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A~stract 

He have developed a ~ualitative model of· the heart for the 
simulation of its electrical behaviour. The mod.el was used to 
automatically gen_erate a knowle•\ge-base _of all physiologically 
possible combinations of cardiac ar~hythmias and their 
corresp-ondil'ig ECG ~tescriot ions. The knowle•:~ge thus generated 
was ve·rified by carcliologists and is used by a medical expert 
system. The model of the heart is formally expressed in a · 
sunset of the first-order _loaic. The qualitative simulation is 
oarrted ~ut by a sim~le and ifficient inference mechantsm 
i~plement~d in Prolog. 

introduction 

we ha~e df~etoped the diagnostic part of an expert system 
for the diagnosis and treatment of patients with cardiac 
arrhythRias to be used at the U~iversity Medical Centre" 
in Ljublja~a. In the paQer we concentrate on the ECG 
interpretation module which new includes a qualitative model of 
the heart. There were at least four reasons for deepening the 
system's knowledoe by including the model. The physiological 
knawte~Je about ~he h1art is of great importan~e for: 

t1ndfng the causes of arrhythmias, 
- for choosing an ipprcpriate treatment of diseas•s, 
- for intellfgg~t explanation of the system's answers, 
- for automiticatly generating the electrocardiographic 

knowledoe-baze for the combinations of single arrhythmias 
already knQWtl to the system. 

This last reason was: in fact ot..1t· im1nediate goal. 

')W" m<:·!!el ts r~uaLitative and developed along similar lines as 
~.g. the work of Forbus (1982) or·de Kleer (1977). One reason 
why a ijualitative moJel is a natural choice is that the 
pl~ysiological de:rcript1ons of the heart are largely 
,P~al tt.3t ive. Another rea:ron is that for a computer simulation 
63:.ed on a qua tit itat ive moclel, numerical .. values of the model 
~ar~meters !or a given Qatient wo~ld.be-needed. Such parametrs, 
however, practically cannot be measure<f.·A similar aproach to 
:ned1cat diagn.:His is eii:mptifj'ed in··tr-re CA~NET syst~m O-leis-s, 
>, I.) ~ 1 k C ',.Is k i ' A 1'!1 are l ' 197 8 ) .- . ·" ,. . _.. . . . . 

• • I • -~..;_ 

... 
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lnteroretatibn of ECG 

!-,q, 1 shows two EC5 diacirams, the first for a normal heart, ~na ~he iecanct for ventrlcular tachicardia, one of the 
arrhythmias t~at are handled by the system. The ECG is in the 
svst~m represented by its auatitative description rather than 
b~ an actual voltag~ vs. time relationship. The description of 

~ a given ECG di3gram consists of elementary patterns present in 
tne ECG diagram and the relations betwien these patterns. 

The medical literature on the relationship oetween various 
heart disorder's an,j their corresponding ECG diagrams (e.g. 
Phi~bs 1973, Mandel 1930) is quite indicative of the nature 
of these elementary patterns. However, we could not find any 
definite· proposal, or formalisation, of a complete and compact 
set of such patterns. The language that we desi~ned for 
£! e s c r i b t r'I g S : G c o n s i s t s o f · a s e t o f t O at t r i bu t e s , e a ch o f 
whjch having typically~ or 4 values. Fig. 1 sbows two ~xamples 
of su~h ctescrtptions. 

R. 

8.S 

normal sinus rhvthm 

rhythm: regular, . 
fre~uency: between_6Q_1QO, 
frequency_P: ~etween-~O-1OO, 
reoutar_P: normal, 
reiation_P-~Rs: after_P_0RS, 
regular_PR: normal, 
regutar_@Rs: normal 

ventricular tachycardia 

rhythm: regular, 
frequency: between_1OO_2so, 
regular_P: absent, 
regular_QRS: wide 

~1a. 1: Two ECG diag~ams and their qualitative descriptions. 

f:1e conS"trLJction of a l<nowte,tge-lo.:1se which covers the relation 
~etweeH 26 simpte cardiac arrhythmias and their corresponding 
~~b diagr:1ms was relatively straightforward. It was completed 
1n consultation with cardiologists in about three months. The 
relation between the ~rrhythmias and ECG is in the system 
represented by rvles of the form: 

if diagnosis then ECG-Jescription 

f- or ex amp t e: 

i!. 
then -

ventricular tachicardia 
rhythm is regular and 
freqt,et1cy is between i:lO .;rnd 250 and ••• 
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.l\,:cordfngty, .this pat·t of the knowledoe-base is used not to 
confirm s~me ~iagnosis, but to eliminate those diagnoses that 
cor1tra,::$1ct the ~>"ati,rnt's ECG. The remainina set of 
nan-erimin~t~d diagnoses (typically a few ai~gnoses> is then 
input to~ lhe differential ~iagnosis in which clinical data is 
ustd. The clinical knowledge r~nks the remaining arrhythmias by 
estimat.ing their relative likeliness. 

fhis kno~leige-b3se is, however, not sufficient for dealing 
with th! m~re diffi~ult problem of diagnosing the patients with 
mull iple arrhythmias. As the- number of ·combinatorial Ly possible 
muttiple a~rhythmias Ccombi~ed of 2, J, 4 etc. single ones> · 
excee~s hundred thousa~d, the direct specification of their EC& 
dezor,pttons by exhaustive manual tabulation is practically · 
t~postbte. Also, there is no systematic and exhaustive 
tre~tment of muttjple arrhythmias in the me~tcal literature. 

Thts conclusion motivated, among other reasons, the dev-e-lopment 
of a model af the heart to facilitate th~ a~tomatic derivation 
if the relat1on between multiple heart failures and th~ir 
corresponding ECG desgriptions. With the introduction of the 
model, the knowledoj base was "deepened" as illustrated in 
t-1g~ 2. 

'' sna l low" 
k PIOW l e•.!ge 

"a·e~p" 
know l e~•ge 

cardiac 
arrhythmias 

ECG. 
descriptions 

heart t-~lllfphysiological model of 
disorders constraints ~~~the heart 

f-,a. 2: "S~iallow" at1d "deep" diagnostic knowledqe~ ln the deen 
k·nowle•~ge diagnos-es are defined in terms of heart 
clisordet·s, if a set of disorders is physiologically 
p,,ssib.le it instantiates the m•:>del of the heart; 
the corresponding ECG is derived by running the model. 

Tne model of the heart 

t-or its electrical behaviour, the heart can be reuresented as a 
network consisti~g of: impulse generators, impulse propagation 
paths and summation elements for impulses as shown in Fig. J. 
In the medical literature we can find the following definition 
of the cardiac arrhythmias: The cardiac rhythm - be it normal 
or abnormal - can be characterized and classified with respect 
t~ the characteristics of impulse origin, discharge sequence 
a~d !mputse conduction CWHO/!SFC Task Force 1979). These 
characteristics are or following types: A generator can be 
silent, or ~n extra (ectopic) gener~tor may appear; impulse 
rwcpag3tior1 paths can be partially or totally blocked, or 
extra pati-,s may apoear, ••• 
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Ftg. J: A scheme of. the heart and the overall logic of the model. 

!h~ stale of the heart ts repres•nted by the states of its 
pa~·ts (4 •impulse ger1erators, 2 prop.agation paths and the rate 
of at~ia an~ ventricles). Each simple arrhythmia is defined as 
tt, e .at,.'! or m a t st a t e o f on e o f t he he art par- t s ; o t her p a r t s are 
assumed to be normal. Two or more arrhythmias can be combined 
if they de not contradict <e.g. are not defined by different 
states of the s~me heart part). 

There are a•:"!•1it tonal physiological constraints on the state of 
the heart. ~he constraints in-the model are based on an 
assumption that malfunctions of impulse generators, giving 
pe~manent rhythm can be mutually ce~bined cinly if there is a 
complete conduction block between them. Even if these 
malfunctic~s are sometimes physiologically possible, they 
cannot be seen on the surface ECG leads and ar~ never 
consid~red by physicians. 

lne model defines relations between parts of the heart, 
electrical impul:es and corresponding ECG descriptions. 
Formally, it is expressed as a set of if-then rules in a 
clausal form of the first-order logia. It was possible to 
order the list of rules according to the following principle: 
For each pair of rules R1 and R2, R2 may proceed Rt only if no 
literal in the consequent of R2 occurs in th~ antecedent of Rt. 
This 1mpl1es that there is no cyclic or recursive rules. This 
constraint on the list of rules facilitates fast, one pass 
execution of the model. 

The inference mechanism that runs the model for a given 
multtple arrnythmia is relativly simple. The model of the heart 
1s first instantiated with the state of the heart parts. The 
states~, t~e heart parts are added to ~he set of rules as unit 



clauses. Then the inference mechanism sequentially passes 
through t~e rules ~nd by ~pplyi~g ~odus ponens derives all 
p,,sif1ve· facts. One_pass through the _ordered list of rules 

surft~es far generatt~g all possible ECG descriptions which 
co~respond to this multiple cardiac ~rrhythmia. 

Rules, 62 of them, define relattons of the following types: 

1, (ge11erator)i---....-... impulse 

2. tillpulse 4 prap.agat ion path ~ impulse . -

J. impulse:::0-·· _ 
_ + impulse 

impulse . . . . 

4. tmpuls~ 

i mpu l s e ----...i ECG-description 

.... 
An example of a rule ts: 

if the~e are ectopic impulses at the His bundle and in the 
- supraventricles originatfng'at the AV focus 

551-

then this results tn the following ECG features: either a short 
- PR interval, or no P wave, or P wave after the QRS complex 

fhese thr~e cases r~sult from the "qualitative summation" (as· 
also ·percieved in the ECG diagram> of two signals which can be 
relatively shifted in time in three ways as shown i~ Fig. 4. 

_,.. ___ _ 
'i""litativ~ • 
st.tmmator 

-A-
-three pos~i"l,le resu..l-fs. 
ctt seett o~ -tke ECG 

Fia, 4: The q~alitative summation of ECG patterns. 
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Lmptementation and results 

We r a n t h e sys t e m• f or a l l c om b i n at i on s o f s i mp l e c a rd i a c 
arrhythmias. A large proportion of the corresponding states of 
U1e heart parts were recognized as physiologically impossib·le. 
For the physiologically possible arrhythmias the model 
g trn er a t ed c or r e s po n d i n g ECG de s c r i p t i on s • Th e f o l l ow i n g t ab t e 
shows the number of mathematically and physiologically possible 
arrhythmias a9ainst the numher of their constftuent single 
arrhy t hm i -iS. 

No. of const itue.nt 
.al"'rhythmtas 1 2 3 4 5 6 7 

No, of mathematical 
cc:'!lbtr..3tions 23+3 253 1771 8855 33649 100947 . . . . 

No. ot p ~1 'f's i o t o g i c a l l y 
poss i.b ,. e c ,,:nb in at ions 13+3 85 231 163 73 20 0 

Note· that some arrhythmias cannot occt1r alone <e.g. blocks>, 
but only in c~mbination with others (e.g. sinus rhythm>. Three 
arrhythmias cannot be combined with others. 

Tne whole system is implemented in Prolog on OEC-10 (Pereira, 
Pereira, Warren 1978). The compiled program generated ECG 
descriptions for ~ll combinations of arrhythmias in 340 CPU 
seconds. 

The thus obtained knowledge-base of ECG descriptions for all 
possible multiple arrhythmias can be used for diagnosis.· If an 
eipla:1ation is requested· then for a given ECG description the 
corresponding states of the heart parts are retrieved by table 
look-up. The model is then re-run for thise states and its 
trace can serve as an explanation. We have not yet found an 
ett,oient implementation of the model to be run in the inverse 
dtreot1on, Le. from the ECG toward the diagnoses. 

Conclusion 

The mcdet facilitated, as our main result, the automatic 
dertvat1an of an exhaustive catalog of multiple arrhythmias and 
their corresponding qualitative ECG descriptions. 

fhe pr~sent system handles ~!8 combinations of arrhythmias, all 
or them physiologically possible and m~jority of them can be 
observed in everyday clinical praxis. The importance of 
recoan1tion of these arrhythmias is very different. Sometimes 
t~e 2:agna~!s of certain ~~ythm disturbances is critical for 
the treat,11er1t. On the oth.~r hat1d, some arrhythmias are only of 



554 

thecretical interest wit~out practical consequences for the 
patient. · · 

T~e model af the hea~t also provides a good basis for the 
system's expla~ation of its own reasoning, and (as hoped)-for 
the treatme~t decision~maki~g. We are planning to extend the 
model in two directions: 

- to handle the mechanical activity of the heart as well as 
electrical, 

- to provide causal reasoning about the ef~ects of drugs and 
thetr interac.tion f_or treatment decision-making. 
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