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a  b  s  t  r  a  c  t

This study aimed to focus on medical knowledge representation and reasoning using the

probabilistic and fuzzy influence processes, implemented in the semantic web, for deci-

sion support tasks. Bayesian belief networks (BBNs) and fuzzy cognitive maps (FCMs), as

dynamic influence graphs, were applied to handle the task of medical knowledge formal-

ization for decision support. In order to perform reasoning on these knowledge models, a

general purpose reasoning engine, EYE, with the necessary plug-ins was developed in the

semantic web. The two formal approaches constitute the proposed decision support system

(DSS)  aiming to recognize the appropriate guidelines of a medical problem, and to propose

easily understandable course of actions to guide the practitioners. The urinary tract infec-

tion (UTI) problem was selected as the proof-of-concept example to examine the proposed

formalization techniques implemented in the semantic web. The medical guidelines for

UTI  treatment were formalized into BBN and FCM knowledge models. To assess the formal

models’ performance, 55 patient cases were extracted from a database and analyzed. The

results showed that the suggested approaches formalized medical knowledge efficiently in

the  semantic web, and gave a front-end decision on antibiotics’ suggestion for UTI.

© 2013 Elsevier Ireland Ltd. All rights reserved.

1.  Introduction

Extensive medical guidelines are produced by medical com-
mittees in order to support physician in his/her decision
making process, helping him/her which relevant therapy is
proper to be applied to patient [1–3]. However because of the
sheer volume and the rigid structure of such guidelines, it is
very difficult for the physician to apply and strictly follow the
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workflow presented by such guidelines. It seems to be a chal-
lenge for decision support to create a computerized system
that dynamically guides the physician through the workflow
[4]. Besides, the need to adjust general guidelines to indi-
vidual circumstances is becoming the future goal of medical
research.
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In our approach, we follow these principles by trying to
model medical knowledge, while keeping its main charac-
teristics of uncertainty in focus. From this necessity, we
decide to use dynamic solutions (such as dynamic net-
works) rather than just follow the classical way of medical
knowledge modeling with static structures such as decision
trees. So, BBNs and FCMs, because of their natural dynamic
properties, are selected to support modeling, knowledge inte-
gration of clinical practice guidelines and decision support
in medicine.

Previous studies have shown that probabilistic networks
and fuzzy logic based methodologies have been proposed for
medical decision support [5–11]. Leibovici et al. tried to model
bacterial infections by suggesting a causal probabilistic net-
work for optimal treatment of these infections [5]. Kao and
Li also proposed an optimal treatment model for bacterial
infections with fuzzy information using influence diagrams
[8]. These diagrams were used simultaneously for diagnostic
reasoning and treatment planning, too [7,9,10]. On the other
hand, FCM methodologies have been proved to be efficient
medical approaches as far as decision-making and support
are concerned [12–17].

In a previous study, Cheah and co-workers presented the
advantages and limitations of FCMs and BBNs and proposed
an FCM-BBN conversion process. Based on the comparison
results, FCM has been shown to be simpler, more  intu-
itive, more  high-level and user-friendly, whereas BBN has
been shown to be more  expressive, powerful, formal and
sound mathematically [18]. In their suggested methodology,
BBN were constructed by FCM that acquires knowledge from
domain experts. The results showed that the BBN constructed
by FCM is similar, based on reasoning results, to the BBN con-
structed directly by specifying conditional probability tables
of BBNs. The main potential of the cognitive map  to Bayesian
network conversion process is the reduction of knowledge
acquisition time and effort [18,19].

The undertaken work is focused on knowledge repre-
sentation and reasoning, using probabilistic and cognitive
processes, implemented in semantic web framework, because
an explicit knowledge with a clear semantic meaning is
needed. The Notation3 [20.21] was selected as an open and
semantic web language to implement the directed influence
networks.

The primary objectives of the paper is to point out the
construction, reasoning and usefulness of BBNs and FCMs
implemented in N3 for medical knowledge modeling and deci-
sion support. A general purpose EulerSharp reasoning engine,
(EYE [22]) and the necessary plug-ins which can perform the
reasoning on these knowledge models were also developed
to accomplish the objectives of this study. Both techniques
were formalized in semantic web for modeling and reason-
ing processes, providing the advantages and disadvantages of
each one for medical treatment suggestions, thus to drive our
future work in a technical unification of them, to overcome
the limitations of each one, and proposing a more  efficient
DSS method.

Our effort is focused on a decision support system (DSS),
moving beyond classical clinical pathways. The application
of probabilistic and fuzzy cognitive networks for DSS cre-
ates a path dynamically, based on the current and constantly

changing clinical information of the patient, the environment
and the guidelines.

The problem of urinary tract infection (UTI) in adult com-
munity, which is a common medical problem, was selected
as a proof-of-concept example to examine the proposed
approach. The problem of handling imprecision and uncer-
tainty in the assignment of UTI treatment was tackled through
the combined use of dynamic graphs and semantic web
approaches. The therapy theories for UTI were formalized
using the BBN and FCM formalisms and used by the DSS.
The inference was performed by the general purpose First
Order Logic reasoning engine EYE, which is released as open
source software. The simulations of 55 real patients that were
performed using the system implementation provide ther-
apy recommendations for these patients. The results of both
approaches emerged high accuracy for the examined cases as
they were in fully agreement with the treatment guidelines. A
comparative analysis between both proposed approaches was
accomplished. The validation results showed that using prob-
abilistic networks and fuzzy cognitive maps in semantic web
framework is reliable and efficient for decision support tasks.

Seven more  sections are included in this paper. Section 2
provides the main aspects of modeling medical knowledge
using probabilistic and fuzzy cognitive maps, formalized in
semantic web. Section 3 provides BBN and FCM built-ins and
plug-ins in notation3. Section 4 describes the decision sup-
port theories in N3, whereas in Section 5 the development of
DSS for UTI treatment is described. Validation analysis and
comparison on the proof-of-concept decision support problem
are both presented in Section 6, whereas the discussion and
deriving conclusions are summarized in the last two sections.

2.  Modeling  medical  knowledge

Medical knowledge modeling starts with a standard proce-
dure, by defining the problem to be modeled (as a domain) and
all variables that represent it. Such modeling follows a goal-
driven, need-oriented approach, meaning that each model will
serve a certain purpose and is custom-made. Two basic models
can be identified for the medical DSS. These are the diagnostic
and therapeutic model.

Medical knowledge can be represented in several ways. Per-
haps, the most commonly used is the clinical pathway (clinical
guideline). It is quite easy and handy for the physician to
use such guideline, because it provides a simple decision tree
algorithm that could be followed in the diagnostic or thera-
peutic path to aid conclusions. The decision tree approach
has some main limitations/disadvantages such as the possi-
bility of duplication with the same sub-tree on different paths,
the limitation to one output per attribute, and the inability
to represent tests that refer to two or more  different objects.
Even a small change in input data can occasionally cause large
changes in the decision tree. The absence of dynamicity in
decision trees makes them a second choice for decision sup-
port tasks in the field of medicine.

Moreover, many  guidelines are not so easy to be used in
daily practice, due to the complexity of clinical cases and
guideline itself, as physicians have to consider a large num-
ber of small chunks of information spread over large text
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