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Abstract

An application of the ARTMAP neural network model to the early diagnosis of acute
myocardial infarction is described. Performance results are given for 10 individual ARTMAP
networks, and for combinations of the networks using “pooled” decision making (the so-called
voting strategy). Category nodes are pruned from the trained networks in different ways so as
to improve accuracy, sensitivity and specificity respectively. The differently pruned networks
are employed in a novel “cascaded” variation of the voting strategy. This allows a partitioning
of the test data into predictions with a high and a lower certainty of being correct, providing the
diagnosing clinician with an indication of the reliability of an individual prediction.
Additionally, symbolic rule extraction is performed upon the networks, allowing a domain
expert to verify that the networks have learned autonomously a valid set of predictive rules for
the domain.
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1 Introduction

The early identification of patients with acute ischaemic heart disease remains one of the
greatest challenges in emergency medicine. The ECG only shows diagnostic changes in about
half of acute myocardial infarction (AMI) patients at presentation. (Stark and Vacek, 1987,
Adams, Trent and Rawles, 1993) None of the available biochemical tests becomes positive
until at least three hours after symptoms begin, making such measurements of limited use for
the early triage of patients with suspected AMI (Adams, Abendschein and Jaffe, 1993). The
early diagnosis of AMI, therefore, relies on an analysis of clinical features along with ECG
data. A variety of statistical and computer-based algorithms has been developed to assist with
the analysis of these factors (for review see Kennedy, Harrison and Marshall, 1993). Although
none of these has yet found widespread usage in clinical practice, this remains an important
area of research not only because of its clear potential to improve triage practices for the
commonest of all medical problems, but also because of the light it may shed on techniques for
the development of decision aids for use in other areas of medicine.

This paper describes the application of the ARTMAP neural network model to this task. This
powerful, but little-used, model has a number of advantages for medical domains, outlined in
section 2 (see also Harrison, Lim and Kennedy, 1994). Section 3 describes the provenance of
the patient data used in this study, as well as the training and testing procedures applied to the
ARTMAP model with this data. Section 4 gives performance results for different ARTMAP
configurations. Section 5 describes and evaluates symbolic rules for the diagnosis of AMI that
were extracted from the ARTMAP networks. Section 6 concludes with a discussion of the
strengths and weaknesses of the approach, and suggests areas for future work.

2 ARTMAP

ARTMAP (Carpenter, Grossberg and Reynolds, 1991) is a self-organizing, supervised
learning, neural network model for the classification of binary patterns!. It is one of a series of
models based upon Adaptive Resonance Theory, or ART, (Carpenter and Grossberg, 1991) an
outgrowth of competitive learning which overcomes the stability problems of that paradigm
(Grossberg, 1987). This is achieved by utilizing feedback between layers of input and category
nodes in addition to the standard feedforward connections of competitive learning. Thus, in
ART models, an input pattern is not automatically assigned to the category that is initially
maximally activated by the input. It should also be noted that most ART models, including
ARTMAP, employ a localist representation for category nodes owing to the so-called “winner-
take-all” competitive learning dynamics.

ARTMAP itself consists of three modules, two ART 1 systems (Carpenter and Grossberg,
1987) termed ART, and ART, and a related structure termed the map field (see figure 1).
During training, input patterns are presented to ART, together with their associated teaching
stimuli at ART,,. Associations between patterns at ART, and ART, are then formed at the map
field. During testing, supervisory inputs at ART}, are omitted, and instead the inputs at ART,
are used to recall a previously learned association with an ART,, pattern via the map field.
ARTMAP does not directly associate inputs at ART, and ART),, Instead, such patterns are first
self-organized into prototypical category clusters before being associated at the map field.

!'In actuality, our implementation is most closely akin to Simplified Fuzzy ARTMAP (Kasuba, 1993);«
which can process analogue or binary data. However, with the purely binary data of this application (g
section 3) the implementation coincides with ARTMAP.




Hence generalized associations are formed?.

Figurel: ARTMAP
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Training in ARTMAP almost always results in multiple category clusters forming at ART, for
each teaching category present at ART,,. Each such ART, cluster thus represents a significant
sub-region of the overall state space covered by a particular teaching category. It can be seen
therefore that ARTMAP instantiates a many-to-one mapping between ART, input patterns and
their actual classification.

ARTMAP has a number of desirable properties for potential use as a decision-support tool in
medical domains. First, it has few user-changeable parameters, which allows the model to be
tuned to a particular problem without undue effort. The single most important parameter is that
controlling the vigilance of the ART, module. This determines how close a match is required
between an ART, input pattern and a category cluster prototype before accepting an input as a
member of the cluster. This parameter (indirectly) controls the size of the category clusters that
will form, since the higher it is set, the closer acceptable matches must be, and the smaller the
coverage of the state space each cluster will have. Generally, higher vigilance provides better
classification performance, although this must be balanced against the potential proliferation
of category clusters, providing poor data compression and leading the net to become little more
than an “look-up table™ (Marriot and Harrison, In Press). Additionally, with small training sets
and/or “wide” input vectors with many features, high vigilance can lead to incomplete
coverage of the state space by the network.

Second, ARTMAP does not perform optimization of an objective function and is not therefore
prone to the problem of local minima as occurs with feedforward networks using
backpropagation. Instead, as described before, it self-organizes its own structuring of the data,
automatically creating new category nodes for itself as and when they become needed.

2In practice, domains (such as AMI diagnosis) which perform many-to-one classification do not usually
require generalization of the teaching inputs and a simplified ART,, module can be used which simply
codes these patterns directly.



Third, the model is able to discriminate rare events from a “sea” of similar cases with different
outcomes owing to the feedback mechanism based on top-down matching of learned categories
to input patterns. This is again in contrast to feedforward networks using backpropagation,
where weights are refined by a process which effectively averages together similar cases and
hence fails to acknowledge rare events. ARTMAP is thus suitable for domains were the
distribution of data items is highly skewed between different categories. (See Downs et al., In
Press, for a particularly marked example of this phenomena.)

Fourth, successful learning in ARTMAP can occur with only one pass through the data set
(termed single-epoch training). Furthermore, the model is capable of incorporating new data
items at a later time without degradation of performance on previous data, or the necessity of
retraining on past data. (This solution to the so-called stability-plasticity dilemma is claimed to
be a feature unique among neural networks to the ART models.)

For the purposes of this paper, three further features of ARTMAP are of particular note, the
voting strategy, symbolic rule extraction and category pruning. These are described in detail
next.

2.1 Voting Strategy

The formation of category clusters in ARTMAP is effected by the order of presentation of input
data items (Carpenter et al., 1992). Thus the same data presented in a different order to separate
ARTMAP networks can lead to the formation of quite different clusters within the two nets.
This subsequently leads to different categorisations of test data, and thus different performance
scores. This effect is particularly marked with small training sets and/or “wide” input vectors,
where the input items may not be fully representative of the domain, and with single-epoch
training.

This effect can be compensated for by the use of the ARTMAP voting strategy (Carpenter et
al., 1992). This works as follows: a number of ARTMAP networks are trained on different
orderings of the training data. During testing, each individual network makes its prediction for
atestitem in the normal way. The number of predictions made for each category is then totalled
and the one with the highest score (or the most “votes™) is the final predicted category outcome.
The voting strategy can provide improved ARTMAP performance in comparison with the
individual networks. In addition it also provides an indication of the confidence of a particular
prediction, since the larger the voting majority, the more certain is the prediction.

2.2 Symbolic Rule Extraction

Most neural networks suffer from the opaqueness of their learned associations (Towell and
Shavlik, 1993). In medical domains, this “black box” nature may make clinicians reluctant to
utilise a neural network application, no matter how great the claims made for its performance.
Thus, there is a need to supplement neural networks with symbolic rule extraction capabilities
in order to provide explanatory facilities for the network’s “reasoning”. ARTMAP has recently
been endowed with such capabilities (Carpenter and Tan, 1993; Tan, 1994). The act of rule
extraction is a straightforward procedure in ARTMAP compared with that required for
feedforward networks since there are no hidden units with implicit meaning. In essence, each
category cluster in ART, represents a symbolic rule whose antecedent is the category prototype
weights and whose consequent is the associated ART, category (denoted via the map field).



2.3 Category Pruning

An ARTMAP network often becomes “over-specified” on the training set, generating many
low-utility ART, category clusters which represent rare but unimporrant cases, and
subsequently provide poor-quality rules. The problem is particularly acute when a high ART,
baseline vigilance level is used during training. To overcome this difficulty, rule extraction
involves a “preprocessing” stage of category pruning3. This involves the deletion of these low
utility nodes. Pruning is guided by the calculation of a confidence factor (CF) between nought
and one for each category cluster, based equally upon a node’s usage (proportion of training
setexemplars it encodes) and accuracy (proportion of correct predictions it makes on a separate
prediction set). All nodes with a confidence factor below a user-set threshold are then pruned.
Full details of the process are given in Carpenter and Tan (1993) or Tan (1994).

The pruning process can provide significant reductions in the size of a network. In addition, it
also has the very useful side-effect that a pruned network’s performance is usually superior to
the original, unpruned net on both the prediction set and on entirely novel test data.

In the original formulation of the pruning process, a uniform CF threshold is used to select
nodes for deletion, irrespective of their category class. In this application, we have generalised
the pruning process to allow separate CF thresholds for nodes belonging to different category
classes. This allows us to vary the proportion of the state-space covered by different categories.
This is useful for medical domains since it allows an ARTMAP network to be pruned so as to
trade sensitivity for specificity and vice versa.

3 Patients and Methods

3.1 Patients and Clinical Data

The data used in this study were derived from consecutive patients attending the Accident and
Emergency Department of the Royal Infirmary, Edinburgh, Scotiand, with non-traumatic chest
pain as the major symptom. The relevant clinical and ECG data (see below) were entered onto
a purpose-designed proforma at, or soon after, the patient's presentation. The study included
both patients who were admitted and those who were discharged. 970 patients were recruited
during the study period (September to December 1993). The final diagnosis for these patients
was assigned independently by a Consultant Physician, a Research Nurse and a Cardiology
Registrar. This diagnosis made use of follow-up ECGs, cardiac enzyme studies and other
investigations as well as clinical history obtained from review of the patient's notes. Patients
discharged from Accident and Emergency were contacted directly regarding further symptoms
and, where necessary, their General Practitioners were also contacted and the notes of any
further hospital follow-up reviewed. The final diagnosis in the 970 patients was Q wave AMI
in 146 cases, non-Q wave AMI in 45, unstable angina in 69, stable angina in 271 and other
diagnoses in 439 cases. The patients were 583 men and 387 women with a mean age of 58.2
years (range 14 — 92). Unstable angina was defined as either more than two episodes of pain
lasting more than 10 minutes in a 24-hour period or more than three episodes in a 48 hour
period, or as angina which was associated with the development of new ECG changes of

3 With continuously-valued category weights, rule extraction also involves a second preprocessing stage
of quantization (sec Carpenter and Tan, 1993). However, we prefer to use binary data under so-called
fast-leam conditions (Carpenter et al.,1992) which yields purely binary category weights and subse-
quently provides rules of greater clarity. Quantization is therefore omitted in this application.



ischaemia (either at diagnosis or in the subsequent three days).

The input data items for the ARTMAP model were all derived from data available at the time
of the patient's presentation. In all, 35 items were used, coded as 37 binary inputs. The full list
of the inputs is given in Appendix 1, together with their feature names, used for symbolic rule
extraction from the networks. For the purposes of this application, the final diagnoses were
collapsed into two classes termed “AMI” (Q wave AMI and non-Q wave AMI) and “not-AMI”
(all other diagnoses). AMI cases were assigned as positive diagnoses, not-AMI cases as
negative diagnoses. Informed consent was obtained from all patients participating in the study
which was approved by the local Medical Ethics Committee.

3.2 Method

The 970 patient records were divided into three data sets; 150 randomly selected records
formed the prediction set, a further 150 randomly chosen records formed the test set, and the
remaining 670 comprised the training data. The prediction set consisted of 28 cases of AMI
and 122 not-AMI; the test set of 30 AMI and 120 not-AMI.

The training data was randomly ordered in ten different ways, and each ordering applied to a
different ARTMAP network using single-epoch training. The ART, base-line vigilance was set
to a medium level (0.6) for training, all other parameters were set to their standard values (see
Kasuba, 1993). The performance of the ten trained ARTMAP networks was then measured on
both the prediction and test sets. During this testing phase the ART, baseline vigilance was
relaxed slightly (to 0.5) in order to ensure that all test items were matched to an existing
category cluster (i.e. forced choice prediction).

The performance of the trained networks on the prediction set alone was then used to calculate
accuracy scores for the category nodes in each network, as a prerequisite of the category
pruning process described in section 2.3.

The “standard” form of category pruning (Carpenter and Tan, 1993) was performed on the
original networks, such that all nodes with a CF below (.5 were deleted from the networks in
order to improve predictive accuracy. Performance of the resultant pruned networks was then
measured on the prediction and test sets. Vigilance was further relaxed to 0.4 for testing these
(and all other) pruned networks, again to ensure forced choice prediction.

The original networks were then pruned using different CF thresholds for the AMI and not-
AMI nodes in order to produce pruned networks which maximized sensitivity. CF thresholds
of 0.2 for AMI nodes and 0.95 for not-AMI nodes were employed, the criterion for setting the
CF thresholds being to produce a mean sensitivity greater than 95% on the prediction set for
the 10 pruned networks. Performance of the resultant nets was recorded for both the prediction
and test sets. A similar procedure was then conducted to produce 10 networks which
maximized specificity. CF thresholds of 0.7 AMI and 0.5 not-AMI were sufficient to yield a
mean specificity greater than 95% on the prediction set.

The final pruning procedure was to produce 10 networks with approximately equal sensitivity
and specificity (ESAS), the criterion for setting the CF thresholds being a performance on the
prediction set where sensitivity and specificity were within 5% of each other. The performance
of the pruned networks was again recorded on both the prediction and test sets.



Performance results using the voting strategy were then obtained for the unpruned networks
and all classes of pruned network. Three voters were used with all networks types, except the
ESAS class, where five voters were used. Voters for the unpruned, uniformly pruned, and
ESAS network classes were selected on the basis of the networks with the highest accuracy on
the prediction set. Selection criteria for the set of sensitive networks was maximum specificity,
while maintaining a minimum sensitivity of 95% on the prediction set. The converse criteria
were used for the set of specific networks.

Lastly, a novel “cascaded” variant of the voting strategy was employed utilizing 3 sensitive
nets, 2 specific nets and 5 ESAS nets (see figure 2). This operated as follows: data items were
first applied to the sensitive voting nets. If these yielded a unanimous (3-0) verdict that the
category prediction was not-AMLI, this was taken as the final category prediction. If not, the
input was presented to the specific voting nets. If these yielded a unanimous (2-0) verdict of
AML, this was taken as the final prediction. Otherwise the final prediction of the category class
of the test item was obtained by majority verdict from the ESAS nets.

4 Results

The mean performance on the prediction and test sets for all classes of ARTMAP networks is
shown in table 1. (Performance figures for each individual net are given in Appendix 2.) As a
baseline for comparisons, the Casualty Doctors showed an accuracy, sensitivity and specificity
of 83.0%, 81.3% and 83.5% respectively over the entire data set.

Average accuracy for the unpruned networks can be seen to be only slightly below this
baseline. However this is largely an artefact of the unequal prior probabilities of the category
distributions—specificity accounts for the majority of accuracy, and although the networks’
sensitivity is much poorer than the humans’, this is compensated for by the superior specificity.

As expected, the uniformly pruned networks show an across-the-board increase in accuracy
over the unpruned nets, with a 2.7% increase on the test set, and a 7.3% increase on the
prediction set. (The greater increase in performance on the prediction set is explained by the
fact that pruning utilized the accuracy scores for this data, and the networks are consequently
optimized for this data.) However, the increase in accuracy is largely because of an overall
improvement in specificity rather than sensitivity, which actually drops on the test set.

Figures for the sensitive nets show that almost all AMI cases can be diagnosed by the network,
while approximately 36% of the not-AMI cases are detected. Conversely, with the sensitive
nets, almost all not-AMI cases are trapped while approximately 40% of the AMI cases are
detected.

The performance of the ESAS class networks is most directlv comparable with that of the
Casualty Doctors, since they are not unduly biased towards specificity or sensitivity. It can be
seen that the mean individual accuracy of such networks is approximately 7% worse than the
human diagnoses.

When the voting strategy is employed the accuracy of all network types except the specific nets
is improved, as shown in table 2. Furthermore, unlike pruning, performance improvements
owing to the voting strategy are almost always because of both increased sensitivity and
specificity.
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Table 1: Mean Performance of 10 Differently Pruned Networks

Prediction Set Test Set
Network Type Accuracy Sensitivity | Specificity Accuracy Sensitivity | Specificity
(%) (%) (%) (%) (%) (%)
—_— h#
Unpruned 80.9 51.8 87.5 80.9 59.0 86.3
Uniform 88.2 60.7 94.5 83.6 520 91.5
Pruning
Pruning for 50.0 96.4 39.3 473 94.3 35.5
Sensitivity
Pruning for 86.9 41.8 97.2 84.7 39.7 96.0
Specificity
Pruning for Equal
Sensitivity and 76.6 76.1 76.7 75.6 80.0 74.5
Specificity
Table 2: Voting Strategy Performance of Differently Pruned Networks
Prediction Set Test Set
Accuracy Sensitivity | Specificity Accuracy Sensitivity | Specificity
Mook Tyge (%) %) (%) %) %) (%)
= —_—————— ——

Unpruned 86.0 64.3 91.0 83.3 56.7 90.0
Uniform 92.0 78.6 95.1 88.0 56.7 95.8
Pruning
Pruning for 55.3 96.4 459 51.3 96.7 40.0
Sensitivity
Pruning for 88.7 464 98 .4 84.7 333 97.5
Specificity
Pruning for Equal
Sensitivity and 82.0 82.1 82.0 81.3 83.3 80.8
Specificity

Use of the voting strategy with the sensitive networks on the test set results in increased
coverage of the not-AMI cases while trapping even more AMI cases than previously. However,
the converse is not true for the specific nets, where a gain in not-AMI coverage is offset by
poorer coverage of the AMI cases in comparison to the individual network means.



The best overall network performance was achieved by the cascaded voting strategy, shown in
table 3 below.

Table 3: Performance of the Cascaded Voting Strategy

Prediction Set Test Set
Accuracy Sensitivity | Specificity Accuracy Sensitivity | Specificity
(%) (%) (%) (%) (%) (%)

— ———— . ——%—: ]
High Certainty 100.0 100.0 100.0 96.3 88.9 97.8
Voters
Lower Certainty 71.0 73.7 70.3 72.9 81.0 70.7
Voters
Overall . 82.0 82.1 82.0 82.7 86.7 81.7
Performance

The cascade’s overall performance can be seen to be almost identical to that of the Casualty
Doctors. Moreover, the cascade provides a partitioning of input items into those with a high
and a lower certainty of a correct diagnosis. Unanimous not-AMI decisions by the highly
specific networks (i.e. the first stage of the cascade) are almost certain to be correct, similarly
unanimous AMI decisions by the highly sensitive networks (the second stage of the cascade)
are also almost certain to be correct. The ESAS class voters then provide lower certainty
predictions for the remaining data items at the bottom of the cascade. High-certainty
predictions accounted for 38% of items in the prediction set and 36% of items in the test set.

Perfect performance by the high-certainty voters on the test set was prevented by the
occurrence of one false positive case and one false negative case. At least one of these data
items is highly atypical, and will be discussed further in section 6.

S Symbolic Rule Extraction

As mentioned previously in section 2.2, the ability to extract symbolic rules from neural
networks is an important enhancement to their use as decision-support tools in medical
domains. Such symbolic rules provide two advantages which, taken collectively, should help
to overcome reluctance to utilize a neural network decision-support tool.

First, a domain expert can examine the complete rule set in order to validate that the network
has acquired an appropriate mapping of input features to category classes.

Second, the symbolic rules provide explanatory facilities for the network’s predictions during
on-line operation. In the case of ARTMAP this corresponds to displaying the equivalent rule
for the ART, cluster node that was activated to provide a category decision. (In the case of the
voting strategy, a number of such rules, one per voting network, would be displayed.) The
diagnosing clinician is then able to decide whether or not to concur with the network’s
prediction, based upon how valid they believe that rule to be.

In this domain, a single network still averaged 49 cluster nodes remaining after uniform CF
pruning (see table 6 in Appendix 2). Space limitations therefore preclude the display of a
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typical complete rule set in this paper. Instead, we have opted to provide a list of all rules for
diagnosing AMI from nodes with a CF greater than 0.8 from the 10 original networks. In order
to pass such a high threshold a node must encode a large proportion of the training exemplars
and possess high predictive accuracy. Hence, these nodes are the “pick of the crop” in the sense
of being the most useful to their originating networks for the purpose of diagnosing AMI. In
all 18 such nodes occurred, their equivalent rules are shown in table 4.

Examination of the rules as a whole allows the following picture of a typical AMI case to be
constructed: The patient is likely to be a smoker, aged over 45 (and most likely over 65),
exhibiting central chest pain which possibly radiates to the left arm. The pain itself is likely to
be described as “tight” or “heavy”. Other physical symptoms may include sweating and nausea.
ECG readings are very likely to show ST segment or T wave changes suggestive of ischaemia,
and perhaps also new ST segment elevation and/or new pathological Q waves.

This picture closely corresponds to a “text-book” example of AMI, although it has been
discovered by ARTMAP through self-organisation of the input data without any pre-specified
knowledge of the domain. Thus the ARTMAP decision-support tool encodes rules which
provide valid classifications for the domain, while bypassing the difficult and time-consuming
knowledge-acquisition process found with rule-based expert systems (Hayes-Roth, Waterman
and Lenat, 1983).

ARTMAP’s symbolic rules also differ from those of expert systems as regards the way they
are matched to input features. Expert system rules are “hard” - an input must match to each and
every feature in a rule’s antecedent before the consequent will be asserted. In ARTMAP the
rules are “soft”. Recall that they are derived from prototypical category clusters which are in
competition with each other to match to the input data. Exact matching between inputs and
categories is not necessary, merely a reasonably close fit suffices. (The degree of inexactitude
that is tolerated being determined by the value of the ART, vigilance parameter.) This provides
greater coverage of the state space for the domain using fewer rules.

A drawback of the approach is that the rules are “correlational” rather than causal, since
ARTMAP possesses no underlying theory of the domain but simply associates conjunctions of
input features with category classes. Of course, this problem is not specific to ARTMAP but
occurs with neural networks generally. However, this matter is probably not of great
importance since useful diagnostic performance can often be achieved from correlational
features without recourse to any “deep” knowledge of the domain.

6 Discussion

We consider the prototype decision-support tool that has been described here to be potentially
valuable in assisting the early diagnosis of AMI. Furthermore, the general architecture should
be of utility in other medical domains.

The ARTMAP application employs two novel techniques. First, the generalization of the
category pruning method to allow for different threshold confidence factors for nodes of
differing category classes. Second, the employment of a cascaded voting strategy employing
differently pruned networks.The use of different CF thresholds for category pruning allows
networks to be created which trade either sensitivity for specificity or vice versa. This should
be particularly useful in domains where the costs of misdiagnosis of one class are much greater
than for another, since it allows biasing of network performance so as to avoid the high-cost
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