical ef- 

fect. 

Modeling a Patient's Cardiovascular System 

Before we can think about drug actions we must know the 

physiological and clinical state of the organism into which 

the drugs will be introduced. Appendix A includes the com- 

plete set of PROLOG statements that describe the physiolog- 

ical and clinical state of a subject in our model. Each 

PROLOG status statement is composed of a triplet, including 

a parameter, a location and a relative value. 

Generalized form: 

(STATUS parameter location value) 

Instantiated form: 

(STATUS vaso_constriction periphery normal) 

The STATUS statements include the physiological parameters 

involved in pharmacodynamic drug actions of cardiovascular 

drugs. These include the state of veins, arteries and heart 

(conduction and contraction). The granularity of modeling 

does not include intracellular or extracellular ion levels. 
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Nor does the model include blood flow to lungs, brain and 

other organs. 

The statuses listed in Appendix A are all normal. Ina dis- 

eased organism or in the presence of drugs some of these 

values would be elevated or depressed. 

Parmacodynamic actions of cardiovascular drugs are defined 

by how they affect a normal patient. The extant physiology 

and clinical state of a subject is the starting point on 

which drugs can act. The collection of STATUS facts (in WIF 

terminology) in Appendix A therefore defines the initial 

condition of a patient into whom drugs are introduced. 

The Connection between a Patient and Drug Action 

When a cardiovascular drug is introduced into the hypothet- 

ical patient of TLCM the STATUS statements will potentially 

become nodes in a causal chain of drug action. The STATUS 

facts currently included in TLCM represent basic parameters 

of the cardiovascular system known to be influenced by a 

subset of cardiovascular drugs. Since TLCM is prototypical 

and designed to demonstrate the feasibility of predicting 

pharmacodynamic drug interactions with a qualitative causal 

model, we are not claiming to have included all possible 
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physiological and clinical parameters in our STATUS state- 

ments. 

We will now discuss the three conceptual levels of the model 

at the level of granularity implemented. 

HRE 0 A VE F DRUG ACTIO 

We have observed experts in pharmacology explain 

phrmacodynamic drug actions and interactions in terms of 

three conceptual levels of drug action. These three levels 

are mechanism/receptor level, physiological level and clin- 

ical level. These three levels are causally linked. If we 

trace the causal links from mechanism level through physio- 

logical level to clinical level we have the complete causal 

chain of drug action. For example: propranolol is known to 

be a blocker of beta-one receptors (drug action at the mech- 

anism level). Anything that blocks beta-one receptors is 

known to cause a decrease in the frequency of cardiac action 

potential and is known to decrease the force of contraction 

of the heart (drug action at the physiological level). It is 

also known that decreasing the frequency of action potential 

decreases the heart rate (one clinical effect of drug 

action). Lastly, decreasing the force of heart contractions 

is known to cause a decrease in heart stroke volume (another 

clinical effect of drug action). In terms of a causal chain 
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of drug action these drug effects could be represented as in 

Figure 1 on page 4. 

We will now discuss each of the three conceptual levels in 

detail. For each level we will first give an overview of the 

biology of the level. We will then dicuss the level in terms 

of the cardiovascular system with examples of how the model 

is programmed (coded). Lastly we will show how each level 

is causally linked with the next level. 

These levels form the causal chains of drug action with 

causality always proceeding from mechanism level to physio- 

logical level and from physiological level to clinical level. 

Drugs have biological activity by interacting with molecules 

of a target organ or organism (Coulson 1988). These molecules 

may be enzymes or receptors. While the source of biological 

activity is not yet known for all drugs, when it is known, 

this information provides a deep understanding of drug ac- 

tivity and drug effects. A mechanism level is included in 

our causal model of drug interactions so that we will have 

the benefit of a complete causal chain of drug action when- 

ever possible. The mechanism level will also identify many 
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other sites for interactions if the interacting drug does not 

primarily alter physiology of the cardiovascular system. 

The Basic Principles of Drug Biological Activity 

In order to have biological activity drugs bind with protein 

molecules. These proteins are either enzymes or receptors. 

The enzymes catalyze reactions in the organism and the 

receptors transmit signals by interacting with messenger 

molecules such as hormones. 

The target that a drug binds to is a receptor in the physio- 

logical sense if the following conditions are met: the ligand 

binding must be saturable, it must have high affinity and low 

capacity, it must obey the Law of Mass Action, it must be 

linked to a pharmacological response (Coulson 1988). 

A drug binding to an enzyme will usually inhibit the enzyme. 

This inhibition can be either reversible or irreversible. 

Drugs binding to cellular proteins can be agonists or antag- 

onists. An agonist binds with a receptor or enzyme and ini- 

tiates a series of actions while an antagonist binds with a 

receptor or enzyme and initiates no actions. Moreover its 

presence at the binding site prevents agonists from binding 

there. If increasing the level of an agonist of the same 
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receptor overcomes the antagonist effect, the antagonist is 

competitive. A non-competitive antagonist forms a permanent 

bond and essentially removes the receptor response potential 

from the system. 

Cardiovascular Molecular Mechanisms 

Now that we have discussed the mechanism level of drug action 

in a general way we will apply this information to 

cardiovascular drugs and show how it is coded in TLCM. 

Drugs used to treat diseases of the cardiovascular system can 

be categorized into two classes based on drug action. These 

two broad clsses of cardiovascular drugs are drugs that af- 

fect neurotransmitter action and metabolism and drugs that 

are membrane active. Cardiovascular drugs that affect 

neurotransmitter action and metabolism can further be subdi- 

vided into adrenergic drugs (those affecting receptors of the 

autonomic nervous system whose neurotransmitter is 

norepinephrine) and cholinergic drugs (those affecting 

receptors of the autonomic nervous system whose 

neurotransmitter is acetylcholine). Adrenergic and 

cholinergic drugs may be either blockers of receptors or 

stimulators of receptors. Cardiovascular drugs that are 

membrane active include calcium and sodium channel blockers 

and ATP-ase inhibitors. In addition there are drugs whose 
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molecular mechanism of action is unknown. Notable among the 

cardiovascular drugs whose mechanism is unknown are nitrites 

and organic nitrates. These drugs are well understood at the 

physiological level but specific receptors and links between 

receptors and physiology have not been described. Nitrates 

will be discussed in the physiological section. Each mech- 

anism actually included in our model will now be discussed. 

Many cardiovascular drugs used to treat hypertension, 

arrhythmias and congestive heart failure work by modifying 

neurotransmitter activity. These drugs function at the alpha 

and beta adrenergic receptors or at the cholinergic 

receptors. It is important to note that neurotransmitters, 

such as norepinephrine and acetycholine, mediate the trans- 

mission of signals across synapses from the nervous system 

to the effector cells in the heart and circulatory system. 

Postsynaptic events, that is events that occur as a result 

of transmission of an impulse across a synapse to a neuron, 

cannot occur without adequate and timely presence of appro- 

priate neurotransmitters. Norepinepherine is the primary 

neurotransmitter at the adrenergic nerve synapses. 

Acetylcholine is the primary neurotransmitter of the 

cholinergic synapses. Any substance that decreases or in- 

creases the amount of neurotransmitter, blocks or frees its 

postsynaptic receptors, slows or hastens its reabsorption or 

mimics the neurotransmitter at its receptor site will initi- 
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ate a postsynaptic effect. Norepinepherine is discharged to 

the exterior of presynaptic nerve cells as a result of the 

nerve action potential. It travels across the synapse and 

binds to the adrenoreceptive sites of effector cells. Excess 

norepinephrine is immediately removed from the extracellular 

area by various mechanisms. Depending on the tissue where 

they are found the adrenoreceptors are termed alpha-one, 

alpha-two, beta-one or beta-two. In the heart 

adrenoreceptors are mainly beta-one. Alpha-one receptors are 

commonly found in peripheral blood vessels. 

There is a similar chain of events at the cholinergic 

synapses. Acetylcholine is the neurotransmitter and 

muscarinic receptors in the heart can be utilized for 

pharmacological effect. 

Isoproterenol and epinephrine are examples of cardiovascular 

drugs that stimulate beta-one receptors. Propranolol blocks 

beta-one receptors. Norepinephrine and epinephrine stimulate 

alpha-one receptors while dibenamine blocks alpha-one 

receptors. Methanochol stimulates muscarinic receptors and 

atropine blocks muscarinic receptors. 

In addition to the drugs affecting neurotransmitter sub- 

stances there are many cardiovascular drugs that directly 

affect cell membranes. Cell membranes allow transmission of 
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Signals via changes in ion channels (sodium and calcium) or 

alteration of ATPase. Trans-membrane differences in elec- 

trical potential charge are mediated by influx of cations. 

These potential differences are critical to the electrical 

transmission in the heart that cause and regulate the heart 

beat, including both timing and strength of contraction. As 

a result, substances that block calcium or sodium channels 

or that denature ATPase will have pharmacological value for 

regulating blood pressure and heart beat. Some drugs that 

have cardiovascular membrane effects are verapamil, a calcium 

channel blocker, digoxin, an inhibitor of ATPase, and 

furosemide, a sodium channel blocker. 

Computer Representation of the Mechanism Level 

Table 1 on page 60 gives all the mechanisms currently re- 

presented in TLCM. For each mechanism there is an example 

of the cardiovascular drug(s) that have been used in runs of 

TLCM. 

A mechanism is the first node in a causal chain of drug 

action. When a drug is introduced into the closed world of 

a patient's body, it will trigger all possible mechanisms 

that are associated with this drug. Each mechanism will then 

be the starting node of a causal chain. 
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MECHANISM DRUG 

Beta-one stimulant isoproterenol 
epinephrine 

Beta~-one blocker propranolol 
Calcium channel verapamil 
blocker 
Diuretic furosemide 
Inhibitor of digoxin 
Na/K ATPase 
Alpha-one Stimulant norepinephrine 

epinephrine 
Alpha-one Blocker dibenzyline 
Muscarinic stimulant methanechol 
Muscarinic blocker atropine 

Table 1. Important Mechanisms in the Cardiovascular 
system 
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WIF, the counterfactual engine, traces the causal reaction 

of introducing a drug into a patient to form the causal 

chain(s). In terms of WIF there are two types of facts that 

link a drug and a mechanism. These facts summarize the in- 

formation contained in the section on cardiovascular molec- 

ular mechanisms. One of our goals in modeling is to present 

a concise summary or mapping from the model to the real 

world. Every detail of molecular action of cardiovascular 

drugs is therefore not included. We have tried to capture 

the nature of molecular drug mechanisms with the following 

facts. The first is a MECHANISM fact. This type of fact 

states that TLCM has information for this particular mech- 

anism. Appendix A contains all mechanism facts presently 

included. An an example of one such fact follows: 

(MECHANISM (*mechanism) ) 

instantiated as: 

(MECHANISM (beta_one blocker) ) 

The second type of fact is a DRUG fact which says that TLCM 

has information linking a particular drug to a mechanism. 

One drug can be linked to more than one mechanism. Again, 

see Appendix A for all DRUG facts currently in TLCM. One DRUG 

fact follows: 
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(DRUG *¥drug (*mechanism) ) 

(DRUG propranolol (beta_one blocker) ) 

This DRUG fact is the only part of the data base that is drug 

dependent. All the rest of the facts and coherance rules 

relate to extant mechanisms and physiology and are independ- 

ent of drug specific information. 

Lastly there are two rules that causally relate a mechanism 

to physiological changes. The following rule initiates a 

drugs' causal chain by stating that if we introduce a drug 

into the model and we know the drug's mechanism we can then 

trace the effects of this mechanism on the physiology of the 

organism. This rule and one possible instantiation (re- 

placement of variables with possible values) follow. Please 

note that in WIF, any value preceded by an * is a local var- 

iable. All such variables to the left of the arrow must be 

instantiated in order to give values to the right side of the 

arrow. When these variables cannot be instantiated then the 

rule fails and no causal chain of drug action from the mo- 

lecular level is initiated. If the rule can be instantiated 

with more than one set of values then two or more causal 

chains will be initiated. See Appendix A for the complete set 

of rules used in TLCM. 
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(( INTRODUCE *drug ) 

(DRUG *drug *mechanism) 

-> 

(MECHANISM *mechanism) ) 

(( INTRODUCE propranolol) 

(DRUG propranolol (beta_one blocker) ) 

-> 

(MECHANISM (beta_one blocker) ) 

Another type of coherance rule connects a mechanism to a 

change in a physiological parameter. These rules causally 

link mechanisms with physiological change(s). An example of 

such a coherance rule follows: 

((MECHANISM (potassium decreases) ) 

-> 

(STATUS electrosensitivity heart increasess) ) 

This rule states that a decrease in potassium causes an in- 

crease in electrosensitivity of the heart. 

Use of Drug Mechanism Information In Our Causal Model 

A WIF rule is a causal relationship. All the facts to the 

left of the arrow are antecedent nodes in a causal relation- 
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ship with the facts or consequent nodes to the right of the 

arrow. WIF will exhaustively trace all causal paths to locate 

all rules whose left side facts are true. If the right side 

facts are not also true WIF changes facts on the basis of a 

believability index called a modal category. The lower the 

modal category the more believable the fact and the less 

likely it will change. See Roach, Eichelman, Whitehead 

(1985) for a more complete explanation of the logic of WIF. 

There are two modal categories for facts listed in Appendix 

A. All statuses of the organism are given a high modal cat- 

egory since they are likely to change. Facts concerning drug 

effects and mechanisms are in a low modal category since they 

do not change. 

The mechanism, when known, is the starting point in a causal 

chain of drug action. This is the starting point because it 

is the first pharmacodynamic action of the drug after being 

introduced into the subject organism. Using the mechanism as 

the start of the causal chain will give us the most complete 

causal chain. 

Once a mechanism is identified WIF creates a causal chain of 

drug effects. Essentially the TLCM outer layer looks for the 

deepest level of understanding of a particular drug and uses 

this level as the start of a causal chain. The next part of 
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a drug causal chain involves physiological changes in the 

subject orgasnism. 

P OLOGICA VE 

We now discuss the second conceptual model of drug action, 

the physiological model. Since this level comes between the 

molecular level and the clinical level we will actually dis- 

cuss all three levels when we discuss the physiological 

level. In discussing the physiological level we must link 

it both to its causal antecedent, molecular level, and to its 

causal consequent, clinical level. We will start with back- 

ground information to show why this level is important in a 

model of drug effects. Later in the section we will show how 

these drug effects are modeled in TLCM and how this level 

adds to the total causal chain of drug action. The back- 

ground information will be included in three sections. These 

sections are membrane effects, neurotransmitter effects and 

smooth muscle effects. 

Binding of drugs to receptors oor enzymes at the 

molecular/receptor level of drug action causes changes in 

cellular physiology. These changes in physiology are changes 

in degree to physiological processes that already occur. 

When a drug is introduced into an organism, no new rules of 

physiological action will need to be added to TLCM. What a 
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drug can do is to modify the levels of physiological func- 

tioning that already exist in the patient. These changes in 

physiological parameters cause changes in observable clinical 

parameters. 

The Physiological Results of Membrane Effects 

Cellular membranes control the flow of ions into and out of 

cells because they are lipids and are not miscible with 

intracellular or extracellular fluids. Proteins exist within 

the membranes that channel ions through the membrane. Other 

kinds of proteins, known as carrier proteins, actively move 

substances through the membrane. When substances are carried 

by active transport the hydrolysis of ATP is necessary. 

Among the cardiovascular drugs that modify membrane transport 

are sodium channel blockers, calcium channel blockers and 

drugs that inhibit sodium and potassium ATP-ase. 

Sodium Channel Blockers: In order for cardiac cells to con- 

tract, the cardiac cells must take in sodium. Drugs such as 

lidocaine and procainamide inhibit sodium transport into 

cardiac cells. This slows down heart cell depolarization, 

which has the clinical effect of stabilizing abnormal beating 

of the heart. 
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Control of heart beat is complicated and cannot be totally 

explored in this thesis. Figure 5 on page 68 gives some in- 

Sight into the initiation and sustainment of heart beat and 

its relation to ion transport across the membranes of 

myocardial cells. Transmission of action potential begins 

in the pacemaker cells of the heart and must progress in a 

systematic and precise way to the auricles and then to the 

ventricles in order for a normal heart beat to occur (see 

Chapter 7: A Causal Model of a Beating Heart). Sodium and 

calcium transport across the membrane sustain the action po- 

tential in the normal heartbeat. In the presence of cardiac 

pathology, arrhythmias may exist that throw the heart into 

wild paroxysms instead of regular effective beating. Control 

of the sodium channels, which are instrumental to 

depolarization of the membrane, can serve to stabilize the 

heart beat to a normal pattern. 

Calcium Channel Blockers: While sodium uptake is necessary 

for the depolarization of membranes, calcium uptake is nec- 

essary for the repolarization of membranes. Verapamil, a 

calcium channel blocker, binds to calcium channels and de- 

creases the time the channel is open. In the heart this re- 

sults in reduced conductance and lower heart rate. In the 

coronary arteries verapamil decreases tone allowing more 

blood and oxygen into the heart. In the peripheral veins, 

calcium channel blockers also reduce tone resulting in de- 
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Figure 10.3 Diagram of myocardial action potential 

Figure 5. Myocardial Action Potential (Coulson 
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creased resistance to blood flow and decreased blood pres- 

sure. 

Calcium Channel Agonists: Calcium channel agonists are not 

used therapeutically. Theoretically they should have the 

oppposite effect of calcium channel antagonists. They would 

increase the force of contraction of the heart and might be 

used to treat heart failure (Coulson,1988). 

Loop Diuretics: In the kidney sodium and chloride ions are 

normally reabsorbed from the Loop of Henle. In order to 

maintain osmotic potential water is absorbed along with the 

sodium and chloride ions into the vascular system. Drugs 

such as furosemide, which block the reabsorption of sodium 

and chloride ions decrease blood volume. The decrease in 

blood volume reduces preload and afterload to the heart which 

ultimately decreases blood pressure. Coulson (1988 p 204) 

reports that furosemide works by blocking sodium/chloride 

channels in the kidney. The receptors for furosemide and 

other sodium/chloride channel blocking chlorides have not 

been described. 

Sodium and Potassium ATPases: Active transport of sodium out 

of the cell and potassium into the cell constantly occurs. 

In part this redistributes the sodium taken into cells during 

action potential. ATP, a high energy molecule, provides the 
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energy for this exchange. ATP synthetase (also called 

ATP-ase) is required to transform ADP to ATP. Drugs such as 

cardiac glycosides inhibit ATP-ases and therefore inhibit the 

sodium pump. When the sodium pump is inhibited intracellular 

sodium rises. Because sodium and calcium concentrations are 

linked by yet another membrane pump calcium levels rise 

causing a positive inotropic effect on the heart. Therefore 

cardiac glycosides, such as digoxin, increase contractility 

of the heart while decreasing heart rate by other means. 

The Results of Neurotransmitter Effects 

Cardiovascular drugs affect cholinergic and adrenergic 

neurotransmitters. Beginning with adrenergic receptors we 

will examine the physiological and clinical results of 

cardiovascular drugs that affect neurotransmitters. 

Alpha~one Agonists and Antagonists: Alpha-one receptors 

sensitive to epinephrine and norepinephrine occur in the pe- 

ripheral vascular system. Stimulation of the alpha-one 

receptors results in vasoconstriction causing increased 

vascular resistance and ultimately a rise in blood pressure. 

Not surprisingly, alpha-one antagonists, such as dibenzyline 

cause vasodilation, decreased vascular resistance and de- 

creases in blood pressure. 
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Beta-one Agonists and Antagonists: Beta-one receptors, more 

sensitive to epinephrine than to norepinephrine, are largely 

found in cardiac muscle. Beta-one agonists increase the 

frequency of action potential and increase the force of 

cardiac contractions. These physiological changes result in 

increased heart rate and increased stroke volume. Beta-one 

antagonists or beta blockers, such as propranolol, decrease 

the frequency of cardiac action potential resulting in de- 

creased heart rate. Beta blockers also decrease the force of 

cardiac contractions, resulting in a decrease in stroke vol- 

ume. Lastly, beta blockers decrease vascular tone, resulting 

in decreased blood pressure. 

Cholinergic Receptors: The only cholinergic receptor of 

cardiac importance is the muscarinic receptor. This 

receptor, sensitive to acetylcholine, decreases the frequency 

of action potential when stimulated. Thus drugs, such as 

methanochol, which are muscarinic agonists, act to decrease 

heart rate. Muscarinic agonists also decrease the 

contractility of the ventricle although to a degree much less 

than beta blockers. This action serves to lower stroke vol- 

ume slightly. Muscarinic antagonists, such as atropine, in- 

crease the frequency of action potential thereby increasing 

heart rate. To a much lesser extent, muscarinic antagonists 

increase ventricular contractility which increases stroke 

volume. 
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Drugs That Relax Smooth Muscle of Vessels 

A group of drugs used to treat hypertension and angina 

pectoris are known to relax the smooth muscle of vessels. 

The receptor/molecular mechanism is unknown at this time. 

Nitrogylcerin relaxes veins, first decreasing preload and 

subsequently decreasing blood pressure. Hydralazine de- 

creases afterload by relaxing arteries. Nitroprusside has 

effects on arteries and veins, reducing both preload and 

afterload. 

Implementation of Physiological Effects in TLCM 

The status of physiological parameters are WIF statements 

stored in a database of facts (see appendix A). Taken to- 

gether they represent the physiological state of one 

organism. The introduction of a drug into this organism is 

a counterfactual that changes the state of the organism. 

Coherence rules (see appendix B) describe how a change in one 

status effects other statuses. A typical coherence rule 

links a change in one status to a change in another status 

as follows: 

((STATUS tone vascular decreases) 

-> 

(STATUS resistance vascular decreases) ) 
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This is a part of a causal chain meaning that if vascular tone 

decreases then vascular resistance decreases. 

Using these coherence rules WIF forms a causal path of 

changes in statuses resulting from introducing a particular 

drug with a known mechanism into a particular organism. The 

causal chain is stored so that interactions of this drug can 

be checked against other drugs introduced into the organism. 

One of the observations that needs to be made about the 

physiological level of the model is that it is a conceptual 

level rather than a physical level. There is no differen- 

tiation beween WIF statements that describe a physiological 

status or a clinical status. Also there is no limit to the 

number of causal links between the receptor level and the 

clinical level. Nevertheless, it is valuable, when confering 

with clinicians, to make the distinctions between the 

receptor level, the clinical level and the physiological 

level. These three levels give medical and veterinary pro- 

fessionals a framework for reporting drug effects and inter- 

actions. The three conceptual levels of receptor, physiology 

and clinical effects are also valuable when communicating 

with the program user about possible interactions. 

The next section will discuss the end of the causal chain of 

drug action, that is, the clinical level. 
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IIL CLINICAL LEVEL 

The last and shallowest level of drug effect in our model is 

the clinical level. This level is directly causally related 

to the physiological level and indirectly causally related 

to the mechanism level. It is the level of parameters that 

can be clinically assessed by the veterinary or medical 

practitioner. 

The clinical level of the model uses the same representation 

as the physiological level. This representation consists of 

a three argument STATUS statement that represents the value 

of a particular clinical parameter in the patient. For exam- 

ple: 

(STATUS bp any normal) 

In this particular example we are saying that the blood 

" " pressure is normal. The location or middle variable is “any 

because the clinical reading is for a patient and is not 

specific to an organ or body part. Measurement of blood 

pressure, diastolic and systolic arterial pressure, is usu- 

ally done with time honored means of the sphygmomanometer. 

Other clinical parameters currently represented in TLCM are 

heart rate, stroke volume, and systemic perfusion. Heart 

rate is the speed at which the heart is contracting and is 
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measured by taking the pulse. Stroke volume is the amount 

of blood forced out of the left ventricle during the systolic 

stage of the heart beat. Stroke volume is determined clin- 

ically by at least four types of procedures. These proce- 

dures include blood flow probes, Fick principle based on 

exygen consumption, dilution techniques during cardiac 

catherization and noninvasively by echocardiography and 

impedance cardiography. These techniques measure cardiac 

output. Stroke volume can be derived from cardiac output 

because stroke volume times heart rate equals cardiac output. 

Co SV X HR 

Perfusion refers to systemic circulation. Good perfusion is 

demonstrated by alert mental status, warmth of extremities 

and tolerance to modest exercise. 

Changes in clinical parameters result from causal rules con- 

necting physiological changes to clinical changes. Below are 

three such rules that all affect blood pressure. 
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1. ((STATUS afterload arteries decreases) 

-> 

(STATUS bp any decreases) ) 

2. ((STATUS frequency_action_potential sa_node decreases) 

-> 

(STATUS bp any decreases) ) 

3. ((STATUS vascular_resistance arteries increases ) 

-> 

(STATUS bp any increases ) 

WIF uses nodes representing clinical parameter levels and 

causal rules that connect levels of physiological parameters 

to form a complete causal chain of drug action with clinical 

change being the end point of all causal chains of drug 

action. Obviously the definition of a drug requires that it 

have clinical effect(s). We have now demonstrated all parts 

in the construction of a causal chain of drug action includ- 

ing the mechanism level, the physiological level and the 

clinical level. 
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It is important to notice that different receptors have ef- 

fects on the same physiological parameters and the same 

clinical parameters. For example, both beta-one antagonists 

and calcium channel blockers reduce heart rate. Also notice 

how both alpha-one antagonists and smooth muscle relaxers 

enhance vasodilation. These observations lead one to suspect 

that there are a variety of opportunities for interactions 

among the cardiovascular drugs. The next section will dis- 

cuss the details of identifying and interpreting interactions 

of cardiovascular drugs. 

CODYN G T CTION 

The preceding material in this chapter is necessary to ex- 

plain the goal of our model, which is to. predict 

pharmacodynamic drug interactions. In this section we will 

define pharmacodynamic drug interactions, explain how they 

are detected and give examples of ones we have detected. 

Many more examples of interactions can be found in the re- 

sults chapter. 

Pharmacodynamic drug interactions describe biological ef- 

fects of drugs "that is significantly different from that 

which would have been anticipated from the two drugs indi- 

vidually." (Shinn 1985 p ix) Pharmacodynamic interactions can 

occur in three different ways. Drugs can interact because 
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they have the same receptor/molecular mechanism. Drugs can 

interact because they have receptors/molecular mechanisms 

that affect the same physiological mechanisms. Lastly drugs 

can interact because they have receptors/molecular mechanisms 

that affect physiological mechanisms which affect the same 

clinical parameters. In order to detect pharmacodynamic drug 

interactions, we must check for interactions at each of these 

three levels. 

Detection of Pharmacodynamic Interactions 

Once we have produced a trace of the causal chain from mech- 

anism to clinical effects we have the means of detecting 

pharmacodynamic interactions. Detecting interactions is now 

the mechanical act of comparing causal chains and identifying 

nodes that two or more causal chains share. In a sense we have 

used a counterfactual engine, WIF, to give us a list of rel- 

evant variables for each drug potentially involved in an 

interaction. It now becomes a computationally possible task 

to look for similar nodes or interactions between two or more 

drugs. 

Recall from earlier sections of this chapter that a clinical 

or physiological parameter is represented by a STATUS state- 

ment. The STATUS contains a parameter, a location and a 

value. If two causal chains contain a STATUS with parameters 
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and locations that match we can identify a drug interaction 

between the two drugs that produced those causal chains. 

Similarly, if two or more drugs introduced into the model 

affect the same mechanism or receptor we can identify an 

interaction between the two drugs. 

TLCM is not limited to checking for interactions among two 

drugs. Theoretically TLCM is limited only by the storage 

capacity of the computational system. The implementation in 

HC PROLOG on a VAX microcomputer has handled checking for 

interactions among thirteen drugs simultaneously adminis- 

tered to a patient. 

As an example of detecting drug actions we will use a fairly 

simple example of nitroprusside and verapamil. To demon- 

strate the interaction between verapamil and nitroprusside 

we must first give the causal chain of each drug as follows: 
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(( INTRODUCE nitroprusside) 
=> . 

((STATUS preload veins decreases) 
=> 

((STATUS stretch myocardium decreases) 

( (STATUS sv left_ventricle decreases) 

 ( (STATUS bp any decreases) 

((STATUS afterload arteries decreases))))))) 

(( INTRODUCE verapamil) 
=> 
((STATUS tone coronary decreases) 

=> 
((STATUS blood-flow heart decreases) ) 

=> 
((STATUS sv left_ventricle decreases) ) 

=> 
((STATUS bp any decreases)))))) 

TLCM will take the first node of the nitroprusside causal 

chain and compare it with all the nodes of the verapamil 

causal chain. Nodes are said to match when the parameter and 

location of a STATUS match. When a match is found, TLCM 

adds(asserts) an INTERACTION statement to its database in the 

form: 

(( INTERACTION verapamil (STATUS sv left_ventricle decreases) X 

nitroprusside (STATUS sv left_ventricle decreases) )) 

This particular interaction indicates that both verapamil and 

nitroprusside decrease stroke volume. In the case of 

verapamil and nitroprusside another INTERACTION will be re- 

corded at blood pressure. These INTERACTION statements are 
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recording the common nodes in the causal chains of interact- 

ing drugs. 

Direction of Interactions 

After detecting drug interactions it is important to deter- 

mine the "direction" of the drug interactions. Two drugs can 

act upon the patient at the same node of the causal chain but 

in opposite directions so that the hoped-for therapeutic ef- 

fect does not occur or is lessened. Also, two drugs can act 

on the patient at the same node of the causal chain in the 

same direction so that the effect of both together is greater 

than the effect of each alone. Interaction in either way can 

be used for therapeutic advantage or can lead to dangerous 

consequences. For example, a drug that counteracts the ef- 

fect of another drug might be used as an antidote for 

poisoning by the first drug. In another instance that same 

drug pair might dangerously lower the hoped for therapeutic 

effect of one or the other drugs ina critically ill patient. 

In pharmacological terminology interactions can be antag- 

onistic, synergistic, additive or potentiating. Additive 

interactions involve two drugs with similar mechanisms such 

that the effect of one adds on to the effect of the other. 

Synergistic interactions involve drugs that have greater ef- 

fect together than mere addition of their individual effects. 

Potentiating interactions also yield a greater effect from 

Chapter 4. Problem Solution 81



two drugs than the sum of their individual parts. 

Potentiating interactions involve drugs with different mech- 

anisms of action while synergistic interactions involve drugs 

with the same or similar mechanism. While TLCM will not 

classify interactions into antagonistic, additive, 

synergistic or potentiating interactions, it will give the 

direction of effect and the level of drug action where the 

interaction is first known to occur. 

TLCM cannot quantify the amount of change in an interaction. 

It will not indicate the degree of danger of an interaction 

because of the lack of ability to quantify change. It can 

only serve as a warning to the user to be cautious with this 

combination of drugs. 

As previously noted, TLCM stores lists of common nodes be- 

tween interacting drugs. In order to determine the direction 

of interactions TLCM first looks at the level of interaction. 

If the interaction is at the mechanism level the interacting 

drugs may be antagonists competing for the same receptor site 

or agonists acting at the same receptor site. If this is the 

case, then, this information will be part of the output to 

the user of TLCM. 

When interactions occur at other levels of action, TLCM will 

compare direction of effect and give information as to 
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whether the interactions are in the same direction or in op- 

posite directions and also as to whether they are increasing 

or decreasing physiological or clinical levels. In the case 

of the example of interactions between verapamil and 

nitroprusside, TLCM will note that nitroprusside and 

verapamil decrease stroke volume and blood pressure. An 

intepretation of this interaction is not attempted. It is 

up to the practitioner to judge whether this interaction 

presents a danger to the patient. Output from TLCM is very 

conservative and includes all interactions detected. The 

purpose of TLCM is to caution the practitioner of inter- 

actions not yet considered. The output may seem repetitious 

to some since a warning will be given for every interacting 

node in the three level causal model even if two drugs share 

several common nodes in a causal chain. 

SUMMARY 

The receptor/mechanism level of drug action is the start of 

a causal chain of pharmacodynamic drug action in a patient. 

It provides deep understanding of drug action in a model of 

pharmacodynamic drug interactions. 

From the starting point of a database of cardiovascular 

mechanisms and physiological and clinical parameters of a 

patient, and using the coherence rules in Appendix A, WIF 
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exhaustively finds all rules triggered by the introduction 

of a drug and ultimately produces a causal path of parameters 

affected by that one drug. Causal paths can be represented 

by arrow diagrams as demonstrated by Simon (1966) and Asher 

(1983). The nodes in the causal paths are variables, either 

dependent or independent. .The direction of the arrows always 

proceeds from independent variables to dependent variables. 

If we trace the causal paths of two or more drugs, and these 

paths contain the same node, the paths are said to intersect 

at the common node. Because causal paths can branch, the 

paths of two drugs may intersect at more than one point. We 

define the intersections of drug causal paths as drug inter- 

actions. 

After an interaction is identified, the next step is to look 

at the direction of effect and trace the effects further 

along in the causal chain. This step will bring us to our 

goals of determining whether the interactions are enhancing 

or negating clinical drug effects and determining whether the 

interactions are raising or lowering clinical parameters to 

dangerous levels. 

The nodes of drug action causal paths naturally fall into 

three conceptual levels on the bases of temporal asymmetry 

and functionality. These strata are membrane/receptor ef- 

fects, physiological effects and clinical effects. 
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CHAPTER 5. RESULTS 

Now that we have explained how TLCM is implemented we will 

show examples of the output from TLCM. These examples are 

exactly as they would appear to the user of TLCM. The only 

changes are some formatting changes so that the output could 

be put on narrower paper. 

Each example will include two parts. The first part is a 

causal chain of drug action, as traced by WIF, for each drug 

introduced into the model of the patient. The second part of 

each example is the interactions identified as a result of 

the introduction of the drugs and some explanation of why the 

interaction(s) is (are) occurring. 

A paragraph of discussion will be included to explain the 

Significance of each interaction and relate the output from 

TLCM to reports of interactions in some standard 

pharmacological reference works. In some cases TLCM has not 

correctly or completely predicted the interactions expected 

by our expert advisors Dr. J. Wilcke and Dr. M. Ehrich. We 

will discuss the specific instances of ommission or failure 

following each example. A table at the end of the chapter 

will summarize the results as compared to reports in the 

literature and assessment by Dr. Wilcke and Dr. Ehrich. 
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Note that all drug actions are reported in terms of qualita- 

tive effects and all interactions are predicted based on the 

qualitative effects of drugs. Using only qualitative drug 

effects both simplifies and complicates TLCM. Since we are 

not considering drug doses we do not need to deal with the 

pharmacokinetics of the drugs. The amount of drug adminis- 

tered to a patient is not the amount of drug that reaches a 

receptor or molecular site. We are not dealing with all the 

intricacies of drug absorption, clearance and 

biotransformation that limit the amount of drug that actually 

has biological activity. At the same time we can give 

interactions only in general terms of possible increases or 

decreases in clinical parameters because we do not know the 

relative strength of drugs that may be interacting. Fur- 

thermore lack of any quantification leads to confusion about 

relative strengths of effects. This is a particular problem 

when a single drug has several mechanisms that affect the 

same physiological and/or clinical parameters in opposite 

directions. In these cases we can not tell which is the 

dominant effect. It sometimes even leads to reports of drugs 

interacting with themselves. The problems and advantages of 

lack of quantification will be mentioned here when encount- 

ered in specific examples. The next chapter will summarize 

these findings when we discuss the success and failures of 

TLCM. 
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Interaction of Propranolol and Hydralazine 

Propranolol and hydralazine interact at the clinical level 

where both decrease blood pressure; see Figure 6 on page 96. 

Hydralazine directly affects vasodilation of the smooth mus- 

cles of the arteries. Relaxing arteries decreases afterload 

which decreases blood pressure. Propranolol is a beta 

blocker. By blocking beta-one receptors propranolol decreases 

the contractility and rate of beating of the heart. The 

heart then pumps less blood with each beat which in turn de- 

creases blood pressure. This interaction is noted in the 

literature (Schneeweiss, 1986, p330) as causing an enhanced 

lowering of blood pressure since the mechanisms of the two 

drugs differ and are additive. 

actio osemide and Digo 

Furosemide, a high ceiling diuretic, has the primary effect 

of reducing sodium and water by preventing the reabsorption 

of sodium in the kidney; see Figure 7 on page 97. This 

diuretic will also lower potassium levels which increases the 

chances of furosemide causing arrythmias. Although TLCM 

identifies some possible pharmacodynamic interactions the 

primary problem here is a pharmacokinetic interaction. The 

hypokalmia caused by furosemide decreases the renal secretion 

of digoxin. Therefore the risk of digoxin intoxication is 
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increased when both drugs are administered. This interaction 

is noted on page 515 of Evaluations of Drug Interactions 

(Shinn, 1985) and on page 735 of Druq Therapy in 

Cardiovascular Diseases (Schneeweiss,1986). 

eractio apa a opranolo 

Propranolol, a beta blocker, and verapamil, a calcium channel 

blocker, both have negative inotropic effects on the heart; 

see Figure 8 on page 99. This interaction is probably addi- 

tive because the mechanisms are different. Propranolol and 

verapamil both decrease contractility and therefore decrease 

heart rate. This interaction is noted by Shinn (Shinn,1985, 

p 129) and Schneeweiss (Schneeweiss,1986,p 263) as being 

clinically important. 

teraction of opranolol and inephrine 

Propranolol and epinephrine are antagonists at the beta-one 

receptor; see Figure 9 on page 101. Therefore, they interact 

at many physiological and clinical parameters canceling out 

each other's effects. Epinephrine is also a stimulant of 

alpha-one receptors. An effect of epinephrine at the alpha- 

one receptors, vasoconstriction, is now unopposed by an ef- 

fect of epinpehrine at the beta-one receptors, vasodilation. 

The result can be a hypertensive crisis resulting in stroke 
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as reported by Shinn (Shinn, 1985,p 486). This is an inter- 

esting case where opposing actions of a single drug, 

epinephrine, kept clinical parameters in balance. An inter- 

action with another drug, propranolol, eliminates the balance 

of effects of the first drug. 

teraction of Dibenzyline a Propranolo 

The interaction of dibenzyline, an alpha-one blocker, and 

propranolol, a beta-one blocker, is another example of two 

drugs affecting the same clinical parameter, blood pressure, 

via different mechanisms; see Figure 10 on page 103. The 

results could be an enhanced drop in blood pressure. Shinn 

(Shinn,1985,p 335) reports an exaggerated hypotensive effect 

with concurrent use of popranolol and prazosin, another 

alpha-one blocker. Therefore we might expect a similar 

interaction when propranolol is administered with 

dibenzyline. 

action o ° cerin and ralazine 

Nitroglycerin and hydralazine are both vasodilators used to 

treat hypertension; see Figure 11 on page 104. Since 

nitroglycerin is a venous vasodilator decreasing preload, and 

hydralazine is a arterial vasodilator decreasing afterload, 

we would expect their effects on blood pressure to be addi- 
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tive. Schneeweiss (Schneeweiss,1986,p 61) recommends the 

combined use of nitroglycerin and hydralazine to treat 

hypertension. 

terac oprussid oO 

Nitroprusside, a mixed vasodilator, and digoxin, an inhibitor 

of sodium and potassium ATPase, are known to interact ina 

pharmacokinetic way (Schneeweiss 1986) since vasodilators 

increase the renal clearance of digoxin; see Figure 12 on 

page 105. The pharmacodynamic interactions reported by TLCM 

are probably not all significant. Digoxin is a drug that 

interacts with itself to some extent since its effect as an 

ATP-ase inhibitor has opposite effects on blood pressure and 

stroke volume as digoxin's effects at the muscarinic 

receptors. What this system cannot express is that digoxin's 

effects at the muscarinic receptors are very minor compared 

to digoxin's effects as an ATPase inhibitor. Also 

nitroprusside interacts with itself because it is both an 

arterial and a venous vasodilator so that it interacts at 

stroke volume. Therefore many possible interactions are re- 

ported by TLCM that are artifacts of the purely qualitative 

nature of the system. 
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Interaction of isoproterenol and Epinephrine 

Isoproterenol and epinephrine both stimulate  beta-one 

receptors; see Figure 13 on page 107. Their concommitant use 

might enhance effects of each other. The two drugs, when 

used together, might increase heart rate and stroke volume 

to dangerous levels. Effects on heart (beta-one) and certain 

peripheral receptors (beta-two) would mimic overdose of ei- 

ther agent alone. Since we have not indicated location of 

triggered receptors for each drug we cannot tell from this 

interaction that epinphrine has much more of a whole body 

affect than isoproterenol. We also have not discriminated 

between beta-one and beta-two effects. 

interaction of Isoproterenol and Propranolol 

Isoproterenol is a stimulant of beta-one receptors and 

propranolol is a blocker of beta-one receptors so they oppose 

each other's actions; see Figure 14 on page 111. 

eti E e and t iycer 

Epinephrine and nitroglycerin interact at blood pressure and 

heart rate; see Figure 15 on page 113. Epinephrine acts on 

alpha-one receptors to increase heart rate. It also has pos- 

itive inotropic effects because it is an agonist of beta-one 
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receptors. Nitroglycerin probably reduces the 

vasoconstrictive action of epinephrine by directly reducing 

smooth muscle tone. Schneewiess (Schneeweiss,1986,p 696) 

suggests that the combination of nitrates and dopamine would 

be beneficial in treating the hemodynamic deterioration of 

acute onset congestive heart failure because the interaction 

of the two drugs counteracts the alpha adrenergic effects of 

dopamine. We might expect a similar interaction between 

epinephrine and nitrates. 

The interaction of nitroprusside and epinephrine is very 

similar to the interaction of epinephrine and nitroglycerin; 

see Figure 16 on page 115. Epinephrine is a sympathomimetic 

drug with effects at alpha and beta receptors. Nitroprusside 

is a vasodilator that affects both arteries and veins. The 

vasodilation caused by nitroprusside counteracts the 

vasoconstriction caused by epineprhine at the alpha-~-one 

receptors. Schneeweiss (Schneeweiss,1986,p 707) mentions 

that the combination of dobutamine, an epinepherine congener, 

and nitroprusside, would yield a beneficial increase in 

cardiac output. Nitroprusside and epinephrine might yield a 

Similar interaction. 
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Interaction of Methanechol and Atropine 

Methanechol is a stimulant of muscarinc receptors and 

atropine is a blocker of muscarinic receptors; see Figure 17 

on page 117. Methanechol reduces heart rate. In direct op- 

position to methanechol, atropine increases heart rate. The 

interaction of atropine and methanechol is antagonistic. 

eracti of Methanechol a opranolo 

Methanechol, a stimulant of muscarinic receptors, and 

propranolol, a blocker of beta-one receptors, both cause a 

decrease in frequency of acion potential and a decrease in 

contractility so that both are decreasing heart rate and 

stroke volume; see Figure 18 on page 119. The sympathetic 

and parasympathetic nervous systems are normally in oppo- 

sition and balance each other. Blocking one nervous system 

and stiumlating the other one as we are doing here creates 

imbalance. 

Nitroglycerin and verapamil decrease blood pressure by very 

different mechanisms; see Figure 19 on page 121. Verapamil, 

a calcium channel blocker decreases heart rate which causes 

a decrease in cardiac output and therefore a decrease in 
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blood pressure. Nitroglycerin has a direct effect on 

vascular tone of veins which decreases preload and therefore 

decreases blood pressure. Schneeweiss (Schneeweiss,1986,p 

245) recommends the use of verapamil and nitrates in treat- 

ment of unstable angina. 

teraction of Digo Verapam 

Digoxin and verapamil have opposite effects on contractility 

by way of different mechanisms; see Figure 20 on page 122. 

Digoxin, in addition to inhibiting ATPase, is a stimulant of 

muscarinic receptors. Slowing of AV conduction results from 

stimulating muscarinc receptors as well as from blocking 

calcium channels. This interaction between verapamil and 

digoxin can lead to abnormally slow heart beat or even to AV 

block as noted by Shinn (Shinn,1985,p 532). 

Interact of Digo erapamil and Nitroprusside 

In this example of interaction among three drugs there are 

the same interactions we get from each pair of drugs; see 

Figure 21 on page 124. In this case we see verapamil and 

digoxin interacting as in the last example. In addition, 

digoxin and nitroprusside and verapamil are all decreasing 

blood pressure. Schneeweiss (Schneeweiss,1986, p42) reports 

that nitroprusside and digoxin are commonly used 
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concommitantly to treat patients and yield additive effects. 

The addition of verapamil to nitroprusside and digoxin might 

lead to hypotension or bradychardia. 

We conclude this chapter with a table summarizing the results 

derived from TLCM; see Table 2 on page 128. In addition to a 

summary of interactions identified by TLCM this table indi- 

cates whether the interactions were verified by reports in 

the literature and whether our expert advisors, Dr. Marion 

Ehrich and Dr. J. Wilcke, confirmed the reported inter- 

actions. 
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(( INTRODUCE propranolol) 
=> 

(MECHANISM (beta_one blocker) ) 
=> 

((STATUS frequency_action_potential sa_node decreases) 
=> 
(STATUS speed_conduction av_node decreases) 
=> 
(STATUS hr any decreases) ) 

((STATUS contractility heart decreases) 
=> 
(STATUS sv heart decreases) 
=> 
(STATUS bp any decreases) )) 

(( INTRODUCE hydralazine) 
=> 
(MECHANISM (arterial_smooth_muscles relax) ) 
=> 
(STATUS afterload arteries decreases) 
=> 
(STATUS bp any decreases) 
(STATUS vascular_resistance arteries decreases) 
(STATUS sv heart increases) ) 

Interaction between propranolol and hydralazine because: 
propranolol decreases parameter = sv at location = heart 
and hydralazine increases the same parameter at the same 
location. 

Interaction between propranolol and hydralazine because: 
propranolol decreases parameter = bp at location = any 
and hydralazine decreases the same parameter at the same 
location. 

propranolol and hydralazine are interacting because 
both decrease the same clinical effect. 

Figure 6. Interaction of Propranolol and Hydralazine. 
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(( INTRODUCE furosemide) 
=> 

((MECHANISM (potassium decrease) ) 
=> 

(STATUS electrosensitivity heart increases) 
=> 
(STATUS arrhythmias heart increases) ) 

((MECHANISM (sodium_water decrease) ) 
=> 

((STATUS preload veins decreases) 
=> 

(STATUS stretch myocardium decreases) 
=> 
(STATUS sv heart decreases) 
=> 
(STATUS bp any decreases) ) 

((STATUS afterload arteries decreases) 
=> 

(STATUS vascular_resistance arteries decreases) 
(STATUS sv heart increases) ))) 

(( INTRODUCE digoxin) 
=> 
((MECHANISM (muscarinic stimulant) ) 

=> 
((STATUS frequency_action_potential sa_node decreases) 

=> 

(STATUS speed_conduction av_node decreases) 
=> 
(STATUS hr any decreases) ) 

((STATUS contractility heart decreases) 
=> 

(STATUS sv heart decreases) 
=> 

(STATUS bp any decreases) )) 
((MECHANISM (sodium_potassium_atp_ase inhibitor) ) 

=> 
((STATUS contractility heart increases) 

=> 

(STATUS bp any increases) 
(STATUS perfusion body increases) 
(STATUS sv heart increases) ) 

(STATUS calcium myocardium increases) ) ) 

Interaction between furosemide and digoxin because: 
furosemide decreases parameter = sv at location = heart 
and digoxin decreases the same parameter at the same 
location. 

Figure 7. Interaction of Furosemide and Digoxin. 

Chapter 5. Results 97



Interaction between furosemide and digoxin because: 
furosemide decreases parameter = bp at location = any 
and digoxin increases the same parameter at the same 
location. 

Interaction between furosemide and digoxin because: 
furosemide increases parameter = sv at location = heart 
and digoxin decreases the same parameter at the same 
location. 

furosemide and digoxin 
both decrease the same 

furosemide and digoxin 
reason for interaction 

furosemide and digoxin 
both increase the same 

are interacting because 
clinical effect. 

are interacting because 
is unknown 

are interacting because 
clinical effect. 

(Continuation of Figure 7 on page 97.) 
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(({ INTRODUCE verapamil) 
=> 

(MECHANISM (calcium blocker) ) 
=> 

((STATUS electrical_conduction heart decreases) 
=> 
(STATUS frequency_action_potential sa_node decreases) 
=> 
(STATUS speed_conduction av_node decreases) 
=> 
(STATUS hr any decreases) ) 

((STATUS contractility heart decreases) 
=> 
(STATUS sv heart decreases) 
=> 
(STATUS bp any decreases) ) 

((STATUS vascular_tone periphery decreases) 
=> 
(STATUS vascular_resistance periphery decreases) ) 

((STATUS vascular_tone coronary_vessels decreases) 
=> 
(STATUS blood-flow heart increases) ) ) 

(( INTRODUCE propranolol) 
=> 
(MECHANISM (beta_one blocker) ) 

( (STATUS frequency_action_potential sa_node decreases) 

(STATUS speed_conduction av_node decreases) 

(STATUS hr any decreases) ) 
((STATUS contractility heart decreases) 

(STATUS sv heart decreases) 

(STATUS bp any decreases) )) 

Figure 8. Interaction of Verapamil and Propranolol. 
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Interaction between verapamil 
verapamil decreases parameter 
at location = sa_node 
and propranolol decreases the 
location. 

Interaction between verapamil 
verapamil decreases parameter 
at location = av_node 
and propranolol decreases the 
location. 

Interaction between verapamil 
verapamil decreases parameter 
and propranolol decreases the 
location. 

Interaction between verapamil 
verapamil decreases parameter 
location = heart 
and propranolol decreases the 
location. 

Interaction between verapamil 
verapamil decreases parameter 
and propranolol decreases the 
location. 

Interaction between verapamil 
verapamil decreases parameter 
and propranolol decreases the 
location. 

verapamil and propranolol are 
they have cellular mechanisms 
physiology. 

and propranolol because: 
= frequency_action_potential 

same parameter at the same 

and propranolol because: 
= speed_conduction 

same parameter at the same 

and propranolol because: 
= hr at location = any 
same parameter at the same 

and propranolol because: 
= contractility at 

same parameter at the same 

and propranolol because: 
= sv at location = heart 
same parameter at the same 

and propranolol because: 
= bp at location = any 
same parameter at the same 

interacting because 
that decrease same 

(Continuation of Figure 8 on page 99.) 
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(( INIRODUCE propranolol) 
=> 

(MECHANISM (beta_one blocker) ) 
=> 

((STATUS frequency_action_potential sa_node decreases) 
=> 
(STATUS speed_conduction av_node decreases) 
=> 
(STATUS hr any decreases) ) 

((STATUS contractility heart decreases) 
=> 

(STATUS sv heart decreases) 
=> 

(STATUS bp any decreases) )) 
(( INTRODUCE epinephrine) 

=> 

((MECHANISM (alpha_one stimulant) ) 
=> 
(STATUS vaso_constriction periphery increases) 
=> 

(STATUS vascular_resistance periphery increases) 
=> 

(STATUS bp any increases) ) 
( (MECHANISM (beta_one stimulant) ) 

=> 
((STATUS electrical_conduction heart increases) 

=> 
(STATUS frequency_action_potential sa_node increases) 
=> 

(STATUS speed_conduction av_node increases) 
=> 

(STATUS hr any increases) ) 
((STATUS contractility heart increases) 

=> 
(STATUS perfusion body increases) 
(STATUS sv heart increases) ) 

((STATUS vascular_tone coronary_vessels decreases) 
=> : 

(STATUS blood-flow heart increases) ) 
((STATUS vascular_tone periphery decreases) 

=> 

(STATUS vascular_resistance periphery decreases) 
=> 

(STATUS bp any decreases) ))) 

Figure 9. Interaction of Propranolol and Epinephrine. 
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Interaction between propranolol and epinephrine because: 
propranolol decreases parameter = frequency_action_potential 
at location = sa_node 
and epinephrine increases the same parameter at the same 
location. 

Interaction between propranolol and epinephrine because: 
propranolol decreases parameter = speed_conduction at 
location = av_node 
and epinephrine increases the same parameter at the same 
location. 

Interaction between propranolol and epinephrine because: 
propranolol decreases parameter = hr at location = any 
and epinephrine increases the same parameter at the same 
location. 

Interaction between propranolol and epinephrine because: 
propranolol decreases parameter = contractility at 
location = heart 
and epinephrine increases the same parameter at the same 
location. 

Interaction between propranolol and epinephrine because: 
propranolol decreases parameter = sv at location = heart 
and epinephrine increases the same parameter at the same 
location. 

Interaction between propranolol and epinephrine because: 
propranolol decreases parameter = bp at location = any 
and epinephrine increases the same parameter at the same 
location. 

Interaction between propranolol and epinephrine because: 
propranolol decreases parameter = bp at location = any 
and epinephrine decreases the same parameter at the same 
location. 

propranolol and epinephrine are interacting because 
(they are antagonists at beta_one .) 
(Continuation of Figure 9 on page 101.) 
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(( INTRODUCE dibenzyline) 
=> 

(MECHANISM (alpha_one blocker) ) 
=> 

(STATUS vaso_constriction periphery decreases) 
=> 
(STATUS vascular_resistance periphery decreases) 
=> 

(STATUS bp any decreases) ) 
(( INTRODUCE propranolol) 

=> 

(MECHANISM (beta_one blocker) ) 

((STATUS frequency_action_potential sa_node decreases) 

(STATUS speed_conduction av_node decreases) 

(STATUS hr any decreases) ) 
((STATUS contractility heart decreases) 

(STATUS sv heart decreases) 
=> 
(STATUS bp any decreases) )) 

Interaction between dibenzyline and propranolol because: 
dibenzyline decreases parameter = bp at location = any 

and propranolol decreases the same parameter at the same 
location. 

dibenzyline and propranolol are interacting because 
both decrease the same clinical effect. 

Figure 10. Interaction of Dibenzyline and Propranolol. 
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(( INTRODUCE hydralazine) 
=> 
(MECHANISM (arterial_smooth_muscles relax) ) 
=> 

(STATUS afterload arteries decreases) 
=> 
(STATUS bp any decreases) 
(STATUS vascular_resistance arteries decreases) 
(STATUS sv heart increases) ) 

(( INTRODUCE nitroglycerin) 
=> 

(MECHANISM (venous_smooth_muscles relax) ) 
=> 

(STATUS preload veins decreases) 
=> 

(STATUS stretch myocardium decreases) 
=> 
(STATUS sv heart decreases) 
=> 
(STATUS bp any decreases) ) 

Interaction between hydralazine and nitroglycerin because: 
hydralazine decreases parameter = bp at location = any 
and nitroglycerin decreases the same parameter at the same 
location. , 

Interaction between hydralazine and nitroglycerin because: 
hydralazine increases parameter = sv at location = heart 
and nitroglycerin decreases the same parameter at the same 
location. 

hydralazine and nitroglycerin are interacting because 
both decrease the same clinical effect. 

hydralazine and nitroglycerin are interacting because 
reason for interaction is unknown 

Figure ll. Interaction of Hydralazine and 
Nitroglycerin. 
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(( INTRODUCE nitroprusside) 

( (MECHANISM (venous_smooth_muscles relax) ) 

(STATUS preload veins decreases) 

(STATUS stretch myocardium decreases) 

(STATUS sv heart decreases) 

(STATUS bp any decreases) ) 
((MECHANISM (arterial_smooth_muscles relax) ) 

=> 

(STATUS afterload arteries decreases) 
=> 
(STATUS vascular_resistance arteries decreases) 
(STATUS sv heart increases) ) ) 

igoxin (( INTRODUCE di in) 
=> 
((MECHANISM (muscarinic stimulant) ) 

=> 
((STATUS frequency_action_potential sa_node decreases) 

=> 
(STATUS speed_conduction av_node decreases) 
=> 
(STATUS hr any decreases) ) 

((STATUS contractility heart decreases) 
=> 
(STATUS sv heart decreases) 
=> 
(STATUS bp any decreases) )) 

((MECHANISM (sodium_potassium_atp_ase inhibitor) ) 
=> 
((STATUS contractility heart increases) 

=> 
(STATUS bp any increases) 
(STATUS perfusion body increases) 
(STATUS sv heart increases) ) 

(STATUS calcium myocardium increases) ) ) 

Figure 12. Interaction of Nitroprusside and Digoxin. 
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Interaction between nitroprusside and digoxin because: 
nitroprusside decreases parameter = sv at 
location = heart 
and digoxin decreases the same parameter at the same 
location. 

Interaction between nitroprusside and digoxin because: 
nitroprusside decreases parameter = sv at 
location = heart 
and digoxin increases the same parameter at the same 
location. 

Interaction between nitroprusside and digoxin because: 
nitroprusside decreases parameter = bp at 
location = any 
and digoxin decreases the same parameter at the same 
location. 

Interaction between nitroprusside and digoxin because: 
nitroprusside decreases parameter = bp at 
location = any 
and digoxin increases the same parameter at the same 

location. 

Interaction between nitroprusside and digoxin because: 
nitroprusside increases parameter = sv at 
location = heart 
and digoxin decreases the same parameter at the same 
location. 

Interaction between nitroprusside and digoxin because: 
nitroprusside increases parameter = sv at 
location = heart 
and digoxin increases the same parameter at the same 
location. 

nitroprusside and digoxin are interacting because 
both decrease the same clinical effect. 
nitroprusside and digoxin are interacting because 
reason for interaction is unknown 
nitroprusside and digoxin are interacting because 
both increase the same clinical effect. 
(Continuation of Figure 12 on page 105.) 
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(( INTRODUCE isoproterenol) 
=> 

(MECHANISM (beta_one stimulant) ) 
=> 

((STATUS electrical_conduction heart increases) 
=> 
(STATUS frequency_action_potential sa_node increases) 
=> 
(STATUS speed_conduction av_node increases) 
=> 
(STATUS hr any increases) ) 

((STATUS contractility heart increases) 
=> 

(STATUS bp any increases) 
(STATUS perfusion body increases) 
(STATUS sv heart increases) ) 

((STATUS vascular_tone coronary_vessels decreases) 
=> 

(STATUS blood-flow heart increases) ) 
((STATUS vascular_tone periphery decreases) 

=> 
(STATUS vascular_resistance periphery decreases) 
=> 

(STATUS bp any decreases) )) 

Figure 13. Interaction of Isoproterenol and 
Epinephrine. 
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(( INTRODUCE epinephrine) 
=> 

((MECHANISM (alpha_one stimulant) ) 
=> 
(STATUS vaso_constriction periphery increases) 
=> 
(STATUS vascular_resistance periphery increases) 
=> 

(STATUS bp any increases) ) 
((MECHANISM (beta_one stimulant) ) 

=> 

((STATUS electrical_conduction heart increases) 
=> 

(STATUS frequency_action_potential sa_node increases) 
=> 
(STATUS speed_conduction av_node increases) 
=> , 

(STATUS hr any increases) ) 
((STATUS contractility heart increases) 

=> 
(STATUS perfusion body increases) 
(STATUS sv heart increases) ) 

((STATUS vascular_tone coronary_vessels decreases) 
=> 
(STATUS blood-flow heart increases) ) 

((STATUS vascular_tone periphery decreases) 
=> 
(STATUS vascular_resistance periphery decreases) 
=> 
(STATUS bp any decreases) ))) 

Interaction between isoproterenol and epinephrine because: 
isoproterenol increases parameter = electrical_conduction 
at location = heart 
and epinephrine increases the same parameter at the same 
location. 

Interaction between isoproterenol and epinephrine because: 
isoproterenol increases parameter = frequency_action_potential 
at location = sa_node 
and epinephrine increases the same parameter at the same 

location. 

Interaction between isoproterenol and epinephrine because: 
isoproterenol increases parameter = speed conduction 
at location = av_node 
and epinephrine increases the same parameter at the same 
location. 
(Continuation of Figure 13 on page 107.) 
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Interaction between isoproterenol and epinephrine because: 
isoproterenol increases parameter = hr at location = any 
and epinephrine increases the same parameter at the same 
location. 

Interaction between isoproterenol and epinephrine because: 
isoproterenol increases parameter = contractility at 
location = heart 
and epinephrine increases the same parameter at the same 
location. 

Interaction between isoproterenol and epinephrine because: 
isoproterenol increases parameter = bp at location = any 
and epinephrine increases the same parameter at the same 
location. 

Interaction between isoproterenol and epinephrine because: 
isoproterenol increases parameter = bp at location = any 
and epinephrine decreases the same parameter at the same 
location. 

Interaction between isoproterenol and epinephrine because: 
isoproterenol increases parameter = perfusion at 
location = body 
and epinephrine increases the same parameter at the same 
location. 

Interaction between isoproterenol and epinephrine because: 
isoproterenol increases parameter = sv at location = heart 
and epinephrine increases the same parameter at the same 
location. 

Interaction between isoproterenol and epinephrine because: 
isoproterenol decreases parameter = vascular_tone at 
location = coronary_vessels 
and epinephrine decreases the same parameter at the same 
location. 

Interaction between isoproterenol and epinephrine because: 
isoproterenol increases parameter = blood-flow at 
location = heart 
and epinephrine increases the same parameter at the same 
location. 
Interaction between isoproterenol and epinephrine because: 
isoproterenol decreases parameter = vascular_tone at 
location = periphery 
and epinephrine decreases the same parameter at the same 
location. 
(Continuation of Figure 13 on page 107.) 
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Interaction between isoproterenol and epinephrine because: 
isoproterenol decreases parameter = vascular_resistance 
at location = periphery 
and epinephrine increases the same parameter at the same 
location. 

Interaction between isoproterenol and epinephrine because: 
isoproterenol decreases parameter = vascular_resistance at 
location = periphery 
and epinephrine decreases the same parameter at the same 
location. 

Interaction between isoproterenol and epinephrine because: 
isoproterenol decreases parameter = bp at location = any 
and epinephrine increases the same parameter at the same 
location. 

Interaction between isoproterenol and epinephrine because: 
isoproterenol decreases parameter = bp at location = any 
and epinephrine decreases the same parameter at the same 
location. 

isoproterenol and epinephrine are interacting because 
(they have same cellular mechanism which is 
beta_one .) , 
isoproterenol and epinephrine are interacting because 
(they have same cellular mechanism which is beta_one .) 
isoproterenol and epinephrine are interacting because 
(they have same cellular mechanism which is 
beta_one .) 
(Continuation of Figure 13 on page 107.) 
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(( INTRODUCE isoproterenol) 
=> 

(MECHANISM (beta_one stimulant) ) 
=> 

((STATUS electrical_conduction heart increases) 
=> 

(STATUS frequency_action_potential sa_node increases) 
=> 
(STATUS speed_conduction av_node increases) 
=> 
(STATUS hr any increases) ) 

((STATUS contractility heart increases) 
=> 

(STATUS bp any increases) 
(STATUS perfusion body increases) 
(STATUS sv heart increases) ) 

((STATUS vascular_tone coronary_vessels decreases) 
=> 

(STATUS blood-flow heart increases) ) 
((STATUS vascular_tone periphery decreases) 

=> 
(STATUS vascular_resistance periphery decreases) 
=> 
(STATUS bp any decreases) ) ) 

(( INIRODUCE propranolol) 
=> 
(MECHANISM (beta_one blocker) ) 

((STATUS frequency_action_potential sa_node decreases) 

(STATUS speed_conduction av_node decreases) 

(STATUS hr any decreases) ) 
((STATUS contractility heart decreases) 

(STATUS sv heart decreases) 

(STATUS bp any decreases) )) 

Figure 14. Interaction of Isoproterenol and 
Propranolol. 
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Interaction between isoproterenol and propranolol because: 
isoproterenol increases 
parameter = frequency_action_potential 
at location = sa_node 

and propranolol decreases the same parameter at the same 
location. 

Interaction between isoproterenol and propranolol because: 
isoproterenol increases parameter = speed_conduction 
at location = av_node 
and propranolol decreases the same parameter at the same 
location. 

Interaction between isoproterenol and propranolol because: 
isoproterenol increases parameter = hr at location = any 
and propranolol decreases the same parameter at the same 
location. 

Interaction between isoproterenol and propranolol because: 
isoproterenol increases parameter = contractility at 
location = heart 
and propranolol decreases the same parameter at the same 
location. 

Interaction between isoproterenol and propranolol because: 
isoproterenol increases parameter = bp at location = any 
and propranolol decreases the same parameter at the same 
location. 

Interaction between isoproterenol and propranolol because: 
isoproterenol increases parameter = sv at location = heart 
and propranolol decreases the same parameter at the same 
location. 

Interaction between isoproterenol and propranolol because: 
isoproterenol decreases parameter = bp at location = any 
and propranolol decreases the same parameter at the same 
location. 

isoproterenol and propranolol are interacting because 
(they are antagonists at beta_one .) 
isoproterenol and propranolol are interacting because 
(they are antagonists at beta_one .) 
(Continuation of Figure 14 on page 111.) 

Chapter 5. Results 112



epinephrine ( (INTRODUCE i hrine) 
=> 

((MECHANISM (alpha_one stimulant) ) 
=> 

(STATUS vaso_constriction periphery increases) 
=> 
(STATUS vascular_resistance periphery increases) 
=> 
(STATUS bp any increases) ) 

((MECHANISM (beta_one stimulant) ) 
=> 
((STATUS electrical_conduction heart increases) 

=> 

(STATUS frequency_action_potential sa_node increases) 
=> 
(STATUS speed_conduction av_node increases) 
=> 
(STATUS hr any increases) ) 

((STATUS contractility heart increases) 
=> 
(STATUS perfusion body increases) 
(STATUS sv heart increases) ) 

((STATUS vascular_tone coronary_vessels decreases) 
=> 
(STATUS blood-flow heart increases) ) 

((STATUS vascular_tone periphery decreases) 
=> 
(STATUS vascular_resistance periphery decreases) 
=> 

(STATUS bp any decreases) ))) 
(( INTRODUCE nitroglycerin) 

=> 
(MECHANISM (venous_smooth_muscles relax) ) 
=> 
(STATUS preload veins decreases) 
=> 
(STATUS stretch myocardium decreases) 
=> 
(STATUS sv heart decreases) 
=> 
(STATUS bp any decreases) ) 

Figure 15. Interaction of Epinepherine and 
Nitroglycerin. 
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Interaction between epinephrine 
epinephrine increases parameter 
and nitroglycerin decreases the 
location. 

Interaction between epinephrine 
epinephrine increases parameter 
and nitroglycerin decreases the 
location. 

Interaction between epinephrine 
epinephrine decreases parameter 
and nitroglycerin decreases the 
location. 

and nitroglycerin because: 
= bp at location = any 
same parameter at the same 

and nitroglycerin because: 
= sv at location = heart 
same parameter at the same 

and nitroglycerin because: 
= bp at location = any 
same parameter at the same 

epinephrine and nitroglycerin are interacting because 
reason for interaction is unknown 
epinephrine and nitroglycerin are interacting because 
both decrease the same clinical effect. 
(Continuation of Figure 15 on page 113.) 
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(( INTRODUCE epinephrine) 

( (MECHANISM (alpha_one stimulant) ) 

(STATUS vaso_constriction periphery increases) 

(STATUS vascular_resistance periphery increases) 

(STATUS bp any increases) ) 
((MECHANISM (beta_one stimulant) ) 

=> 
((STATUS electrical_conduction heart increases) 

=> 
(STATUS frequency_action_potential sa_node increases) 
=> 
(STATUS speed_conduction av_node increases) 
=> 
(STATUS hr any increases) ) 

((STATUS contractility heart increases) 
=> 
(STATUS perfusion body increases) 
(STATUS sv heart increases) ) 

((STATUS vascular_tone coronary_vessels decreases) 
=> 
(STATUS blood-flow heart increases) ) 

((STATUS vascular_tone periphery decreases) 
=> 
(STATUS vascular_resistance periphery decreases) 
=> 
(STATUS bp any decreases) ))) 

(( INTRODUCE nitroprusside) 
=> 
( (MECHANISM (venous_smooth_muscles relax) ) 

=> 
(STATUS preload veins decreases) 
=> 
(STATUS stretch myocardium decreases) 
=> 

(STATUS sv heart decreases) 
=> 

(STATUS bp any decreases) ) 
((MECHANISM (arterial_smooth_muscles relax) ) 

=> 
(STATUS afterload arteries decreases) 
=> 
(STATUS vascular_resistance arteries decreases) 
(STATUS sv heart increases) )) 

Figure 16. Interaction of Epinephrine and 
Nitroprusside. 
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Interaction between epinephrine 
epinephrine increases parameter 
and nitroprusside decreases the 
location. 

Interaction between epinephrine 
epinephrine increases parameter 
and nitroprusside decreases the 
location. 

Interaction between epinephrine 
epinephrine increases parameter 
and nitroprusside increases the 
location. 

Interaction between epinephrine 
epinephrine decreases parameter 
and nitroprusside decreases the 
location. 

and nitroprusside because: 
= bp at location = any 
Same parameter at the same 

and nitroprusside because: 
= sv at location = heart 
same parameter at the same 

and nitroprusside because: 
= sv at location = heart 
same parameter at the same 

and nitroprusside because: 
= bp at location = any 
same parameter at the same 

epinephrine and nitroprusside are interacting because 
reason for interaction is unknown 

epinephrine and nitroprusside are interacting because 
both increase the same clinical effect. 

epinephrine and nitroprusside are interacting because 
both decrease the same clinical effect. 
(Continuation of Figure 16 on page 115.) 
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(( INTRODUCE methanechol ) 
=> 

(MECHANISM (muscarinic stimulant) ) 
=> 

((STATUS frequency_action_potential sa_node decreases) 
=> 

(STATUS speed_conduction av_node decreases) 
=> 
(STATUS hr any decreases) ) 

((STATUS contractility heart decreases) 
=> 
(STATUS sv heart decreases) 
=> 
(STATUS bp any decreases) )) 

(( INTRODUCE atropine) 
=> 

(MECHANISM (muscarinic blocker) ) 
=> 
((STATUS frequency_action_potential sa_node increases) 

=> 

(STATUS speed_conduction av_node increases) 
=> 

(STATUS hr any increases) ) 
((STATUS contractility heart increases) 

=> 
(STATUS bp any increases) 
(STATUS perfusion body increases) 
(STATUS sv heart increases) ) ) 

Figure 17. Interaction of Methanechol and Atropine. 
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Interaction between methanechol 

methanechol decreases 

and atropine because: 

parameter = frequency_action_potential 
at location = sa_node 
and atropine increases the same 
location. 

Interaction between methanechol 
methanechol decreases parameter 

. Location = av_node 
and atropine increases the same 
location. 

Interaction between methanechol 
methanechol decreases parameter 
and atropine increases the same 
location. 

Interaction between methanechol 
methanechol decreases parameter 
location = heart 
and atropine increases the same 
location. 

Interaction between methanechol 
methanechol decreases parameter 
location = heart 
and atropine increases the same 
location. 

Interaction between methanechol 
methanechol decreases parameter 
and atropine increases the same 
location. 

parameter at the same 

and atropine because: 
= speed_conduction at 

parameter at the same 

and atropine because: 
= hr at location = any 
parameter at the same 

and atropine because: 
= contractility at 

parameter at the same 

and atropine because: 
= sv at 

parameter at the same 

and atropine because: 
= bp at location = any 
parameter at the same 

methanechol and atropine are interacting because 
(they are antagonists at muscarinic .) 
(Continuation of Figure 17 on page 117.) 
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(( INTRODUCE methanechol) 

(MECHANTSM (muscarinic stimulant) ) 

( (STATUS frequency_action_potential sa_node decreases) 

(STATUS speed_conduction av_node decreases) 

(STATUS hr any decreases) ) 
((STATUS contractility heart decreases) 

(STATUS sv heart decreases) 

(STATUS bp any decreases) )) 
(( INTRODUCE propranolol) 

(MECHANISM (beta_one blocker) ) 

(( STATUS frequency_action_potential sa_node decreases) 

(STATUS speed_conduction av_node decreases) 

(STATUS hr any decreases) ) 
((STATUS contractility heart decreases) 

(STATUS sv heart decreases) 

(STATUS bp any decreases) ) ) 

Figure 18. Interaction of Methanechol and Propranolol. 
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Interaction between methanechol and propranolol because: 
methanechol decreases 
parameter = frequency_action_potential 
at location = sa_node 
and propranolol decreases the same parameter at the same 
location. 

Interaction between methanechol and propranolol because: 
methanechol decreases parameter = speed_conduction at 
location = av_node 
and propranolol decreases the same parameter at the same 
location. 

Interaction between methanechol and propranolol because: 
methanechol decreases parameter = hr at location = any 
and propranolol decreases the same parameter at the same 
location. 

Interaction between methanechol and propranolol because: 
methanechol decreases parameter = contractility at 
location = heart 
and propranolol decreases the same parameter at the same 
location. 

Interaction between methanechol and propranolol because: 
methanechol decreases parameter = sv at location = heart 
and propranolol decreases the same parameter at the same 
location. 

Interaction between methanechol and propranolol because: 
methanechol decreases parameter = bp at location = any 
and propranolol decreases the same parameter at the same 
location. 

methanechol and propranolol are interacting because 
they have cellular mechanisms that decrease same physiology. 
(Continuation of Figure 18 on page 119.) 
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(( INTRODUCE nitroglycerin) 

(MECHANTSM (venous_smooth_muscles relax) ) 

(STATUS preload veins decreases) 

(STATUS stretch myocardium decreases) 

(STATUS sv heart decreases) 

(STATUS bp any decreases) ) 
(( INTRODUCE verapamil) 

(MECHANISM (calcium blocker) ) 

( (STATUS electrical_conduction heart decreases) 

(STATUS frequency_action_potential sa_node decreases) 

(STATUS speed_conduction av_node decreases) 

(STATUS hr any decreases) ) 
((STATUS contractility heart decreases) 

(STATUS sv heart decreases) 

(STATUS bp any decreases) ) 
((STATUS vascular_tone periphery decreases) 

(STATUS vascular_resistance periphery decreases) ) 
((STATUS vascular_tone coronary_vessels decreases) 

(STATUS blood-flow heart increases) )) 

Interaction between nitroglycerin and verapamil because: 
nitroglycerin decreases parameter = sv at 
location = heart 
and verapamil decreases the same parameter at the same 
location. 

Interaction between nitroglycerin and verapamil because: 
nitroglycerin decreases parameter = bp at location = any 
and verapamil decreases the same parameter at the same 
location. 

nitroglycerin and verapamil are interacting because 
both decrease the same clinical effect. 

Figure 19. Interaction of Nitroglycerin and Verapamil. 
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(( INTRODUCE digoxin) 
=> 

( (MECHANISM (muscarinic stimulant) ) 
=> 
((STATUS frequency_action_potential sa_node decreases) 

=> 
(STATUS speed_conduction av_node decreases) 
=> 
(STATUS hr any decreases) ) 

((STATUS contractility heart decreases) 
=> 
(STATUS sv heart decreases) 
=> 
(STATUS bp any decreases) ) ) 

((MECHANISM (sodium_potassium_atp_ase inhibitor) ) 
=> 
((STATUS contractility heart increases) 

=> 
(STATUS bp any increases) 
(STATUS perfusion body increases) 
(STATUS sv heart increases) ) 

(STATUS calcium myocardium increases) ) ) 
(( INTRODUCE verapamil) 

=> 
(MECHANISM (calcium blocker) ) 
=> 
((STATUS electrical_conduction heart decreases) 

=> 

(STATUS frequency_action_potential sa_node decreases) 
=> 
(STATUS speed_conduction av_node decreases) 
=> 
(STATUS hr any decreases) ) 

((STATUS contractility heart decreases) 
=> 
(STATUS sv heart decreases) 
=> 
(STATUS bp any decreases) ) 

((STATUS vascular_tone periphery decreases) 
=> 
(STATUS vascular_resistance periphery decreases) ) 

((STATUS vascular_tone coronary_vessels decreases) 
=> 
(STATUS blood-flow heart increases) )) 

Figure 20. Interaction of Digoxin and Verapamil. 
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Interaction between digoxin 
digoxin decreases parameter 
at location = sa_node 
and verapamil decreases the 
location. 
Interaction between digoxin 
digoxin decreases parameter 
location = av_node 
and verapamil decreases the 

Location. 

Interaction between digoxin 
digoxin decreases parameter 
and verapamil decreases the 
location. 

Interaction between digoxin 
digoxin decreases parameter 
location = heart 
and verapamil decreases the 
location. 

Interaction between digoxin 
digoxin decreases parameter 
and verapamil decreases the 
location. 

Interaction between digoxin 
digoxin decreases parameter 
and verapamil decreases the 
location. 

Interaction between digoxin 
digoxin increases parameter 
location = heart 
and verapamil decreases the 
location. 

Interaction between digoxin 
digoxin increases parameter 
and verapamil decreases the 
location. 

and verapamil because: 
= frequency_action_potential 

Same parameter at the same 

and verapamil because: 
= speed_conduction at 

same parameter at the same 

and verapamil because: 
= hr at location = any 
same parameter at the same 

and verapamil because: 
= contractility at 

Same parameter at the same 

and verapamil because: 
= sv at location = heart 
same parameter at the same 

and verapamil because: 
= bp at location = any 
same parameter at the same 

and verapamil because: 
= contractility at 

same parameter at the same 

and verapamil because: 
= sv at location = heart 
same parameter at the same 

digoxin and verapamil are interacting because 
they have cellular mechanisms that decrease same physiology. 
(Continuation of Figure 20 on page 122.) 
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(( INTRODUCE digoxin) 
=> 

((MECHANISM (muscarinic stimulant) ) 
=> 

((STATUS frequency_action_potential sa_node decreases) 
=> 

(STATUS speed_conduction av_node decreases) 
=> 

(STATUS hr any decreases) ) 
((STATUS contractility heart decreases) 

=> 

(STATUS sv heart decreases) 
=> 

(STATUS bp any decreases) ) ) 
( (MECHANISM (sodium_potassium_atp_ase inhibitor) ) 

=> 

((STATUS contractility heart increases) 
=> 
(STATUS bp any increases) 
(STATUS perfusion body increases) 
(STATUS sv heart increases) ) 

(STATUS calcium myocardium increases) )) 
(( INTRODUCE verapamil) 

=> 
(MECHANISM (calcium blocker) ) 
=> 

((STATUS electrical_conduction heart decreases) 
=> 
(STATUS frequency_action_potential sa_node decreases) 
=> 
(STATUS speed_conduction av_node decreases) 
=> 
(STATUS hr any decreases) ) 

((STATUS contractility heart decreases) 
=> 
(STATUS sv heart decreases) 
=> 

(STATUS bp any decreases) ) 
((STATUS vascular_tone periphery decreases) 

=> 
(STATUS vascular_resistance periphery decreases) ) 

((STATUS vascular_tone coronary_vessels decreases) 
=> 
(STATUS blood-flow heart increases) )) 

Figure 21. Interaction of Digoxin, Verapamil and 
Nitroprusside. 
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(( INTRODUCE nitroprusside) 
=> 
((MECHANISM (venous_smooth_muscles relax) ) 

=> 

(STATUS preload veins decreases) 
=> 

(STATUS stretch myocardium decreases) 
=> 

(STATUS sv heart decreases) 
=> 

(STATUS bp any decreases) ) 
((MECHANISM (arterial_smooth_muscles relax) ) 

=> 
(STATUS afterload arteries decreases) 
=> 

(STATUS vascular_resistance arteries decreases) 
(STATUS sv heart increases) )) 

Interaction between digoxin 
digoxin decreases 

and verapamil because: 

parameter = frequency_action_potential at 
location = sa_node and verapamil 
decreases the same parameter at the same location. 

Interaction between digoxin 
digoxin decreases parameter 
location = av_node 
and verapamil decreases the 
same location. 

Interaction between digoxin 
digoxin decreases parameter 
and verapamil decreases the 
same location. 

Interaction between digoxin 
digoxin decreases parameter 
location = heart 
and verapamil decreases the 
same location. 

Interaction between digoxin 
digoxin decreases parameter 
and verapamil decreases the 
same location. 

and verapamil because: 
= speed_conduction at 

same parameter at the 

and verapamil because: 
= hr at location = any 
same parameter at the 

and verapamil because: 

= contractility at 

same parameter at the 

and verapamil because: 
= sv at location = heart 
same parameter at the 

(Continuation of Figure 21 on page 124.) 

Chapter 5. Results 125



Interaction between digoxin 
digoxin decreases parameter 
and verapamil decreases the 
same location. 

Interaction between digoxin 
digoxin increases parameter 
location = heart 
and verapamil decreases the 
same location. 
Interaction between digoxin 
digoxin increases parameter 
and verapamil decreases the 
same location. 

Interaction between digoxin 
digoxin increases parameter 
and verapamil decreases the 
same location. 

Interaction between digoxin 
digoxin decreases parameter 
and nitroprusside decreases 
same location. 

Interaction between digoxin 
digoxin decreases parameter 
and nitroprusside increases 
same location. 

Interaction between digoxin 
digoxin decreases parameter 
and nitroprusside decreases 
same location. 

Interaction between digoxin 
digoxin increases parameter 
and nitroprusside decreases 
same location. 

and verapamil because: 
= bp at location = any 
Same parameter at the 

and verapamil because: 
= contractility at 

same parameter at the 

and verapamil because: 
= bp at location = any 
Same parameter at the 

and verapamil because: 

= sv at location = heart 
same parameter at the 

and nitroprusside because: 
= sv at location = heart 
the same parameter at the 

and nitroprusside because: 
= sv at location = heart 
the same parameter at the 

and nitroprusside because: 
= bp at location = any 
the same parameter at the 

and nitroprusside because: 
= sv at location = heart 
the same parameter at the 

Interaction between verapamil and nitroprusside because: 
verapamil decreases parameter = 
and nitroprusside decreases 
same location. 

sv at location = heart 
the same parameter at the 

Interaction between verapamil and nitroprusside because: 
verapamil decreases parameter = 
and nitroprusside increases 
same location. 

sv at location = heart 

the same parameter at the 

(Continuation of Figure 21 on page 124.) 
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Interaction between verapamil and nitroprusside because: 
verapamil decreases parameter = bp at location = any 
and nitroprusside decreases the same parameter at the 
same location. 
digoxin and verapamil are interacting because 
they have cellular mechanisms that decrease same physiology. 

digoxin and verapamil are interacting because 
they have cellular mechanisms that decrease same physiology. 

digoxin and nitroprusside are interacting because 
both decrease the same clinical effect. 

digoxin and nitroprusside are interacting because 
reason for interaction is unknown 

digoxin and nitroprusside are interacting because 
both increase the same clinical effect. 

verapamil and nitroprusside are interacting because 
both decrease the same clinical effect. 

verapamil and nitroprusside are interacting because 
reason for interaction is unknown 
(Continuation of Figure 21 on page 124.) 
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Drugs 

Propranolol 
and 
Hydralazine 

Furosemide 

and 

Digoxin 

Verapamil 
and 
Propranolol 

Propranolol 
and 
Epinephrine 

Dibenzyline 
and 
Propranolol 

Nitroglycerin 
and 
Hydralazine 

Table 2. 

Interactions 

P:SV dec and 
H:SV dec 

P:BP dec and 
H:BP dec 

F:SV dec and 
D:SV dec 
F:BP dec and 
D:BP dec 
F:SV inc and 
D:SV dec 

dec and 
dec 

ond dec and 
ond dec 

dec and 
dec 
dec and 

Fo 
Fy 

Q
a
 

P
S
P
S
 
S
S
 

ai
o b8

 

V:BP dec and 

Antagonists 
at beta-one 
receptors 

D:BP dec and 
P:BP dec 

N:BP dec and 
H:bp dec 
N:SV dec and 
H:SV inc 
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Confirmation 

in Literature 

Schneeweiss 

1986 p.330 

No: significant 
interaction 
is 
pharmacokinetic 

Shinn 1985 pl129 
Schneeweiss 
1986 p263 

Partially 
Shinn 1985 p486 

Shinn 1985 p335 

Schneeweiss 
1986 p 61 

Summary of Interactions 

Confirmation 

by Experts 

Yes 

No :need 

quantification 
to 

differentiate 
small effects 
from large 
effects 

Yes 

Partially- 
no mention of 
alpha-one 
imbalance 

Yes 

Yes 
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Drugs 

Isoproterenol 
and 
Epinephrine 

Isoproterenol 
and 
Propranolol 

Epinephrine 
and 
Nitroglycerin 

Epinephrine 
and 
Nitroprusside 

Methanechol 

and 

Atropine 

Methanechol 
and 
Propranolol 

Verapamil 
and 

Nitroglycerin 

Interactions 

Agonists 
at beta-one 
receptors 

Antagonists 
at beta-one 
receptors 

E:BP ince and 
N:BP dec 
E:SV dec and 
N:SV inc 
E and N:BP dec 

E:BP inc and 
N:BP dec 
E:SV ine and 
N:SV dec 
E and N:SV ine 
E and N:BP dec 

Antagonists 
at Muscarinic 
Receptors 

and 

and 

S
S
 

S
S
S
S
E
E
E
 and P:AP dec 

and P:Cond dec 
and P:HR dec 

P:Cont dec 
and P:SV dec 

P:BP dec 

and N:SV dec 
and N:BP dec 

Confirmation 

in Literature 

Goodman 
1975 p484 

Goodman 

1975 p 549 

similar 
interaction 
Schneeweiss 
1986 p696 

similar 
Schneeweiss 
1986 p707 

Goodman 

1975 p516 

Goodman 
1975 p 434 

Schneeweiss 
1986 p245 

(continuation of Summary Table) 
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Confirmation 

by Experts 

Partially 
need 
differentiation 
of alpha-one 
and beta-one 
sites 

partially- 
need location 
specific 
information 

Yes 

Yes 

Yes 

Yes 

Yes 

129



Drugs Interactions Confirmation 

in Literature 

Nitroprusside N:SV dec and Significant 
and D:SV dec interaction 
Digoxin N:SV dec and is 

D:SV inc pharmacokinetic 
N and D:BP dec 
N and D:SV inc 

Digoxin D and V:AP dec Shinn 1985 p532 
and D and V:Cond dec 
Verapamil D and V:HR dec 

D and V:Cont dec 
D and V:SV dec 
D and V:BP dec 
D:Cont inc and 
V:Cont dec 
D:SV inc and 
V:SV dec 

Legend 

HR heart rate 
BP blood pressure 
AP action potential 
Cont contractility 
Cond speed of conduction 
SV stroke volume 
dec decreases 
inc increases 

(continuation of Summary Table) 
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Confirmation 

by Experts 

Yes-but 
need 
quantification 

Partially- 
need 
quantification 
of effects 
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CHAPTER 6. DISCUSSION AND CONCLUSIONS 

We have shown that it is possible to build a causal qualita- 

tive model of drug interactions based on three levels of drug 

action: molecular/receptor level, physiological level and 

clinical level. In the last chapter we used this model, 

TLCM, to predict pharmacodynamic interactions among 

cardiovascular drugs. In this chapter we will discuss the 

successes and failures of TLCM and conclude the chapter by 

discussing implications for further research. 

UCCESS E 

A causal qualitative model is a way of dealing with gaps in 

knowledge of physiology. It allows us to get around gaps 

without distortion of effect. If we know that A causes 2 

there could be other causal steps between A and Z that we 

could leave out because of ignorance or because of a need to 

simplify. These omitted steps do not change the relationship 

between A and Z so that reasonable conclusions could be made 

despite the gaps between A and Z. In a sense we may be col- 

lapsing a long chain of events into just a few steps but this 

may be all the information available. 
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Modularity 

TLCM is designed so that drug specific information is limited 

to one or two rules where the drug initiates a change in 

physiology or where the drug acts at a molecular 

receptor/mechanism. All the other information in TLCM is 

specific to the functioning of the cardiovascular system. 

In other words, cardiovascular system information is inde- 

pendent of drug information. 

This design technique of keeping cardiovascular information 

separate from drug information is very useful because it 

makes it quite easy to add new drugs, it fits the 

pharmacological concept that drugs cannot add new physiology 

and it allows the model to focus on the physiology of the 

cardiovascular system as a separate issue from drug actions. 

We need only identify a new drug's mechanisms and add the 

facts that link the drug with these mechanisms in order to 

add a new drug to TLCM. 

TLCM has limitations of two types. The first sort of limi- 

tation involves the limitations imposed by the investigators 

to simplify the problem. The second sort of limitation is 
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caused by the functioning of TLCM. We will discuss both of 

these types of limitations. 

By design TLCM is limited to pharmacodynamic actions and 

interactions among a small subset of cardiovascular drugs. 

Pharmacodyanamic interactions account for about 5-25 percent 

of all interactions. In order to be useful for more than 

research purposes TLCM should include many more drugs, co- 

herence rules involving additional body systems and capabil- 

ities for predicting pharmacokinetic interactions. 

Because TLCM is highly modular it would probably be easy to 

add additional drugs. Also because PROLOG has the capability 

of adding statements to itself it would be possible to write 

a routine to add additional drugs with minimal effort. 

We believe it would be possible for a knowledgeable program- 

mer to add the coherence rules of other body systems so that 

TLCM could be used for interactions other than those involv- 

ing cardiovascular drugs. This task would require domain 

knowledge far beyond that of the author. 

The possibilty of adding capacity for predicting 

pharmacokinetic interactions is much less possible as that 
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addition would require time reasoning and quantitative fa- 

cilities. In practical terms development of a 

pharamacokinetic system that could interact with TLCM would 

probably be an independent project. 

TLCM deals with drug actions at three functional levels. In 

reality there are at least four levels of drug action and 

more levels may yet be discovered. Again due to the modular 

nature of TLCM a fourth or more levels of drug action could 

be implemented. 

TLCM does not model pathology in the patient. Modeling 

pathology seems to be possible but would require that some 

quantitative functions be added to TLCM. For instance a 

failing heart will respond differently to digoxin than will 

a normal heart. However we must have some way of quantifying 

the degree of failure to judge the effect of digoxin on it. 

The lack of quantitative capabilities is a problem in other 

respects and will be discussed further in the following 

sections of this chapter. 

tio b u 

In the last chapter we looked at results from fifteen inter- 

actions between cardiovascular drugs. TLCM identified many 

potential interactions some of which were confirmed by con- 
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sultation with experts and from the medical literature. This 

testing demonstrated some problems inherent in TLCM. These 

problems include lack of quantitative capabilities, the lack 

of attention to anatomical sites of molecular and physiolog- 

ical functions, and the lack of either chemical or physical 

feedback. 

Lack of Quantitative Capacity 

TLCM only indicates direction of changes in parameters. A 

parameter such as blood pressure or contractility can be 

normal, above normal, or below normal. This is not an ade- 

quate representation of degree in many situations. A partic- 

ular problem linked to lack of qualitative considerations 

occurs when a drug has more than one receptor. An example 

of such a drug is digoxin which is an ATPase inhibitor and a 

stimulant of muscarinic receptors. Digoxin is clinically 

useful because by inhibiting sodium and potassium ATPase it 

increases contractility of a failing heart. Digoxin's effect 

at the muscarinic receptors is to decrease contractility and 

stroke volume. On paper it looks like digoxin is interacting 

with itself since it both increases and decreases 

contractility. The effect at the muscarinic receptor however 

is very minor compared to the effect digoxin achieves by 

inhibiting sodium and potassium ATPase. 
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Another problem related to lack of quantification involves 

relative strengths of different drugs at the same receptors. 

Adrenergic stimulators affect alpha and beta receptors. 

However, particular drugs are more active at one receptor or 

the other. TLCM cannot differentiate between relative ef- 

fects of drugs such as epinephrine and norepinephrine at 

alpha-one and beta-one receptors. 

Lack of Feedback 

Feedback in the cardiovascular system is rather complex. 

There are instances of feedback from the central nervous 

system as a result of baro and chemical receptors. There is 

also feedback of a mechanical hydraulic nature as blood pumps 

through the system. The cardiovascular system is a closed 

loop of set length. Blood pumped from the heart into the 

arteries affects blood flow in the capillaries which affects 

blood flow in the veins which comes back to affect blood flow 

in the heart. For instance decreasing afterload will de- 

crease resistance to blood flow and blood pressure which will 

work around from the arteries to the capillaries to the veins 

and back to the heart to increase stroke volume. In TLCM drug 

actions are linear and there is no way of predicting changes 

back at the beginning of the loop. 

Chapter 6. Discussion and Conclusions 136



The next chapter describes a causal model of a beating heart. 

This model follows the loop of blood flow from left ventricle 

to right atrium and will continue to beat any number of 

times. A model such as the beating heart could be used with 

TLCM to close the loop of continuity of blood flow in the 

cardiovascular system and to provide feedback information. 

USALITY 

Some of the terminology in this thesis echoes terminology in 

other fields such as the social sciences where causal models 

are frequently discussed (Asher 1983, Blalock 1985). It is 

interesting to note whether this similarity in terminology 

is a functional similarity. 

The causality captured in TLCM is the same type of causality 

that social scientists attempt to capture in their models. 

However we can experimentally demonstrate causality where a 

change in a antecedent variable such as preload leads to a 

change in a consequent variable such as blood pressure. In 

the case of the social sciences such changes are investigated 

non-experimentally and hypothesized based on correlations 

between independent and dependent variables. The degree of 

correlation or covariance between variables leads to path 

coefficents derived from statistical regressions or 

covariance models such as LISREL. The path coefficents are 
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decimals indicating that a unit change in the antecedent 

variable yields the coefficent times a unit change in the 

consequent variable. Unfortunately strong correlations often 

exist between variables when there is no causation. This 

type of situation has been called spurious correlation (Simon 

1977). In TLCM we have stronger evidence for causality than 

can be claimed by statistical correlation. 

U SE 

The most pressing need for TLCM is a quantitative module that 

could be used when quantitative information is available or 

when a quantified differentiation is desired. Because we are 

dealing with a system where quantification is not always 

possible we need also to retain as much qualitative func- 

tioning as possible. We foresee a qualitative mapping func- 

tion whereby qualitative information at one level of the 

model gets mapped to other levels when it is available and 

necessary. 

We have designed a causal qualitative model of drug inter- 

actions that has been moderately successful in predicting 

interactions despite the lack of quantitative reasoning. It 

has overcome problems of prediction shown in an earlier 
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causal model, Model of the Body (MOB) (Eichelman 1985), which 

makes incorrect predictions despite correct causal relation- 

ships. Because TLCM includes shallow and deep reasoning re- 

garding drug actions it helps overcome the problem of 

unknowness in medical reasoning. In its current state TLCM 

would be most useful to students, emergency technicians and 

nurses. Further work might involve expanding TLCM to include 

more body systems and adding some quantitative capacities in 

a relative sense if not in an absolute sense. The next chap- 

ter will show a model of a beating heart that could be used 

in conjunction with TLCM to model drug actions more com- 

pletely. 
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CHAPTER 7. A CAUSAL MODEL OF A BEATING HEART 

ODU 0 

Computer models of the cardiovascular system have been con- 

structed (Chau 1984, Bourne 1983, Shibahara 1984, Burattini 

1985, Piene 1983, Gedeon 1983, Kresh 1984, Twizell 1980, 

Schiffman 1985, Beneken 1968) for research, teaching and di- 

agnosis. These models have had varying degrees of success. 

Common to most of them is a reliance on mathematical methods. 

The mathematical methods they are based on are either empir- 

ical or theoretical (Chokhani 1981). This chapter describes 

a model of the heart that relies on causality relationships 

rather than empirical or theoretical mathematical methods. 

A model for predicting cardiovascular drug actions would be 

fairly complete if it included a pharmacokinetic module, a 

pharmacodynamic module and a physiological model of the 

cardiovascular system as a hemodynamic system. The 

pharmacokinetic module would estimate how much of the drug 

dose was present at the receptors/mechanism. The 

pharmacodynamic module would trace drug action from the 

receptor/mechanism to the clinical effect of the drug and the 

hemodynamic module would allow feedback to occur. Inter- 

actions could be predicted based on this complete estimation 
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of drug action. Figure 22 on page 142shows such a system for 

predicting drug actions. The previous 6 chapters of this 

thesis describe a pharmacodynamic module, labeled TLCM on 

Figure 22 on page 142. The rest of this chapter describes a 

heart model that could be part of a complete hemodynamic 

model of the cardiovascular system. 

Cardiovascular drugs, particulary those used in emergency 

situations, can have affect after just a few heart beats. For 

example, drugs that act by affecting electrolyte concen- 

trations may function within one heart beat (Ehrich 1988). 

Therefore the fine granularity achieved with this model is 

necessary in a complete drug interaction model. An even finer 

granularity, at the molecular level, of ligand to receptor 

or enzyme binding might be useful as pharmacodynamic infor- 

mation becomes more complete. 

A physiological model of a beating heart (Guyton 1986) was 

created using WIF (Whitehead 1988; see Literature Review for 

a description of WIF). This model of a beating heart was 

developed during preliminary work on a predictive drug 

interaction expert system (Chapter l- Chapter 6). Its pur- 

pose was to provide deep reasoning for a system used to pre- 
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Figure 22. A Complete Model for Predicting Drug 
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dict drug interactions of the cardiovascular system (chapter 

&). 

For the purposes of this model, the cardiac cycle has been 

broken down into five stages. The output of each stage be- 

comes the input of the next stage. This maintains a causality 

driven cycle based on the anatomy and physiology of the 

mammalian heart. 

The mammalian heart is pump composed of four compartments. 

These compartments are separated by valves that open and 

close passively as a result of pressure differences in the 

compartments that ajoin the valves. An action potential in- 

itiated by the sinoatrial node compels the chambers to con- 

tract periodically which causes blood to be expelled. The 

force of contraction is controlled to a large extent by the 

stretching of the compartment walls which in turn is caused 

by blood returning during the previous filling stage. 

-St a 

The Frank-Starling Law of the heart (Guyton 1986) states that 

the heart pumps out all blood that comes to it during the 

previous filling stage. The mechanism that explains this law 
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involves the stretching of striated muscle that make up the 

heart. Striated muscle contracts with a force proportional 

to the degree to which it has been stretched. Therefore, 

"Within physiological limits, the heart pumps all the blood 

that comes to it without allowing excessive damming of blood 

in the veins."(Guyton 1986,p.158). 

This law is an example of the causality inherent in physiol- 

ogy. The relationship of cardiac fill to cardiac output is 

unidirectional and there are causal steps connecting cardiac 

fill to cardiac output. This intrinsic control of cardiac 

output is crucial in tying one cycle of heart beat to the 

next. 

Anatomy of the Heart 

The four chambers of the mammalian heart are called the right 

atrium, right ventricle, left atrium and left ventricle. The 

tricuspid valve separates the right atrium and right 

ventricle. The pulmonary valve separates the right ventricle 

and the pulmonary artery. On the left side of the heart the 

Mitral valve separates the left atrium from the tleft 

ventricle and the aortic valve separates the left ventricle 

and aorta. 
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Figure t3—4. Scructure of the heart, and course of blood flow 
through the heart chambers. 

Figure 23. Four Chambered Heart (Guyton 1986 p 165). 
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Five Stage Cycle 

Blood circulates from the major veins (superior vena cava and 

inferior vena cava) to the right atrium and then into the 

right ventricle. The right atrium is a primer pump and the 

right ventricle a power pump. Together the right atrium and 

right ventricle circulate blood to the lungs where it is 

oxygenated. Oxygenated blood from the lungs is received into 

the left atrium and then into the left ventricle. From there 

it is pumped to the aorta and other major arteries of the 

body. The cardiac cycle is completed by return of blood from 

the veins back to the right side of the heart. See Figure 23 

on page 145. 

Stimulation from the sinoatrial node causes the two atria to 

contract. The heart muscle is a physically continuous 

syncitium of fibers so that action potential spontaneously 

spreads from one part of the heart to another. Stimulation 

of the atria progresses to the ventricles of the healthy 

heart with a lag period of about one tenth of a second. 

Therefore the atria contract a fraction of a second before 

the two ventricles. This lag allows the the atria to empty 

into the ventricles, increasing pressure and stretch in the 

ventricles which primes the ventricles so they will contract 

more forcefully. 
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The major division in the cardiac cycle is between diastole 

and systole. Diastole is the period of relaxation of the 

heart muscle when the blood flows freely into the atria and 

then into the ventricles. During systole, the contraction 

stage, the atria contract. The atrial contraction is fol- 

lowed by the ventricles forcing blood out of the heart. 

Systole and diastole can be broken down into five functional 

stages: atrial systole, ventricular contraction, ejection, 

ventricular relaxation and filling. Since these stages are 

temporally sequential and causally related they can be used 

in a causal model and will be explained further. 

Atrial Systole: Atrial systole is specified as the first 

stage in the model. It is initiated by the action potential 

generated in the S-A node. Previous to atrial systole the 

mitral and tricuspid valves are open and the pulmonary and 

aortic valves are closed. Blood flows freely from the veins 

into the atria and then into the ventricles. The volume in 

the atria and ventricles increases because the pulmonary and 

aortic valves are closed. During atrial systole the con- 

tracting atria force their contents into the ventricles in- 

creasing the volume of the ventricles and the pressure of the 

atria and ventricles. There is now slightly greater pressure 

on the atrial side than the ventricular side of the A-V 

valves (mitral and tricuspid valves) causing these valves to 

close. 
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Ventricular Contraction After a brief lag time the action 

potential reaches the ventricles and contraction of the 

ventricles rapidly increases their pressure. The A-V valves 

and the semilunar valves (aortic valve and pulmonary valve) 

are closed. The pressure in the ventricles increases but the 

volume stays the same, giving this stage the alternative name 

of isovolumic contraction. 

Ejection: When the ventricular pressure has risen 

sufficently to force the semilunar valves open, the stage of 

ejection begins. Guyton (1986) divides this stage into rapid 

ejection followed by slow ejection. The blood flows rapidly 

into the arteries and then as the volume of blood decreases 

the flow also decreases. Semilunar valves are open and A-V 

valves are closed keeping the blood circulating in one di- 

rection. 

Ventricular Relaxation As the action potential subsides the 

ventricles quickly relax. Pressure in the aorta and pulmonary 

artery are higher than in the ventricles and the semilunar 

valves snap shut. When the ventricles are sufficiently re- 

laxed the A-V valves reopen initiating the next stage. 

Filling: While the A-V valves are closed there is pooling 

of blood in the atria. As soon as the A-V valves open the 

blood rapidly begins to refill the ventricles. As the pres- 
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Figure 24. Cardiac Cycle (Guyton 1986 p 154). 
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sure in the atria is reduced blood flow into the ventricles 

slows and nearly stops before the next cardiac cycle is ini- 

tiated by the sinoatrial node. 

See Figure 24 on page 149 for a diagram that includes all 

stages of the cardiac cycle. (Guyton 1986). 

Sinoatrial Node 

The action potential that controls the heart beat begins in 

the sinoatrial (S-A) node. The S-A node is composed of spe- 

cialized muscle cells that are rhythmically self-excitatory. 

It is located in the right atrium and connected by special- 

ized conduction tissue to the atrioventricular (A-V) node and 

then to the A-V bundle which conducts the action potential 

to the ventricles. There is a delay of transmission at the 

A-V node which allows the atria to contract before the 

ventricles. This timing delay is essential to the cardiac 

cycle. 

s es a st 

WIF requires a database of 'facts' that define the state of 

the world. The world of the heart and circulatory system 
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consists of entities that are the physical parts of the world 

such as right atrium, tricuspid valve and aorta. In PROLOG 

this is represented as (ENTITY entity_name). Entities have 

statuses such as pressure and volume and states such as open 

and closed. States differ from statuses in that they have a 

finite number of values while statuses have continuous val- 

ues. A status is coded as (STATUS entity_name parameter 

value). A state is coded as (STATE entity_name value). See 

Appendix C for all the heart beat facts encoded in PROLOG and 

listed by modal category. 

Cardiac Stage Transitions 

WIF 'rules' control transitions between stages in the cardiac 

cycle. Conduction of action potential through the heart mus- 

cle causes the atria and ventricles to contract in sequence. 

As contraction and relaxation of the atria and ventricles 

alternate, pressures and volumes rise and fall within these 

chambers and the major arteries. The semilunar and A-V valves 

respond to differential pressures around them by opening and 

closing. These valves are structured such that they are like 

one way swinging doors. They swing outward to allow blood 

flow toward the arteries. When there is back pressure against 

them they seal closed so no back flow of blood occurs toward 

the veins. 
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((ENTITY left_pump) 
(STAGE atrial_systole) 
(BLOOD_FLOW *#locl left_pump *loc2) 
(STATE 
(STATE 
(STATUS 
(STATUS 
(STATUS 
(STATUS 
(STATUS 

--> 

mitral_valve open) 
aortic_valve closed) 
left_ventricle volume *vl) 
*loc2 flow *q2) 
left_atrium pressure *pl) 
left_ventricle pressure *p2) 
aorta pressure *p3)) 

(INCREASE left_ventricle volume *vl 20 *v2) 

(INCREASE left_atrium pressure *pl 5 *p2) 
(INCREASE left_ventricle pressure *p2 6 *p5) 

(DECREA SE aorta pressure *p3 8 *p6) 

(= 0 *q2) 
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eaning of this rule is: 

re considering the left side of the heart. 
the direction of blood flow from the facts. 
t describe the state of the system. 
stage ,as determined by the S-A node, 
atrial-systole. 
mitral valve is open. 

aortic valve is closed. 
volume of left ventricle. 
flow rate at location into which 
od is flowing. 
pressure in left atrium. 
pressure in left ventricle. 
pressure in location into which 
od is flowing. 

status of volume in the left ventricle 
l increase 20 ml. 
status of pressure in the left atrium 

l increase 5 mm HG. 
status of pressure in the left ventricle 

l increase 6 mm HG. 
status of pressure in the aorta will 

rease 8 mm HG. 
w out of the pump should be nil. 
re are new values for the statuses. 

5. Cardiac Stage Transition. 
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The PROLOG representation of stage transitions are rules that 

increase and decrease pressures and volumes in entities. As 

a result statuses and states change. The left hand side (LHS) 

of the rules are facts representing the initial state of the 

world. The right hand side of the rules are the actions that 

result from the current state of the heart. The right hand 

side of the rule also gives the states and statuses which 

result from the actions. See Figure 25 on page 152 for an 

example of a transition rule. 

There is also a rule for each of the five stages of the 

cardiac cycle. These rules are fired when a new stage is 

reached. See Appendix D for PROLOG code of the five stages 

of the heart beat. Stage changes are forced by calls coming 

from the S-A node which is part of the shell around WIF. 

In addition to the rules governing stage transitions there 

are ‘common sense' rules which express basic premises such 

as: a valve cannot be both opened and closed. Some very im- 

portant rules of this type are the ones that determine if a 

valve is open or closed. See Figure 26 on page 154 for these 

rules. 
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((CONNECTS *valve *locationl *locationz2) 
(STATUS *locationl pressure *p1l) 
(STATUS *location2 pressure *p2) 

(> *p2 *pl) 
-> 

(STATE *valve closed) ) 

((CONNECTS *valve *locationl *locationz) 
(STATUS *locationl pressure *pl1) 
(STATUS *location2 pressure *p2) 

(<= *p2 *pl) 
-> 

(STATE *valve open) ) 

The first rule which determines that a valve 

is closed states; 

1.There is a valve connecting locationl and locationz2. 
2.The pressure at locationl is pl. 
3.The pressure at location2 is p2. 
4.p2 is greater than pl. 

THEN : 
The valve is closed. 

Similarly the second rule that determines 
that a valve is open states: 

IF: 

1.There is a valve connecting locationl and location2. 
2.The pressure at locationl is pl. 
3.The pressure at location2 is p2. 
4.p2 is less than or equal to pl. 

THEN: 
The valve is open. 

Figure 26. Rules governing valve opening and closing 
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MODELING THE SINOATRIAL NODE 

The S-A node of the model perpetuates the stages of the heart 

beat by calling the stages in proper sequence. This mimics 

the action potential that starts at the S-A node and is con- 

ducted from the atria to the ventricles in a predictable and 

repeating pattern. The coding of the S-A node is accomplished 

by repeatedly calling WIF, each time with another stage in 

the heart beat as a counterfactual. See Appendix E for the 

PROLOG code that models the sino-atrial node. 

As each stage is called it triggers the rule that gives the 

consequences of that stage. Then, due to the nature of WIF, 

as described in Chapter 2, an and/or tree of triggered rules 

and consequences is produced. WIF selects the branch of this 

tree to be the new state of the system that requires changing 

the least number of least believed facts. For an example of 

the facts triggered and changed by a new stage see Figure 27 

on page 156. 

Consistency of the world is restored after the introduction 

of each stage in the cardiac cycle based on the believability 

of the facts. In this world ENTITIES are most believed and 

STATUSES and STATES are least believed. In between there are 

other types of facts that have not yet been mentioned. Some 

of these are MUTUALLY-EXCLUSIVE states such as open and 
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((STAGE atrial_systole) 
=> 

((NSTATUS aorta pressure 80) 
=> 

(not (STATUS aorta pressure 88) ) 
(NSTATE aortic_valve closed) ) 

((NSTATUS left_atrium pressure 15) 
=> 
(not (STATUS left_atrium pressure 10)) 
((NSTATE mitral_valve closed) 

=> 
(not (STATE mitral_valve open)))) 

((NSTATUS left_ventricle volume 150) 
=> 

(not (STATUS left _ventricle volume 130))) 
((NSTATUS left_ventricle pressure 10)))) 

Figure 27. Trace From WIF after introduction of new 
stage 
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closed or contracted and relaxed. Others are BLOOD-FLOW to 

establish direction through ENTITIES and CLASSES of ENTITIES 

such as that the CLASS of the right-atrium is atrial-pump. 

The physiology and physical structure of the heart determine 

the believability of groups of facts. Then after each new 

stage disrupts the world, consistency can be restored by de- 

leting facts in order of least believed deleted before more 

believed facts from the and/or tree of affected facts. 

Believability of facts can be modified to model cardiac 

pathology. 

B O 0 Oo ODE 

Our model of a beating heart does not now interact with any 

other models. It deals with the minutiae of the heart beat 

broken down into stages. There might be value in tying the 

heart to models of coarser detail. Then one could go back 

and forth from fine granularity to coarse granularity as the 

situation demanded. It might be possible to model the initial 

effect of a drug interaction at the coarser level previously 

described in this thesis. The parameters that result from 

the drugs' effect on the cardiovascular system could be en- 

tered as input to the heart model. The heart could be allowed 

to beat one or more times and the cardiovascular parameters 

observed during this process. 
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The drug interaction model described in this thesis looks 

at the cardiovascular system at one slice in time. There is 

no time component in the module. I can foresee tying the 

heart to the drug interaction model as a fine grained timing 

mechanism. 

This model lacks most of the feedback mechanisms that occur 

in the beating heart. It is just a small part of a much more 

complex system. Incorporating it into a complete 

cardivascular system might be hindered by the quantitative 

statuses used in this model. Use of qualitative values for 

statuses is probably possible but has not yet been imple- 

mented. 

It is possible to build a physiological model of a beating 

heart without using mathematical formulas, either empirical 

oer theoretical. This relies upon causal relationships that 

are mainly qualitative. When necessary, quantitative re- 

lationships can be incorporated. Modeling using causality 

rather than mathematical formulas has numerous advantages 

that have been already discussed in this thesis. In summary, 

a causality based model relies on what actually occurs in the 
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heart. There are no mathematical constructs needed to de- 

scribe the natural phenomena of the beating heart. A causal- 

ity based model is highly modular allowing modeling of 

individual idiosyncrasies and pathology of individual cases. 

Due to the ability of WIF to restore consistency after in- 

troducing one or more counterfactuals, the model can be used 

predictively. With increases in computer speed the model can 

be expected to approach real time performance. 

As part of a complete cardiovascular system or even complete 

body model a beating heart would take its natural place as 

the driver of circulation and an inherent timing device. 

There is much more that can be done with physiological-causal 

models. This model is not the last word but hopefully a pro- 

totype of what can be done when combining causal reasoning 

with physiological models. 
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PPENDIX DRUG MODEL: FACTS 

This is a file of PROLOG statements that represent facts used 

as input into WIF. These facts are in two modal categories. 

The facts in modal category 10 are more believed and there- 

fore less likely to change than the facts in modal category 

50. 

(mk_facts 10 

( INTRODUCE 

(MECHANISM 

(MECHANISM 

(MECHANISM 

(MECHANISM 

(MECHANISM 

(MECHANISM 

(MECHANISM 

(MECHANISM 

(MECHANISM 

(MECHANISM 

(MECHANISM 

(MECHANISM 

(MECHANISM 

(MECHANISM 

(MECHANISM 

Appendix A. 

drug ) 

(alpha_one stimulant) ) 

(alpha_one blocker) ) 

(alpha_two stimulant) ) 

(alpha_two blocker) ) 

(beta_one stimulant) ) 

(beta_one blocker) ) 

(beta_two stimulant) ) 

(beta_two blocker) ) 

(muscarinic stimulant) ) 

(muscarinic blocker) ) 

(calcium blocker) ) 

(sodium_potassium_atp_ase inhibitor) ) 

(sodium_water decrease) ) 

(potassium decrease) ) 

(venous_smooth_muscles relax) ) 
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(MECHANISM (arterial_smooth_muscles relax) ) 

(DRUG norepinephrine (alpha_one stimulant) ) 

(DRUG dibenzyline (alpha_one blocker) ) 

(DRUG atropine (muscarinic blocker) ) 

(DRUG methanechol (muscarinic stimulant) ) 

(DRUG isoproterenol (beta_one stimulant) ) 

(DRUG epinephrine (alpha_one stimulant) ) 

(DRUG epinephrine (beta_one stimulant) ) 

(DRUG propranolol (beta_one blocker) ) 

(DRUG nitroglycerin (venous_smooth_muscles relax) ) 

(DRUG hydralazine (arterial_smooth_muscles relax) ) 

(DRUG nitroprusside (venous_smooth_muscles relax) ) 

(DRUG nitroprusside (arterial_smooth_muscles relax) ) 

(DRUG verapamil (calcium blocker) ) 

(DRUG furosemide (potassium decrease) ) 

(DRUG furosemide (sodium_water decrease) ) 

(DRUG digoxin (muscarinic stimulant) ) 

(DRUG digoxin (sodium_potassium_atp_ase inhibitor) ) 

) 

(mk_facts 50 

(STATUS perfusion heart normal) 

(STATUS contractility heart normal ) 

(STATUS contractility ventricle normal ) 

(STATUS vascular_resistance periphery normal) 
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(STATUS 

(STATUS 

(STATUS 

(STATUS 

(STATUS 

(STATUS 

(STATUS 

(STATUS 

(STATUS 

(STATUS 

(STATUS 

(STATUS 

(STATUS 

(STATUS 

(STATUS 

(STATUS 

(STATUS 

(STATUS 

(STATUS 

(STATUS 

(STATUS 

(STATUS 

(STATUS 

(STATUS 

(STATUS 

(STATUS 

Appendix A. Drug Model: Facts 

vascular_tone cornary_vessels normal) 

electrosensitivity heart normal) 

speed_conduction av_node normal) 

arrhythmias heart none) 

preload veins normal) 

afterload arteries normal) 

calcium myocardium normal) 

electrical_conduction heart normal) 

frequency_action_potential av_node normal ) 

frequency_action_potential sa_node normal ) 

force_contraction heart normal) 

contraction heart normal) 

tone vascular normal) 

tone coronary normal) 

resistance vascular normal) 

blood_flow heart normal) 

bp any normal ) 

hr any normal ) 

sv heart normal ) 

vaso_constriction periphery normal ) 

vaso_dilation periphery normal ) 

conduction heart normal ) 

dilation coronary_vessels normal ) 

vascular_resistance periphery normal ) 

vaso_dilation arteries normal ) 

vaso_dilation veins normal ) 
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APPENDIX B. DRUG MODEL: COHERENCE RULES 

This is a file of coherence rules composed of PROLOG state- 

ments. It will be used as input to WIF in order to trace a 

causal chain of effects after the introduction of a drug into 

a patient. 

(mk_rules 

; If a mechanism affected by a drug is known then find 

all the results of the drug caused by this mechanism. 

(( INTRODUCE *drug ) 

(DRUG *drug *mechanism) 

-> 

(MECHANISM *mechanism) ) 

( (MECHANISM (potassium decreases) ) 

-> 

(STATUS electrosensitivity heart increasess) ) 

((MECHANISM (sodium_water decreases) ) 

-> 

(STATUS preload veins decreasess) ) 

((MECHANISM (sodium_water decreases) ) 
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-> 

(STATUS afterload arteries decreasess) ) 

((MECHANISM (sodium_potassium_atp_ase inhibitor) ) 

-> 

(STATUS contractility heart increasess) ) 

((MECHANISM (sodium_potassium_atp_ase inhibitor) ) 

-> 

(STATUS calcium myocardium increasess) ) 

( (MECHANISM (alpha_one stimulant) ) 

~> 

(STATUS vaso_constriction periphery increasess) ) 

((MECHANISM (alpha_one blocker) ) 

-> 

(STATUS vaso_constriction periphery decreasess) ) 

( (MECHANISM (beta_one stimulant) ) 

=-> 

(STATUS electrical_conduction heart increasess) ) 

( (MECHANISM (beta_one stimulant) ) 

=> 

(STATUS contractility heart increasess) ) 
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((MECHANISM (beta_one stimulant) ) 

-> 

(STATUS vascular_tone coronary_vessels decreasess) ) 

((MECHANISM (beta_one stimulant) ) 

-> 

(STATUS vascular_tone periphery decreasess) ) 

((MECHANISM (beta_one blocker) ) 

-—> 

(STATUS frequency_action_potential sa_node decreasess) ) 

( (MECHANISM (beta_one blocker) ) 

-> 

(STATUS contractility heart decreasess) ) 

((MECHANISM (venous_smooth_muscles relax) ) 

-> 

(STATUS preload veins decreasess) ) 

( (MECHANISM (arterial_smooth_muscles relax) ) 

=-> 

(STATUS afterload arteries decreasess) ) 
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((MECHANISM (muscarinic stimulant) ) 

-> 

(STATUS frequency_action_potential sa_node decreasess) ) 

((MECHANISM (muscarinic stimulant) ) 

-> 

(STATUS contractility heart decreasess) ) 

((MECHANISM (muscarinic blocker) ) 

=> 

(STATUS frequency_action_potential sa_node increasess) ) 

((MECHANISM (muscarinic blocker) ) 

-~> 

(STATUS contractility heart increasess) ) 

((MECHANISM (calcium blocker) ) 

-> 

(STATUS electrical_conduction heart decreasess) ) 

( (MECHANISM (calcium blocker) ) 

-> 

(STATUS contractility heart decreasess) ) 

((MECHANISM (calcium blocker) ) 
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-> 

(STATUS vascular_tone periphery decreasess) ) 

(MECHANISM (calcium blocker) ) 

-> 

(STATUS vascular_tone coronary_vessels decreasess) ) 

((STATUS vascular_tone periphery decreasess) 

-> 

(STATUS vascular_resistance periphery decreasess) ) 

((STATUS vascular_resistance periphery decreasess) 

-> 

(STATUS bp any decreasess) ) 

((STATUS vascular_tone coronary_vessels decreasess) 

-> 

(STATUS blood-flow heart increasess) ) 

((STATUS calcium myocardium increasess) 

-> 

(STATUS contractility heart increasess) ) 

((STATUS electrosensitivity heart increasess) 

-> 

(STATUS arrhythmias heart increasess) ) 
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((STATUS contractility heart increasess) 

-> 

(STATUS perfusion body increasess) ) 

((STATUS contractility heart increasess) 

-> 

(STATUS sv heart increasess) ) 

((STATUS contractility heart decreasess) 

=> 

(STATUS sv heart decreasess) ) 

((STATUS preload veins decreasess) 

-> 

(STATUS stretch myocardium decreasess) ) 

((STATUS stretch myocardium decreasess) 

-> 

(STATUS sv heart decreasess) ) 

((STATUS sv heart decreasess) 

=> 

(STATUS bp any decreasess) ) 
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((STATUS afterload arteries decreasess) 

-> 

(STATUS bp any decreasess) ) 

((STATUS frequency_action_potential sa_node decreasess ) 

-~> 

(STATUS speed_conduction av_node decreasess) ) 

((STATUS speed_conduction av_node decreasess) 

-> 

(STATUS hr any decreasess )) 

((STATUS frequency_action_potential sa_node increasess ) 

-> 

(STATUS speed_conduction av_node increasess) ) 

((STATUS speed_conduction av_node increasess) 

-> 

(STATUS hr any increasess )) 

((STATUS electrical_conduction heart decreasess) 

-> 

(STATUS frequency_action_potential sa_node decreasess) ) 

((STATUS electrical_conduction heart increasess) 

-> 
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(STATUS frequency_action_potential sa_node increasess) ) 

((STATUS contractility heart decreasess ) 

-> 

(STATUS sv heart decreasess )) 

((STATUS contractility heart increasess ) 

-> 

(STATUS sv heart increasess )) 

((STATUS vaso_constriction periphery increasess ) 

-> 

(STATUS vascular_resistance periphery increasess )) 

((STATUS vascular_resistance periphery increasess ) 

-> 

(STATUS bp any increasess )) 

((STATUS vaso_constriction periphery decreasess ) 

-> 

(STATUS vascular_resistance periphery decreasess )) 

((STATUS preload veins decreasess) 

-> 

(STATUS bp any decreasess) ) 
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((STATUS afterload arteries decreasess) 

-> 

(STATUS vascular_resistance arteries decreasess) ) 

((STATUS afterload arteries decreasess) 

-> 

(STATUS sv heart increasess) ) 

((STATUS vascular_resistance arteries decreasess) 

-> 

(STATUS bp any decreasess) ) 
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PPENDIX C. HEART MODEL: FACTS 

This appendix contains the facts needed as input to WIF in 

order to model a beating heart. The facts are in different 

modal categories where the facts in the lowest modal category 

are most believed and least likely to change. 

(mk_facts 10 

(STAGE fill) 

(STATE left_atrium contracted) 

(STATE left_ventricle relaxed) 

(ENTITY 

(ENTITY 

(ENTITY 

(ENTITY 

(ENTITY 

(ENTITY 

(ENTITY 

(ENTITY 

(ENTITY 

(ENTITY 

(ENTITY 

(ENTITY 

(ENTITY 

(ENTITY 

(ENTITY 

Appendix 

right_pump) 

left_pump) 

right_atrium) 

right_ventricle) 

tricuspid_valve) 

pulmonary_valve) 

pulmonary_artery) 

pulmonary_veins) 

pulmonary_capillaries) 

left_atrium) 

mitral_valve) 

left_ventricle) 

aortic_valve) 

aorta) 

coronary_arteries) 
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(ENTITY 

(ENTITY 

(ENTITY 

(ENTITY 

(ENTITY 

(ENTITY 

(ENTITY 

(ENTITY 

(ENTITY 

(ENTITY 

(ENTITY 

(ENTITY 

(ENTITY 

(ENTITY 

(ENTITY 

(ENTITY 

(ENTITY 

coronary_capillaries) 

coronary_veins) 

splanchnic_arteries) 

splanchnic_capillaries) 

splanchnic_veins) 

skin_arteries) 

skin_cpillaries) 

skin_veins) 

renal_arteries) 

renal_veins) 

renal_capillaries) 

brain_arteries) 

brain_capillaries) 

brain_veins) 

muscle_arteries) 

muscle_capillaries) 

muscle_veins) 

(CONDITION opened) 

(CONDITION closed) 

(CONDITION healthy) 

(CONDITIOM insufficent_mild) 

(CONDITION insufficent_modest) 

(CONDITION insufficent_severe) 

(CONDITION stenotic) 

(CONDITION contracted) 
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(CONDITION dialated) 

(CONDITION diastolic) 

(CONDITION systolic) 

(mk_facts 20 

(CLASS 

(CLASS 

(CLASS 

(CLASS 

(CLASS 

(CLASS 

(CLASS 

(CLASS 

(CLASS 

(CLASS 

(CLASS 

(CLASS 

(CLASS 

(CLASS 

(CLASS 

(CLASS 

(CLASS 

(CLASS 
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right_pump pump) 

left_pump pump) 

right_atrium atrial_pump) 

right_ventricle ventricular_pump) 

tricuspid_valve av_valve) 

pulmonary_valve semilunar_valve) 

pulmonary_arteries arteries) 

pulmonary_veins veins) 

pulmonary_capillaries capillaries) 

left_atrium atrial_pump) 

mitral_valve av_valve) 

left_ventricle ventricular_pump) 

aortic _valve semilunar_valve) 

aorta arteries) 

coronary_arteries arteries) 

coronary _capillaries capillaries) 

coronary_veins veins) 

splanchnic_arteries arteries) 
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(CLASS 

(CLASS 

(CLASS 

(CLASS 

(CLASS 

(CLASS 

(CLASS 

(CLASS 

(CLASS 

(CLASS 

(CLASS 

splanchnic_capillaries capillaries) 

splanchnic _veins veins) 

renal_arteries arteries) 

renal_capillaries capillaries) 

renal_veins veins) 

brain_arteries arteries) 

brain_capillaries capillaries) 

brain_veins veins) 

muscle_arteries arteries) 

muscle capillaries capillaries) 

muscle_veins veins) 

(MUTUALLY_EXCLUSIVE 

(MUTUALLY_EXCLUSIVE 

(MUTUALLY_EXCLUSIVE 

(MUTUALLY_EXCLUSIVE 

(MUTUALLY_EXCLUSIVE 

(MUTUALLY_EXCLUSIVE 

(MUTUALLY_EXCLUSIVE 

(MUTUALLY_EXCLUSIVE 

(MUTUALLY_EXCLUSIVE 

(MUTUALLY_EXCLUSIVE 

(MUTUALLY_EXCLUSIVE 

(MUTUALLY_EXCLUSIVE 

(MUTUALLY_EXCLUSIVE 

(MUTUALLY_EXCLUSIVE 
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open closed) 

healthy stenotic) 

diastolic systolic) 

contracted dialated) 

healthy insufficent_mild) 

healthy insufficent_moderate) 

relaxed contracted) 

healthy insufficent_severe) 

closed open) 

stenotic healthy ) 

systolic diastolic) 

dialated contracted ) 

insufficent_mild healthy ) 

insufficent_moderate healthy ) 
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(MUTUALLY_EXCLUSIVE contracted relaxed ) 

(MUTUALLY_EXCLUSIVE insufficent_severe healthy ) 

(CONNECTS tricuspid _valve right_atrium 

right_ventricle) 

(CONNECTS pulmonary_valve right_ventricle 

pulmonary_arteries) 

(CONNECTS mitral_valve left_atrium left_ventricle) 

(CONNECTS aortic_valve left_ventricle aorta) 

(BLOOD_FLOW right_pump pulmonary_arteries 

pulmonary_capillaries) 

(BLLOD_FLOW pulmonary_capillaries pulmonary_veins 

left_pump) 

(BLOOD_FLOW pulmonary_veins left_pump aorta) 

(BLOOD_FLOW left_pump aorta (coronary_arteries 

renal_arteries skin_arteries 

muscle_arteries splanchnic_arteries brain_arteries) ) 

(BLOOD_FLOW (coronary_capillaries renal_capillaries 

skin_capillaries muscle_capillaries 

splanchnic_capillaries brain_capillaries) 

vena_cava right_pump) 

(BLOOD_FLOW left_pump aorta coronary_arteries) 

(BLOOD_FLOW left_pump aorta renal_arteries) 

(BLOOD_FLOW left_pump aorta skin_arteries) 

(BLOOD_FLOW left_pump aorta muscle_arteries) 
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(BLOOD_FLOW left_pump aorta splanchnic_arteries) 

(BLOOD_FLOW left_pump aorta brain_arteries) 

(BLOOD_FLOW aorta coronary_arteries 

coronary_capillaries) 

(BLOOD_FLOW aorta renal_arteries renal_capillaries) 

(BLOOD-FLOW aorta skin_arteries skin_capillaries) 

(BLOOD_FLOW aorta muscle_arteries muscle_capillaries) 

(BLOOD_FLOW aorta splanchnic_arteries | 

splanchnic_capillaries) 

(BLOOD_FLOW aorta brain_arteries brain_capillaries) 

(BLOOD_FLOW coronary_arteries coronary_capillaries 

coronary_veins) 

(BLOOD_FLOW renal_arteries renal_capillaries 

renal_veins) 

(BLOOD_FLOW skin_arteries skin_capillaries 

skin_veins) 

(BLOOD_FLOW muscle_arteries muscle_capillaries 

muscle_veins) 

(BLOOD_FLOW splanchnic_arteries splanchnic_capillaries 

splanchnic_veins) 

(BLOOD_FLOW brain_arteries brain_capillaries 

brain_veins) 

(BLOOD_FLOW coronary_capillaries coronary_veins 

vena_cava) 

(BLOOD_FLOW renal_capillaries renal_veins vena_cava) 

(BLOOD_FLOW skin_capillaries skin_veins vena_cava) 
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(BLOOD_FLOW muscle_capillaries muscle_veins 

vena_cava) 

(BLOOD_FLOW splanchnic_capillaries splanchnic_veins 

vena_cava) 

(BLOOD_FLOW brain_capillaries brain_veins vena_cava) 

(BLOOD_FLOW right_atrium right_ventricle 

pulmonary_arteries) 

(BLOOD_FLOW right_ventricle pulmonary_arteries 

pulmonary_capillaries) 

(BLOOD_FLOW pulmonary_arteries pulmonary_capillaries 

pulmonary_veins) 

(BLOOD_FLOW pulmonary_capillaries pulmonary_veins 

left_atrium) 

(BLOOD_FLOW pulmonary_veins left_atrium left_ventricle) 

(BLOOD_FLOW left_atrium left_ventricle aorta) 

(BLOOD_FLOW left_ventricle aorta (coronary_arteries 

renal_arteries skin_arteries 

muscle_arteries splanchnic_arteries brain_arteries) ) 

(BLOOD_FLOW aorta (coronary_arteries renal_arteries 

skin_arteries muscle_arteries splanchnic_arteries 

brain_arteries) (coronary_capillaries renal_capillaries 

skin_capillaries 

muscle _capillaries splancchnic_capillaries brain 

capillaries) ) 

(BLOOD_FLOW (coronary_arteries renal_arteries 
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skin_arteries 

muscle_arteries splanchnic_arteries brain_arteries) 

(coronary_capillaries renal_capillaries 

skin_capillaries 

muscle_capillaries splanchnic_capillaries 

brain capillaries) 

(coronary_veins renal_veins skin_veins 

muscle_veins splanchnic_veins brain veins) ) 

(BLOOD_FLOW (coronary_capillaries renal_capillaries 

skin_capillaries 

muscle_capillaries splanchnic_capillaries 

brain capillaries) 

(coronary_veins renal_veins skin_veins 

muscle veins splanchnic_veins brain veins) vena_cava ) 

(BLOOD_FLOW (coronary_veins renal_veins skin_veins 

muscle_veins splanchnic_veins brain veins) 

vena_cava rt_atrium) 

(BLOOD_FLOW aorta muscle_arteries muscle_capillaries) 

(BLOOD_FLOW muscle-capillaries muscle_veins vena_cava) 

(BLOOD_FLOW muscle_arteries muscle-capillaries 

muscle_veins) 

(CONTRACTILITY lLeft_pump normal) 

(BP normal) 

(HR normal) 
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(mk_facts 30 

(STATUS left_pump ca_level normal) 

(STATUS left_pump k_level normal) 

(STATUS left_pump na_level normal) 

(STATUS muscle_arteries resistance *r) 

(mk_facts 

(STATUS 

(STATUS 

(STATUS 

(mk_facts 

(STATUS 

40 

muscle_arteries flow *q) 

pulmonary_veins flow *x) 

aorta flow 0) 

50 

muscle_arteries pressure *p) 

(STATE mitral_valve open) 

(STATE aortic_valve closed) 

(STATUS 

(STATUS 

(STATUS 

(STATUS 

(STATUS 

(STATUS 

(STATUS 

left_ventricle pressure 10) 

left_ventricle volume 130) 

left_atrium pressure 10) 

aorta pressure 88) 

pulmonary_artery pressure 15) 

right_atrium pressure 0) 

right_ventricle pressure 0) 
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(STATUS right_ventricle volume 130) 

(STATE tricuspid_valve open) 

(STATE pulmonary_valve closed) 
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APPENDIX D. HEART MODEL: STAGES OF HEART BEAT 

This appendix contains the coherance rules that control 

physiological parameter changes in each stage of the heart 

beat. 

(mk_rules 

;heartbeat is considered in five stages of filling and 

contraction as follows: 

; atrial contraction 

; ventricular contraction (isovolumic) 

; ejection (rapid and slow) 

; ventricular relaxation (isovolumic) 

; filling 

;opening and closing of valves and relaxation and 

contraction of atrium and 

;ventricle define stage transitions 

;left heart contraction- atrial systole 

((ENTITY left_pump) 

(STAGE atrial_systole) 

(BLOOD_FLOW *locl left_pump *loc2) 

(STATE mitral_valve open) 

(STATE aortic_valve closed) 
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(STATUS left_ventricle volume *v1) 

(STATUS *loc2 flow *q2) 

(STATUS left_atrium pressure *pl1) 

(STATUS left_ventricle pressure *p2) 

(STATUS *loc2 pressure *p3) 

-> 

(INCREASE left_ventricle volume 20 *vl *v2) 

(INCREASE left_atrium pressure 5 *pl *p4) 

(INCREASE left_ventricle pressure 6 *p2 *p5) 

(DECREASE aorta pressure 8 *p3 *p6) 

(= 0 *q2) 

(NSTATUS aorta pressure *p6) 

(NSTATUS left_atrium pressure *p4) 

(NSTATUS left_ventricle volume *v2) 

(NSTATUS left_ventricle pressure *p5) 

;left-heart contraction - ventricular contraction 

; (isovolumic) 

((ENTITY left_pump) 

(STAGE ven_con) 

(BLOOD_FLOW *locl left_pump *loc2) 

(STATE mitral_valve closed) 

(STATE aortic_valve closed) 

(STATUS *loc2 flow *q2) 

(STATUS left_atrium pressure *pl) 
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(STATUS left_ventricle pressure *p2) 

(STATUS *loc2 pressure *p3) 

-> 

(DECREASE aorta pressure 2 *p3 *p5) 

(INCREASE left_ventricle pressure 62 *p2 *p4) 

(DECREASE left_atrium pressure 5 *pl *p6) 

(= 0 *q2) 

(NSTATUS left_ventricle pressure *p4) 

(NSTATUS aorta pressure *p5) 

(NSTATUS left_atrium pressure *p6) 

;left_heart- ejection (rapid and slow) 

((ENTITY left_pump) 

(STAGE eject) 

(BLOOD_FLOW *locl left_pump *loc2) 

(STATE mitral_valve closed) 

(STATE aortic_valve open) 

(STATUS left_ventricle volume *v1) 

(STATUS left_atrium pressure *pl) 

(STATUS left_ventricle pressure *p2) 

(STATUS *loc2 pressure *p3) 

-> 

(DECREASE left_ventricle volume 80 *vl *v2) 

(INCREASE left_ventricle pressure 22 *p2 *p4) 

(INCREASE left_atrium pressure 5 *pl *p6) 
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(INCREASE aorta pressure 23 *p3 *p5) 

(NSTATUS left_ventricle volume *v2) 

(NSTATUS left_atrium pressure *p6) 

(NSTATUS left_ventricle pressure *p4) 

(NSTATUS aorta pressure *p5) 

;left-heart contraction - ventricular relaxation 

; (isovolumic relaxation) 

; ventricular pressure drops to atrial level 

((ENTITY left_pump) 

(STAGE ven_rel) 

(BLOOD_FLOW *locl left_pump *loc2) 

(STATE mitral_valve closed) 

(STATE aortic_valve closed) 

(STATUS left_ventricle pressure *pl) 

(STATUS *loc2 flow *q2) 

(STATUS *loc2 pressure *p3) 

(STATUS left_atrium pressure *p4) 

-> 

(DECREASE aorta pressure 6 *p3 *p5) 

(DECREASE left_ventricle pressure 80 *pl *p2) 

(INCREASE left_atrium pressure 5 *p4 *p6) 

(= 0 *q2) 

(NSTATUS left_ventricle pressure *p2) 
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(NSTATUS aorta pressure *p5) 

(NSTATUS left_atrium pressure *p6) 

;left_heart- rapid filling 

((ENTITY left_pump) 

(STAGE fill) 

(BLOOD_FLOW *locl left_pump *loc2) 

(STATE mitral_valve open) 

(STATE aortic_valve closed) 

(STATUS left_ventricle volume *v1) 

(STATUS *loc2 flow *q2) 

(STATUS left_atrium pressure *pl) 

(STATUS *loc2 pressure *p3) 

(STATUS left_ventricle pressure *p2) 

-> 

(INCREASE left_ventricle volume 60 *vl *v2) 

(DECREASE left_atrium pressure 10 *pl *p5) 

(DECREASE left_ventricle pressure 10 *p2 *p4) 

(DECREASE aorta pressure 7 *p3 *p6) 

(= 0 *q2) 
(NSTATUS left_ventricle volume *v2) 

(NSTATUS left_ventricle pressure *p4) 

(NSTATUS left_atrium pressure *p5) 
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(NSTATUS aorta pressure *p6) 

; Intrinsic regulation of pumping (CO = VR) 

Cardiac Output = Ventricular Return 

; The more the heart is stretched the 

;greater the force of contraction. 

; Thus if the arterial pressure and heart 

;rate are in normal 

;range the heart 

3; will pump out all the volume it receives. 

((STATUS left_pump stroke_volume *sv) 

(STATUS right_pump venous_return *vr) 

(STATUS aorta pressure normal) 

(STATUS heart heart_rate normal) 

-> 

(= *sv *vr)) 

;Iwo states of an entity must not be 

;mutually exclusive, such as a valve 

; Cannot be open and closed. 

((STATE *entity *sl1) 

(STATE *entity *s2) 

(<> *sl *s2) 

-> 

(not (MUTUALLY_EXCLUSIVE *sl *s2)) ) 
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((NSTATE *entity *s1) 

(STATE *entity *s2) 

(<> *sl *s2) 

-> 

(not (MUTUALLY_EXCLUSIVE *sl *s2)) ) 

; Blood flow can only be in one direction. 

((BLOOD_FLOW *locl *loc2 *loc3) 

-> 

(not (BLOOD_FLOW *loc3 *loc2 *locl)) ) 

; Blood flow is continuous 

((BLOOD_FLOW *locl *loc2 *loc3) 

(BLOOD_FLOW *loc3 *loc4 *loc5) 

-> 

(BLOOD_FLOW *loc2 *loc3 *loc4)) 

; a status of a parameter cannot have two values 

((STATUS *e *p *v1) 

(STATUS *e *p *v2) 

-> 

(= *vl *v2)) 
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: a status must have a value 

((mot(STATUS *e *p *vl1)) 

-> 

(NSTATUS *e *p *v2)) 

; a state must have a value 

((not (STATE *e *v1)) 

-> 

(NSTATE *e *v2)) 

;A new status will not replace an old status 

if they have the same value 

((NSTATUS *e *p *v1) 

(STATUS *e *p *v2) 

-> 

= *vl1 *v2)) 

((NSTATE *e *v1) 

(STATE *e *vy2) 

-> 

(= *vl1l *v2)) 
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;If a chamber is not contracted it must be relaxed 

and if a chamber is 

;not relaxed it must be contracted. 

((not(STATE *e contracted) ) 

-> 

(NSTATE *e relaxed) ) 

((not(STATE *e relaxed) ) 

-> 

(NSTATE *e contracted) ) 

;Cardiac valves are passive. They open and close 

;depending upon 

;the pressure in the compartments before 

sand after the valve. When the 

;pressure is higher in the compartment 

;after the valve the valve will 

;close. When the pressure is less in the 

;next compartment 

;Or more commonly 

;equal in the two compartments before and after the valve, 

;the valve will open. 
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((CONNECTS *valve *locl *loc2) 

(NSTATUS *locl pressure *pl1) 

(NSTATUS *loc2 pressure *p2) 

(> *p2 *pl) 

(<> *p2 *p1) 
-> 

(NSTATE *valve closed) ) 

((CONNECTS *valve *locl *loc2) 

(NSTATUS *locl pressure *p1l) 

(NSTATUS *loc2 pressure *p2) 

(<= *p2 *pl) 
-> 

(NSTATE *valve open) ) 
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PPENDI - HEART MODEL: SINO-ATRIAL NOD 

This module is the driver of the heart. It represents the 

sino_atrial node which initiates the contraction of the 

heart. As the action potential spreads through the heart the 

various stages of the heartbeat are initiated. This module 

works by repeatedly calling the cf engine with a stage as the 

counterfactual. After each call the fact base is updated 

with the results from the counterfactual engine. This makes 

the cf engine a state changer and this module tells the cf 

engine what the new state is. 

(assert 

;Beat_once sends heart through five stages of one beat 

((beat_once) if (s_a l)) 

;Beat sets up continuing cycle of heart beats 

((beat) if (sa_cont) ) 

((sa_cont) if (one_stage 1) 

(one_stage 2) 

(one_stage 3) 

(one_stage 4) 
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(one_stage 5) 

(sa_cont) ) 

((one_stage *count) if (count *count (STAGE *stage) ) 

(cfl *stage *ans) 

(update_facts ((not (STAGE *any)))) 

(update *ans) ) 

((s_a 6)) 

((s_a *count) if (count *count (STAGE *stage) ) 

(cfl *stage *ans) 

(update_facts ((not (STAGE tany)))) 

(update *ans) 

(:= *ncount(+ 1 *count)) 

(s_a *ncount) 

;cf1l calls the sf engine with the new stage and pretty 

;prints the 

;result using Whitehead's print routine 

((cf1l *stage *ans) if 

(counterfactual ((STAGE *stage) ) 

20 *ans) 
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(pprint *ans "") 

( (update nil) ) 

((update ((*f => *h.*t).*rest)) if 

(add_to_database *f) 

(update *h) 

(update *t) 

(update *¥rest) 

) 

((update (*f => *h.*t)) if 

(add_to_database *f) 

(update *h) 

(update *t) 

(({update (not *h.*t)) if 

(add_to_database (not *h)) 

(update *t) 

) 

((update (*h.*t)) if 

(add_to_database *h) 

(update *t) 
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;First two rules keep established facts from being 

;added again 

((add_to_database (*f)) if (translate *f ¥*nf) 

(fact *nf *cat)) 

((add_to_database *f) if (translate *f *nf) 

(fact *nf *cat)) 

((add_to_database (*f)) if (translate *f *nf) 

(update_facts (*nf)) 

) 

((add_to_database *f) if (translate *f *nf) 

(update_facts (*nf)) 

((translate (*name.*rest) (*nname.*rest)) if 

(or ((= *name NSTATUS) 

(:= *nname STATUS) ) 

((= *name NSTATE) 

(:= *nname STATE) ) 

((= *name *name) 

(:= *nname *name) )) 
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( (count 

((count 

( (count 

((count 

(( count 

) 
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1 (STAGE 

2 (STAGE 

3 (STAGE 

4 (STAGE 

5 (STAGE 

atrial_systole) )) 

ven_con ))) 

eject ))) 

ven_rel ))) 

fill ))) 
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