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ABSTRACT

Clinical guidelines or protocols (CGPs) are statements that are systematically developed for the
purpose of guiding the clinician and the patient in making decisions about appropriate healthcare for
specific clinical problems. Using CGPs is one of the most effective and proven ways to attaining
improved quality, optimised resource utilisation, cost containment and reduced variation in
healthcare practice. CGPs exist mainly as paper-based natural language statements, but are
increasingly being computerised. Supporting computerised CGPs in a healthcare environment so that
they are incorporated into the routine used daily by clinicians is complex and presents major
information management challenges. This thesis contends that the management of computerised
CGPs should incorporate their manipulation (operations and queries), in addition to their
specification and execution, as part of a single unified management framework. The thesis applies
modern advanced database technology to the task of managing computerised CGPs. The event-
conditionraction (ECA) rule paradigm is recognised to have a huge potential in supporting

computerised CGPs.

In this thesis, a unified generic framework, called SpEM and an approach, called MonCooS, were
developed for enabling computerised CGPs, to be specified by using a specification language, called
PLAN, which follows the ECA rule paradigm; executed by using a software mechanism based on the
ECA mechanism within a modern database system, and manipulated by using a manipulation
language, called TOPSQL. The MonCooS approach focuses on providing clinicians with assistance in
monitoring and coordinating clinical interventions while leaving the reasoning task to domain

experts. A proof-of-concepts system, TOPS, was developed to show that CGP management can be
easily attained, within the SpEM framework, by using the MonCooS approach. TOPS is used to
evaluate the framework and approach in a case study to manage a microalbuminuria protocol for
diabetic patients. SpEM and MonCooS were found to be promising in supporting the full-scale
management of information and knowledge for the computerised clinical protocol. Active capability
within modern DBMS is still experiencing significant limitations in supporting some requirements of
this application domain. These limitations lead to pointers for further improvements in database

management system (DBMS) functionality for ECA rule support. The main contributions of this
thesis are: a generic and unified framework for the management of CGPs; a general platform and an
advanced software mechanism for the manipulation of information and knowledge in computerised
CGPs; a requirement for further development of the active functionality within modern DBMS; and a

case study for the computer-based management of microalbuminuria in diabetes patients.
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ABBREVIATIONS

The following is a list of abbreviations that appear in this thesis.

24CRCL_PL

ACE

ACR

ADB

ADBMS

ASCII
ASTM

AUS

BNF

BP
CfMS

CGP

CMA

CPGM
DBMS

DDO

24 hour cretimine clearance and protein lost

Angiotsin Converting Enzyme Inhibitors are a group of pharmaceuticals that are
used primarily in the treatment of arterial hypertension and congestive cardiac
failure.

Albumin Creatinine Ratio, a clinical test used in the diagnosis and screening for the
renal complications: albuminuria and proteinuria.

Active Database, a DBMS that incorporates the ECA rule paradigm in addition to the
usual data and meta-data management functionality

Active Database Management System:- a DBMS that incoparates an active rule or
ECA rule support mechanism.

American Starndard Code for Information Interchange
American Society for Testing and Materials

Annual Urine Screening which is applied to diabetes patients to monitor renal
complications in diabetes patients. The aim of the screening is to detect these
complications early and allow for early intervention, which has been established to
reduce the resulting effects of these complications.

Backus-Naur Form: a formal sentax specification language developed by Backus and
Naur

Blood Pressure
Careflow Management System

Clinical Guidelines and Protocols, which are statements systematically developed to
guide the practicing clinician and the patient on how best to handle specific clinical
problems (Field and Lohr 1992).

Confirmed Microalbuminuria: when microlbuminuria has been diagnosed, it is said
to be confirmed. When a patient’s ACR test result is found to be greater than 3.0 in
two out of three tests performed within six months, microalbuminuria may be
diagnosed and treatment may be initiated (Mogensen 2003).

Conceptual Protocol and Guideline Model
Database Management System.
Dirty-depedency Opearation Problem that occurs when an application or a client is

trying to process an uncommitted event signals or messages. The LDO, DDO
problems are found in both active database and distributed databases.
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DFD

DUT

ECA

EHCR

EON

EPR

GALEN

GASTON

GAUDI

GLARE

GLEAM

GLIF

GP

GRAIL

GUIDE

HbAlc

HL7

Data Flow Diagram

Dip-stick Urine Test, which is used to detect the presence of protein in urine. This
test is used in the annual urine screening for diabetes patients.

Event-Condition-Action rule, a paradigm with the semantics that when an event
occurs, check the condition and execute the action only if the condition is satisfied
(Widom and Ceri 1996). The basic form of the ECA rule paradigm is supported in
the form of triggers in modern database management system where events are
database operations.

Electronic Health Care Record, which is defined as “a structured multimedia
collection of health-care data about an individual patient” (Grimson, J, Stephens et
al. 2001).

A component-based suite of models and software components for the creation of
guideline-based applications

The Electric Patient Record, which hasthe same meaning as EHCR

General Architecture for Languages and Encylopaeadias and Nomenclatures in
medicine

A methodology and a framework that facilitates the development and
implementation of computer-interpretable guidelines and guideline-based decision
support systems.

Guideline Authoring and Dissemination Tool

Guideline, Acquisition, Representation and Execution

Guideline Editing and Authoring Model

Guideline Interchange Format

General Practioner

GALEN Representation and Intergration Language

A component-based multi-level architecture designed to integrate a formalized
model of the medical knowledge contained in clinical guidelines and protocols with
both workflow management systems and Electronic Patient Record technologies.
Haemoglobin (Hb) that type A, subtype 1c. This a specific type of haemoglobin A
that results from the attachment of blood glucose molecules to its molecules.
Diabetes patients have high levels of blood glucose and hence would experience
high levels of HbAlc than non diabetics.

Health Level 7, an standards organisation whose mission is to provide a framework
and protocol specifications for the exchange, storage, intergration and retrival of

health information that support clinical practices and the management delivary and
evaluation of health services.
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HTTP
ICU
IOM
LAS
LDO
problem
LIS
LUMPS

MAP

MAS

MLM

MonCooS

MS SQL

MUMPS

OODBMS

oQL

0s

PLAN

PRESTIGE
(DILEMMA)

HyperText Transfer Protocol

Intensive Care Unit

Institute Of Medicine of the United States of America

Laboratory Advisor System

Loss-Dependependency Operation- a problem that occurs when signalled events or
messages sent by an ECA rule in an active database to external applications may be
lost or not acted upon by external applications.

Laboratory Information Systems

Liver Unit Management Protocol System

MicroAlbiminuria Protocol, which is a CGP for the management and treatment of
microalbuminuria in diabetes patients.

MicroAlbuminuria Screening

Medical Logic Module, which is essentially an ECA rule specified by using the
Arden Syntax and is a single software unit that is responsible for making a single
medical decision (HL7 1999)

An acronym derived from Monitoring, Coordination and Suggestion. The MonCooS
approach is presented in this thesis as way to support the management of CGPs by
allowing the specification, execution and manipulation of CGP knowledge and
information to be performed in providing clinicians with automated assistance that
focuses only on monitoring vital indicators, coordinating interventions and making
suggestions as opposed to decisions, which are left to domain experts. The MonCooS
approach tries to make effective use of the ECA rule paradigm in modern DBMS’s.

The Microsoft SQL server, a relational database management system from Microsoft
Corporation.

The Massachusetts (General Hospital) Utility Multi-Programming System, a
computer language developed in the late 1960s and used predominantly in medical
applications (Bowie and Barnett, 1976 )

Object- Oriented Database Management System

Object Query Language

Operating System

Protocol LANguage originally proposed by Wu (1998) for specifying CGPs by
following the ECA rule paradigm.

A project that was focused on the application of telematics technologies to support
the dissemination and implementation of clinical practice guidelines and protocols.
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PRODIGY

PSE
PSM
PSO

RIM

RuleML

SAMOS

SCR

SIEGFRIED

SPEM

SQL

TOPS

TOPSQL

UAE

UML

uTlI

WDL

XML

XRML

A computer-based decision support system (for prescribing in particular) that
integrates with commercial primary care information systems in England.
PRODIGY phase 3 incorporated support for chronic disease management.

Problem Scenario Entity

Problem Solving Method

Problem Scenario Object

Reference Information Model for healthcare applications developed and maintained
by HL7

Rule Markup Language (Boley et al, 2001)
The Swiss Active Mechanism-based Object-Oriented Database System: An active
database system prototype constracted as a wrapper to the passive ObjectStore

object-oriented DBMS.

Serum Creatinine Ratio, a test used in monitoring glycaemia with the purpose of
optimising it.

System for Interactive Electronic Guidelines with Feedback and Resource for
Instructional and Educational Development

An acronym derived from Specification, Execution and Manipulation. SpEM is a
framework introduced in this thesis for supporting the specification, execution and
manipulation of CGPs.

The Structure Query Language for manipulating data in relational database systems.

Test Ordering Protocol System, a prototype system presented in this thesis.

The TOPS Query Language, a high level declarative query language for
manipulating CGP information and knowledge in TOPS.

Urine Albumin Excretion

Universal Modelling Language a modelling language defined and maintained by
Object Management Group

Urinary Tract Infection: In diabetes patients, laboratory tests need to be performed
in oder to detect urinary tract infections during the annual urine screening
performed in diabetes patients

Work flow Definition Language

Extensible Mark Up Language

eXtensible Rule Markup Language (Lee and Sohn,2003)
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Part 1

INTRODUCTION AND BACKGROUND: SUPPORT FOR THE
MANAGEMENT OF COMPUTERISED CLINICAL GUIDELINE AND
PROTOCOLS

This introductory part of the thesis outlines current trends in the domains under
investigation, presents the motivation for this research work, states the problem,
aim, objectives and methodology adopted and, finally, details the contributions of
this work. This part also exposes the context and the background to the problem
being investigated through a review of the literature. The literature review is two-
pronged: first, a review of current practice in supporting the management of clinical
guidelines and protocols is undertaken; and, second, a review of the applications of
the event-condition-action (ECA) rule paradigm and active database systems is
presented with a view towards harnessing the ECA rule paradigm for supporting the
management of clinical guidelines and protocols (CGPs). This part is organised as
follows: Chapter 1 presents an introduction to the study; Chapter 2 defines the
context of the problem that has been investigated and the review of the state-of-the-
art is presented in two parts: Chapter 3 reviews the computer-based management
support for clinical guidelines; and Chapters 4 reviews the (ECA) rule paradigm and
active systems technology and their applications in general as well as in the

supporting the management of clinical guidelines and protocols.
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Chapter 1 Introduction

This chapter introduces the study by first presenting the motivations behind this
research in Section 1.1. In Section 1.2 the problem under investigation is presented
in terms of the statement of the research question, the study hypothesis and, finally,
the method of evaluation of the solution to the research problem. The research
question is presented from both a general perspective and the perspective of the
application domain. In Section 1.3 the aims and objectives of the study are
presented. In Section 1.4, an outline of the methodologies to be used are outlined.
Section 1.5 presents, the contributions of this work. Finally, the organisation of this

thesis is presented in Section 1.6.

1.1. Motivations

This section presents the motivation of the research work presented in this thesis

from the perspectives of the research domains in focus.

1.1.1. Clinical Laboratory Test Ordering Protocols

The cost of clinical laboratory testing has been increasing considerably from year to
year during the past two decades (van Walraven and Naylor 1998). Since the 80’s,
healthcare organisations have been pressurised to control clinical laboratory
utilization without affecting quality of patient care (Grossman 1983; Eisenberg 1985;
Peters, M and Broughton 1993; O'Moore, Groth et al. 1996). It has been established
that the use of clinical test ordering protocols supported by Information Technology
can enhance quality, efficacy and proper usage of clinical laboratory resources
(Matimer, McCauley et al. 1992; O'Moore, Groth et al. 1996; Bates, Kuperman et al.
1999; van Wijk, M .A. M., Bohnen et al. 1999; van Wijk, M.A.M., Mosseveld et al.
1999) and promote best practise in the clinical laboratory environment (Boran,

O'Moore et al. 1996; O'Moore, Groth et al. 1996; Bates, Kuperman et al. 1999; Berry,
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Wu et al. 1999). Clinical test ordering protocols are systematically developed
statements, usually in natural language, that provide guidance on what clinical
laboratory tests clinicians should order, what clinical laboratories should do in
response to a test order, and what laboratories, clinicians and patients should do in
response to test results in certain clinical circumstances. They are a type of clinical
guidelines and protocols (CGPs), which are statements that express medical
knowledge for guiding patients and clinicians in making decisions about appropriate
healthcare for the specific clinical circumstance of the patient (Field and Lohr 1992).
The application of modern Information Technology offers the potential to facilitate
the incorporation of clinical guidelines, in general, and clinical test-ordering
protocols, in particular, into the routine used daily by clinicians with the aim of
improving patient care quality and optimising clinical laboratory resource

utilisation.

1.1.2. The Event-Condition-Action (ECA) Rule Paradigm

Event-condition-action ECA) rules are specified by an event, a condition and an
action whose combined behaviour is such that the event must occur in order for the
action to be executed subject to the condition evaluating to true (Widom and Ceri
1996). The ECA rule paradigm provides the means to specify knowledge required to
support functionality such as monitoring and coordination in situations that require
a timely response. The ECA rule paradigm has been used to specify medical
knowledge and proved to be promising in supporting standardisation and sharability
of the resulting knowledge modules (Hripscak, Luderman et al. 1994; HL7 1999).
The ECA rule paradigm represents a potentially useful approach to the
implementation of CGPs. This has received only limited attention in the literature
with the exception of the Arden Syntax for Medical logic Modules (MLMs) (Sailors,
Bradshaw et al. 1998) and HyperCare (Caironi, Portoni et al. 1997), which uses an
active database to implement a specific CGP without providing a generic method
that can be used with other guidelines.
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1.1.3. Active Databases

Active databases combine the ECA rule paradigm with the data management
functionality of a database management system (DBMS) (Dittrich, Gatziu et al. 1995)
to present a promising environment for supporting CGPs as well as the electronic
medical record and clinical workflow. Up till now, only one limited effort directed
at harnessing active database technology for supporting CPGs is known to the
author (Caironi, Portoni et al. 1997). No attention has yet been paid towards
developing a unified framework that incorporates a generic way to combining the
ECA rule paradigm and active databases to provide support for the full-scale

management of CPGs.

1.1.4. ECA Rule Paradigm Support

On one hand, the ECA rule paradigm and active databases have been thoroughly
investigated and their theoretical foundations are now well known. On the other
hand, the support for management of the ECA rules exists only in very limited form,
e.g., database triggers, within modern systems. There is a need to demonstrate the
practical requirement for a comprehensive ECA rule paradigm support in modern
systems so that important real-life application domains such as healthcare could

benefit.

1.2. The Research Problem

CGPs are a special type o complex domain knowledge. The problem of how to
efficiently and effectively manage computer-based CGPs has continued to pose a
major challenge to the computing domain. The ECA rule paradigm has been proven
to be effective in supporting the specification of medical knowledge (Hripscak,
Luderman et al. 1994; HL7 1999). The ECA rule paradigm and active databases have
also been used successfully in applications that require data management as well as

monitoring and coordination. Such applications include workflow support (Eder,
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Groiss et al. 1994; Tagg and Lelatanavit 1998) and computer-aided manufacturing
(Berndtsson, M. 1994). Thus, the ECA rule paradigm and active databases offer a
potential solution to addressing the challenges posed by the computerisation of CGP

management.

1.2.1. Research Question
At a general level, this study addresses the question of using the ECA rule paradigm

within the context of database systems in providing a generic and simple way to
manage information in a complex application domain that has several important
requirements. First, the domain information and knowledge need to be specified and
later customised, using current values of the problem attributes, in order to be
applied to a specific instance of the problem scenario or case. Second, constant
monitoring of domain situations is required with a provision for timely reaction to
situations of interest. Third, the dynamic or on-the-fly manipulation and querying
of domain information is required for complex objects and processes associated with

these objects in the domain.

In addressing this general question the study focuses on a important application in

healthcare - supporting the management of computerised clinical

guidelines/protocols (CGPs) - and seeks answers to the two specific question. First,

how can the full-scale manageability of information for the complex domain of

supporting computerised CGPs be supported? In answering this question, the study

tackles the following specific issues and questions:

1. Identification of the component aspects of the full-scale management of a CGP:
What are the component aspects of the management of CGPs?

2. Formal specification of CGPs: How can we formally specify CGPs?

3. Storage of CGP in a way that enables them to be fully managed: How can we
store CGP specification in a way that allows them to be subject to manipulation
operatiors and queries?
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Customisation of CGP specifications to suit specific needs and situations: How
can we customise a CGP specification to suit specific clinical situations?
Instantiation and execution of a customised CGP: How can we execute a
specified CGP by using a computer?
Performing on-the-fly manipulation operations on and issuing queries against
both CGP specifications and their executing instances: CGPs and their executing
instances both need to be managed. How can this be achieved?
A case study for supporting a real computerised clinical protocol for a specific

clinical problem. Are the methods we develop applicable to a real protocol?

The second aspect of the research problem deals with the question: How can we use

the ECA rule paradigm supported within modern database management systems

(DBMS’s) as a core concept of the domain information modelling and enforcement

frameworks for supporting the full manageability of computerised CGPs? In

answering this question, the study addresses the following issues:

1.

Using the ECA rule paradigm in the modelling and specification framework for
computerised CGPs;

development of a generic mechanism that is based on the ECA rule paradigm to
execute CGPs;

Using the modular nature of the ECA rule paradigm as a basis for the
customisation of CGP specifications in order to suit individual patients;

Exploit the ECA rule mechanism of a modern DBMS, such as Oracle9i, as an
engine to support CGP execution and manipulation, i.e., performing operations
and issuing queries;

Identify the limitations of the modern DBMS, if they exist, in supporting ECA

rule paradigm-based applications.
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1.2.2. Problem Statement from the Application Domain

Perspective
The specific focus of the study is on solving the problem of providing a

comprehersive and flexible environment for the full management of clinical
protocol definitions and the process of their enforcement for each patient. Emphasis
is placed on the efficient and effective management of the information and
knowledge that is associated with the computerised clinical test ordering protocols.
The main component parts of the problem are: the specification; the provision for
persistence or storage; the automated enforcement or execution; and the
manipulation, i.e., performing operations and querying, of the domain information

associated with the clinical test ordering protocols.

1.2.3. Research Hypothesis
The study’s hypothesis is that the ECA paradigm supported within database systems

could be an effective and practical tool for supporting important aspects of the
management of complex domain information when used as a core concept within
the domain knowledge model and its implementation. A further hypothesis is that
the use of the ECA rule paradigm in the active database environment would make it
possible to automatically support the dimension of manipulation of information

associated with CGPs.

1.2.4. Evaluation of Solution
The study will demonstrate its solution to the problem under investigation by

focusing on the effectiveness of the developed framework, approach and mechanism
in allowing domain information, within the context of clinical test-ordering
protocols, to be specified using a declarative ECA rule paradigm-based language;
executed using an ECA or trigger mechanism in a modern database system; and
manipulated using a declarative query language. The main challenge is to show that

the management of domain knowledge and information can be supported and
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managed easily. A prototype system will be developed to demonstrate the feasibility
of the framework and approach developed. The prototype system will be evaluated
in a case study that will be undertaken in consultation with clinical domain experts
at St. James’s Hospital and in the inter- disciplinary research group within the

MediLink Project.

1.3. Research Aim and Objectives

This section presents the aims and objectives of this research.

1.3.1. Aim

The aim of this study is to investigate how to manage domain information in the
provision of assistance to healthcare professionals, in ordering correct, appropriate
and timely interventions, according to a set clinical guideline or protocol. An
example of a clinical intervention of interest to this study are clinical laboratory
investigations, which need to be performed on a patient. Clinical orders need to be
made at the appropriate time and place, with prompt notification of results.
Furthermore, it is important to provide for patient-specific recommendations,
alarms and alerts. In an environment that allows dynamic adaptation and
modification of the regime, important aspect of this aim is to provide monitoring
and coordination without expropriating the task of reasoning from the domain
experts. As has already been pointed out i is proposed that the event-condition-
action (ECA) rule paradigm in the context of active databases is a promising
technology that could be harnessed to effectively achieve this aim. Consequently,
this also incorporates using the ECA rule paradigm and active databases in
developing a generic framework and approach with specification and manipulation
languages, and a software mechanism for the specification, storage, execution and

manipulation of clinical protocols.
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1.3.2. Objectives

The main objective of this study is to develop a generic way for specifying, storing,

executing and manipulating clinical guidelines or protocols knowledge and

information from both the static and dynamic standpoints. Of interest to this study

is the provision of the functionality that allows clinicians to perform operations and

query both the static and dynamic aspects of the guidelines or protocols within the

system. The specific objectives are as follows:

a)

b)

9)

To develop a generic framework and approach for managing domain information
in the form of clinical protocols;

To enhance the design of the language, PLAN, for specifying clinical test
ordering protocols. PLAN was initially proposed by Wu (1998) as a declarative
specification language that follows the ECA rule paradigm;

To develop a declarative operator and query language for the manipulation of
test ordering protocols;

To develop translators for the specification and manipulation languages;

To develop a software mechanism to support the management of the domain
information associated with clinical protocol definitions and enforcements;

To design and implement a prototype system for the full-scale management of
domain information using a case study involving the support for clinical test-
ordering protocols for the diagnosis and management of micro-albuminuria in
patients with diabetes mellitus; and

To test and evaluate the prototype system, together with the underlying
frameworks, concepts and methods, in the care of patients with assistance from

medical experts at a local hospital.
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1.4. Methodology

To establish the state-of-the-art, a literature review was conducted. The literature
review framework was designed in close attention to the aims and objectives of the

research.

In order to comprehensively address the problem under investigation, use is made of
a unified framework in which the CGP management problem is broken down into
core components. Modularisation (Parnas 1972) and the principle of separation of
concerns (Lopes and Hursch 1995) are used to ensure both the independence and co-

operation/collaboration among components within the framework.

The event-condition-action (ECA) rule paradigm (Dittrich, Gatziu et al. 1995;
Widom and Ceri 1996) is used as a basis for modelling the domain information and
for implementing the enforcement mechanism that applies the domain information
to the real world scenarios. The Object-orientated paradigm (Rumbaugh, JR, Blaha
et al. 1990; Booch 1993) is used as the intermediate model for CGP information
between the specification, enforcement and manipulation mechanisms on the one

hand and the storage mechanism on the other.

The involvement of the actual decision-making at the operational level will be
fostered through external interaction and communication in which the clinician
absolutely dominates and dictates while the system only suggests, prompts and
alerts. Artificial Intelligence methods that involve complex automatic reasoning or

automatic derivation and enforcement of domain knowledge are not employed.

In the task of enhancing and implementing the language, PLAN, use is made of
well-established classical techniques and tools for designing formal languages. The

Backus-Nuar Form (BNF) is used to specify PLAN as a high-level declarative
20



Chapter 1 Introduction
language for allowing domain knowledge to be: a) declaratively specified, b) easily
manipulated and c) declaratively queried. The parser for PLAN is developed from
the principles of recursive descent parsers. Instead of using language translation
techniques, to handle the parser outputs, an object-oriented mechanism is used to

translate the parser output into the database model.

The Unified Modelling Language (UML) techniques and modelling tools
(Rumbaugh, J, Jacobson et al. 1998; OMG 2001) are used to design software modules.
To model CGPs, UML state charts are used in such a way as to facilitate the
involvement of clinical domain experts. Entity-Relationship modelling (Chen 1976)
and relational database design techniques (Elmasri and Navathe 2000; Ullman and

Widom 2001) are used to design the database.

Consultations on medical aspects of this Study were conducted with medical

domain experts at Tallaght and St James’s Hospitals in Dublin.

The evaluation of the solution to the problem is attained by: the development of a
prototype system; and the testing and evaluation of the prototype system, which is
conducted both theoretically and through a practical demonstration aimed at
soliciting feedback from clinical domain experts using patient scenarios from St

James’s Hospital.

1.5. Contributions

The main contribution of this thesis is a generic framework and approach for the
management of information and knowledge for supporting the management of
computerised CPGs. Further contributions of this research are:

a) A characterisation of the problem of managing CGP information as consisting of

the three generic planes of specification, enforcement/execution and
21
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manipulation, with each plane having its own levels of abstraction and

interacting, in a dynamic fashion, with the other two planes.

b) A generic software mechanism for supporting the framework and approach for

managing CGP knowledge and information. This software mechanism is based
on the ECA rule paradigm within the context of database systems and lays the
groundwork for easy integration of the CGP support mechanisms within the
electronic healthcare record (EHCR) (Grimson, W, Berry et al. 1998; Grimson, J,

Stephens et al. 2001) and clinical workflow.

c) An approach to the use of the ECA rule paradigm for both conceptual modelling

and implementation of CGP management within a unified framework by using a
ECA rule mechanism of a modern DBMS. This approach creates a basis for the
demonstration of the ECA rule paradigm & a viable technology for supporting
real applications (particularly the management of CGPs), thus, pointing to the

need for further enhanced support in modern DBMS;

d) A prototype system, TOPS, for supporting the management of CGPs for clinical

test-ordering, which supports the framework and approach developed in this
study by making use of a declarative specification language to specify protocols,
an ECA rule mechanism of a modern DBMS and its extension as the execution
engine, and a query and manipulation language to query and manipulate domain
information and knowledge, in the form of CGPs and patient data, within the
system; and

A case study for the management of a computerised protocol for

microalbuminuria in diabetes patients.

1.6. Thesis Organisation

Figure 1 illustrates the structure and organisation of this Thesis. This Thesis consists

of four major parts. Part | describes the problem under investigation. The context

of the problem is also set. The background to the problem is presented in the form of
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a review of the state-of-the-art in the support for CPG management and in the
applications of active database systems and the ECA rule paradigm. The later is
presented with a view to harnessing for supporting CPG management. Part | consists
of chapters 1 to 4 as illustrated in Figure 1. Part Il presents the framework and
approach, which resulted from this study, for managing clinical protocols. This part
also discusses, in depth, the approach and methods developed in this Study for
supporting the specification, execution and manipulation of information and
knowledge for clinical protocol management. Part Il consists of chapters 5 to 8 as
illustrated in Figure 1. Part Il presents the design and implementation of the
prototype system, TOPS, and the case study in which TOPS is used in the
management of the microalbuminuria protocol for diabetes patients. Part 111 consists
of chapters 9 and 10 as illustrated in Figure 1. Part IV presents a review of this thesis

and a conclusion. This Part consists of chapter 11 as illustrated in Figure 1.

Thasis
-—{ Pait | . iirduction and Background |
Chapter 1 - Infmduchon

Chapber 7 - Siucky Comiani

iﬁ

Chapter 3 - Slate-the-art - Compuser-Based Chinical Guideire and Protocol Managemen |

||

Chapter 4 - Stala-ol-the-41 - ECA Rule Paradsgm and Actwe Datahase Systems Appeoations J

—| Part I - Framework and Approach
|

Chagasr 5 - Framework and Aggraach and Method Tor Suppomng he Management of Cincal Proigods |

Chapter & - Supporrg the Speaficabon of Chnical Probacols |

Chapier T - Supporirg the Execuion of Cinecal Prolocoks ]

|]]]

Chapter & - Supporing e Manipisation of Cincal Protocal information and Krowiedge i

_"| Fart ¥ - TOPS: Deson, mptementarbon and Case Sy

Chapter 3 - TOPS. Design and Implamantation
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Figure 1 Thesis structure
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1.7. Chapter Summary

This chapter has introduced the problem under investigation. It presented the
motivation for this research from the perspectives of both the clinical domain and
active systems applications. The aims and objectives were discussed and the
methodology outlined. The chapter also identified the contributions to knowledge

made by this research work. Finally, the chapter described the organisation of this

thesis.

24



Chapter 2 Study Context

2.1. Introduction

Attempts to reduce costs and practice variation and optimise resource utilisation in
healthcare have led to the formalisation of medical domain information and
knowledge, acquired through experience and medical research, to create clinical
guidelines and protocols (Field and Lohr 1992). The event-condition-action (ECA)
rule paradigm, as found in active databases (Dittrich, Gatziu et al. 1995) and
originating from production rules (Newell and Simon 1972) in traditional expert
systems, promises to be an effective means of representing, sharing, enforcing and
manipulating information and knowledge. The ECA rule paradigm in active
database systems (Dittrich, Gatziu et al. 1995) could be used to provide an excellent
framework for facilitating the solution to the problem of the integration of clinical
guideline, patient record and clinical workflow systems. This thesis consentrates on
the problem of supporting the management of clinical protocols, with focus on
clinical laboratory test-ordering protocols. The aim of the investigation is to develop
a generic approach that makes use of the ECA rule paradigm in active database
systems within a unified modelling and implementation framework for supporting
computerised CGPs. This Chapter sets the context by first presenting, in Section 2.2,
some definitions of the main concepts and terms as used in this Thesis. The main
aspects of the research are then set into the context of the clinical guideline domain
in Section 2.3, clinical test-ordering protocols in Section 2.4 and the ECA rule-based
support for clinical guidelines in Section 2.5. Finally, Section 2.6 presents a

discussion and summary of this Chapter.
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2.2. Definitions of Terms and Concepts

This section presents definitions of a number of key concepts as they are used in this

thesis.

Clinical Guideline

The American Institute of Medicine defines a clinical guideline as: “... a set of
systematically developed statements to assist the medical practitioner and the
patient in making decisions about appropriate healthcare for specific clinical
circumstances.” (Institute of Medicine (IOM) 1992) . The following is an analysis of
this definition:
“systematically developed”: The development of clinical guidelines involves an
orderly and lengthy process that takes into consideration recent scientific
knowledge, experiential evidence, consensus among healthcare experts and
current practice.
“assist the medical practitioner and patient” : Guidelines are not meant to be
compulsory but to uphold the domain expert’s dominance and discretionary
rights, i.e., they are meant to assist not dictate to the clinician and the patient,
who have a right to override them when necessary.
“making decisions”: medical decision-making is the primary task of clinicians.
Patients make decisions about their own health. Patients also have the final say
in major decisions on what is done to them by clinicians during the process of
care. Clinical guidelines help clinicians and patients to make informed decisions
with regard to the appropriate care for the patient.
“appropriate healthcare”: All medical decisions made by the clinician and the
patient are aimed at achieving the best patient outcomes in an effective and
efficient way. Consequently, appropriate healthcare is patient care that leads to

the attainment of this aim.
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“specific clinical circumstances”: each clinical guideline that is developed deals
with a specific clinical problem. However, they do not take into consideration
the specific circumstances of an individual patient. It is the task of the clinician
to put the guideline knowledge and advice into the specific context of the

patient.

Clinical guidelines canalso be viewed as “knowledge models of preferred processes
of care” (OpenClinical 2001). The guidelines need to be locally adapted to be
applicable to the local patient and disease scenarios, since while medical knowledge
is universal, clinical practice is local (Nykanen 2000). A clinical guideline can be
combined with the organisational model in order to harness workflow technologies
to create a care flow (Quaglini, S., Stefanelli et al. 2000b) environment for
dissemination, medical knowledge utilisation and healthcare team communication

and coordination.

Clinical guidelines encode domain knowledge and need to be managed in order to
be useful. Therefore, the incorporation of clinical guidelines into the routine used by
the clinicians can be seen as a domain knowledge management task. This work
investigates the support for the management of computerised clinical guidelines.
Supporting computerised clinical guideline management involves formally
representing medical knowledge and assisting clinicians by using information
technology to make this knowledge available for use during decision-making and by

performing routine tasks that are amenable to computerisation.

Clinical protocol
The main difference between a clinical guideline and a clinical protocol is that a
clinical guideline is clinical or medical knowledge that is context-insensitive while a

clinical protocol is context-sensitive because it is clinical or medical knowledge
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incorporated into daily routine and is derived from customising and enhancing the
guideline with localised and patient-specific detail. This is why Miksch (1999) views
a clinical protocol as a highly detailed clinical guideline, which, she states, is usually
mandatory. In essence, a clinical protocol, just like a clinical guidelines, encapsulate
knowledge about medical concepts and knowledge about how to carry out specific
activities (Gordon, Herbert et al. 1997). Consequently, the terms “clinical guideline”
and “clinical protocol” refer to the same basic concept and, in this thesis, may be

used interchangeably.

Computerised Clinical Guidelines and Protocols

Clinical guidelines or protocols generally exist as human expertise, organisational
custom and paper or text-based publications. They are meant to be read by clinicians
who are expected to apply the knowledge contained in the guidelines to clinical
problems that they encounter during their daily practice. When clinical guidelines
or protocols are formally specified and enforced by using appropriate computational
techniques implemented in a computerised mechanism, they are then referred to as
computerised clinical guidelines or protocols. This thesis is concerned mainly with

computerised clinical guidelines or protocols.

Clinical Test-Ordering Protocol

Clinical laboratories and clinicians use clinical test-ordering protocols to define:
what tests clinicians should order; what laboratories should do in response to an
order; and what both laboratories and clinicians should do in response to test results
in certain clinical circumstances. These protocols may be incomplete, informal,
unwritten and tend to represent the experiences and wishes of senior medical and
administrative staff (Peters, M, Broughton et al. 1991). The differences between
protocols and the difficulty in enforcing them result in variations in clinicians’

utilisation of clinical laboratory services and in the clinical laboratories’ responses to
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test orders. This problem can be resolved by defining consensus protocols, which
Peters et al (Peters, M., Clarke et al. 1991) refer to as locally agreed protocols, which

can be enforced with the support of a computerised system.

Clinical Guideline or Protocol Management

In this thesis, the term management of clinical guidelines or protocols refers to the

following aspects:
Specification: This involves the formal representation of the clinical guideline
knowledge by using a model and a language in order to allow the guideline
knowledge to be stored and manipulated by computer-based methods.
Execution or enforcement: This is the computer-based application of the formal
guideline or protocol specification to the solution of a clinical problem. This
thesis will take guideline execution and guideline enforcement to refer to the
same concept — the computer execution of a computerised clinical guideline or
protocol with respect to a patient. The issues of a clinician’s compliance to
clinical guidelines or protocols and the methods by which this can be achieved
are outside the scope of this thesis. Quideline or protocol execution will be
achieved through a computer-based mechanism. The guideline execution or
enforcement mechanism involves collaboration between human agents, the
clinician and the patient, on the one hand, and a software mechanism, on the
other.
Manipulation: the manipulation of the clinical guidelines knowledge and
information through use of operators and issuing of queries as well as sharing the
guidelines knowledge among healthcare professionals and organisations.
Operators and queries are performed on both the static and dynamic aspects of
the clinical guidelines knowledge as well as their specifications and instances.

Sharing of clinical guidelines consist of two aspects: the customisation of the
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generic clinical guidelines to suit local situations and the dissemination of the

guidelines to the healthcare professionals and/or organisations.

The Event-Condition-Action Rule Paradigm
An ECA rule consists of events, conditions and actions whose combined semantics
mean that when the event occurs, the condition is evaluated and, if it evaluates to
true, then the action is executed (Gatziu, Geppert et al. 1991). Thus, each ECA rule
consists of three components:

an event part, containing a so-called transition predicate that lists all possible

events which are of concern to the rule;

a condition part, which can be an arbitrary predicate, and

an action part, which is an arbitrary list of executable functions.
The event and the condition together constitute a situation that the rule has to
monitor. Situation monitoring involves detecting an event of interest and evaluating
a condition associated with the event. The situation is said to have occurred only if
the event has been detected and the condition evaluates to true. The action is
performed only if the situation has occurred (Dittrich, Gatziu et al. 1995).
Characteristics of ECA rules and their collective behaviour in both relational and
object-oriented database systems have been analysed by various researchers in the
area of active databases and are now well known (Paton and Diaz 1999). In clinical
guidelines, events are detectable happenings that occur to a patient and range from
disease progression to what clinicians do to a patient; conditions are checks on
patient clinical attributes that are made based on clinical laboratory measurements
and observations; and actions are clinical interventions that are triggered by
occurrences of events or conditions or both and can generate events and/or give rise
to satisfaction of conditions. Consequently, the ECA rule paradigm contains the

compositional primitives for clinical guidelines.
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2.3. Clinical Guideline and Protocols

Tu et al. (1999) have characterised the clinical guideline domain as consisting of
health-care providers, patients, and the decision support systems. These multiple
agents interact at different time points, called encounters (Tu, S. W. and Musen
1999), which may simply be times when a monitoring system detects the arrival of
new data. At each encounter the following three things may happen: observations
about the patient are recorded; decisions are made; and actions are carried out (Tu,
S. W. and Musen 1999). It is also possible for healthcare providers and patients to
take actions outside encounters (Tu, S. W. and Musen 1999) but this may still be
within the context of the guideline or may mean that both the patient and the
clinician are exercising their discretion. The rationale for introducing clinical
guidelines and protocols is to reduce unjustified variations in clinical practice,
improve healthcare quality and contain costs (Grimshaw and Russell 1993).
Clinicians need to be made aware of the guidelines. They also need to be
encouraged to comply with the guidelires during routine practice. Studies have
established that clinician compliance to guidelines is improved when the guidelines
are presented to them at the point of care when they are treating the patient and
also accessing the patient's record (Grimshaw and Russell 1993; Tu, S.W. and Musen
2001). The presentation of the guidelines and the point of care must not be intrusive.
An examination of a variety of clinical guidelines by Tu et al. (Tu, S. W. and Musen
2000) led to the abstraction of a set of the following generic guideline tasks:
decision-making; setting goals; work specification; and interpretation of data.
Decision-making is the main tasks for guidelines as highlighted in the definition by
the Institute of Medicine (1992). The following are two classes of clinical guidelines
that are based on the distinction between the notions of time points and timeline:
consultation guidelines, which specify guideline tasks whose consequences are not
being tracked over time; and management guidelines, which model guideline tasks

that lead to dependent changes in patient states over time (Tu, S. W. and Musen
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1999). Studies have established that when clinical decision support systems are
developed to provide, at the point-of-care, patient-specific assistance in decision-
making and integrated with clinical workflow, they can improve clinicians’
compliance with clinical guidelines and hence patient outcomes (Grimshaw and
Russell 1993; Lobach and Hammond 1994). The development of computer-based
management strategies to implement clinical guideline-based decision-support
systems has become a critical issue in promoting the use of clinical guidelines in
daily practice (Nykanen 2000). During the past decade, the healthcare community
has paid more attention to guideline development than to guideline implementation
for routine use in clinical settings (Audet, Greenfield et al. 1990). Recently, this has
improved significantly as a number of guideline systems have emerged (Wang, Peleg
et al. 2002), for example EON (Musen, M.A., Tu et al. 1996), Asbru (Shahar, Miksch
et al. 1998), Proforma (Fox, Johns et al. 1998) and PRESTIGE (Gordon and Veloso
1996).

2.4. Guidelines and Protocols for Ordering Clinical
Laboratory Tests

During the past decade, the unit cost of performing a single clinical laboratory test
has decreased relative to inflation (van Walraven and Naylor 1998). In the same
period, the number of tests ordered has increased dramatically(van Walraven and
Naylor 1998). As a result, the cost of clinical laboratory testing has increased
considerably (van Walraven and Naylor 1998). This has prompted the introduction
of research and initiatives aimed at controlling clinical laboratory utilisation without
adversely affecting the continued improvement of the quality of patient care. The
initiatives that have been introduced include feedback, participation, education, cost
awareness, financial incentives, penalties or risk-sharing, administrative change and
rationing (Grossman 1983; Eisenberg 1985; Peters, M, Broughton et al. 1991). One of

the most effective and proven approach to clinical laboratory utilisation
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Table 2.1 A test-ordering protocol for Viral Hepatitis (in natural language) (Protocol
Steering Committee 1998)

Suspected Condition Laboratory Test(s) Performed

(Please, write on requisition)
Acute Hepatitis Inti-HAV IgM

- if positive, no further testing required

- if negative, test for: HBSAg'
-> if positive, further testing only on request
- if negative, test for anti-HCV'

Hepatitis B Carrier HBsAg

Previous/Chronic Hepatitis Anti-HBc (total) - if positive, test for anti-HBs', and HBsAg
and
Anti-HCV

I Tests can be added automatically I

management is the use of clinical test ordering protocols, which are mandatory
clinical practice guidelines (Grimshaw and Russell 1993). Test-ordering protocols are
generally available to clinicians in natural language form in the medium of paper or
electronic text on the Internet. Table 2.1 presents an example of a protocol for Viral
Hepatitis testing, whose aim is to assist physicians in selecting the most appropriate
laboratory tests for conditions of suspected Viral Hepatitis (Protocol Steering
Committee 1998). Some protocols are not presented as test-ordering protocols per se
although they heavily involve guidelines on ordering laboratory tests. Table 2.2
presents an example of such a protocol for the management of renal disease in type 2
diabetes (Lanarkshire Diabetes Group 1999).

To have a marked effect on costs and to be functional, clinical test ordering
protocols must: address high-volume ordering areas; be amenable to a few simple
rules that can easily be remembered by clinicians; be conveniently expressed in the
test order; be easily carried out by the clinical laboratory staff, and require general
agreement among clinicians, laboratories, and payment agencies (Smith and

McNeely 1999).
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Table 2.2 Protocol for the management of renal disease in Type 2 diabetes (in
natural language) (Lanarkshire Diabetes Group 1999)

I Guideline Title | Management of renal disease in Type 2 diabetics— prevention and detection I

Objective To reduce patients entering end stage renal failure by one third.
1. Annual early morning first void urine:
If blood and leucocytes present - look for appropriate pathology e.g. Urinary Tract Infection

(uTI).
If free of blood and leucocytes - send to local hospital laboratory for MICROALBUMIN
measurement.
o If 20 - 200mg/l - repeat TWO separate mornings
[a) if 2 of 3 readings are 20 - 200mg/l - then MICROALBUMINURIA.
iz If < 20mg/l - then normal and re-test in one year.
2 2. If MICROALBUMINURIA, prescribe an ACE inhibitor for type 1, but avoid in potentially
= pregnant woman. Control BP (<140/80 mmHg) in type 2.
3.  If DIPSTICK POSITIVE PROTEINURIA (stages 3, 4 See Appendix 2).
control BP < 140/80 mmHg.
in type 1 refer to STATE REGISTERED DIETICIAN for dietary protein assessment and
maodification if appropriate.
4, Keep record of results. (See page 7).
1. Refer stage 3, 4 to hospital diabetic clinic. (See Appendix 2)
[a) 2. Refer stage 5 to hospital nephrologist (See Appendix 2). (Dr. Bill Smith or Dr. Malcolm Hand at
3 o) Monklands Hospital).
[o)a
I
@)
Stage Abnormality Condition
A -E 1 Urinary albumin < 20 mgl/l Normoalbuminuria
g z % § 2 Urinary albumin 20-200 mg/I Microalbuminuria
5 %E = 384 Urinary albumin >20 mg/l (= dipstick albuminuria): | Macroalbuminuria
<&5 og ACTION REQUIRED
pd

5 Plasma creatinite > 200 umol/l: ACTION End stage renal failure
REQUIRED

These constraints have severely limited the number of areas that clinical test
ordering protocols can be implemented. Furthermore, a drawback to the use of test
ordering protocols for laboratory utilisation control is that clinicians do not show a
sustained test-ordering-behaviour change in response to the deployment or
dissemination of clinical guidelines even when they are in agreement (Kanouse and
Jacoby 1988; Elson and Connelly 1995a; Elson and Connelly 1995b). There are many
explanations to this one of which is the fear of litigation. Despite these constraints, it
is beneficial to provide computerised support for clinical test ordering protocols as
this would give rise to a number of desirable results, which include reduction of the
following: unnecessary test orders, which will lower laboratory costs; the number of
sample collections through sample and result re-use; and turn-around time required

to reach a diagnosis (Smith and McNeely 1999). Further to this, a system
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implemented as an interface between the clinician and the laboratory offers the
possibility of solving some of the difficult problems of developing, disseminating and
adhering to test ordering protocols. The major benefits of such a system include the
ability to:

represent more sophisticated and widely applicable protocols than can currently

be implemented with traditional approaches;

make those protocols available to clinicians at the time of ordering and viewing

the results;

make test ordering protocols specific to the clinical circumstances of the patient;

and

provide a complete record for retrospective review of the clinical problem, test

orders and test results.
Two major approaches have emerged in the support of clinical laboratory test
ordering protocols. The first approach is the proactive approach in which support
for test ordering protocols is based on proposing appropriate investigations, and the
second approach is the reactive approach in which support involves denying
inappropriate investigation (Peters, M., Clarke et al. 1991; Boran, O'Moore et al.
1996; van Wijk, M .A. M., Bohnen et al. 1999; van Wijk, M.A.M., Mosseveld et al.
1999). The net effect is that only those tests that the clinicians and the laboratory

staff agree to be necessary for the management of the patient are ordered routinely.

This work addresses the support for the management of clinical laboratory test-
ordering protocols through a unified framework that covers specification, execution
and manipulation, and applies the ECA rule paradigm and database systems in the
modelling and implementation framework. The aim is to provide assistance to
clinicians in which test-ordering protocols that have been agreed with the
laboratory are declaratively and generically specified and stored, customised for

specific patients, enforced or executed by a computerised mechanism, and
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manipulated through operations, queries and sharing mechanisms such as healthcare
middleware like the Synapses electronic healthcare record (EHCR) server (Grimson,
W, Berry et al. 1998). The test-ordering protocol enforcement takes the proactive
approach with the exception that the system proposes tests that have been subject to

agreement or consensus.

2.5. ECA Rule-Based Support for Clinical Protocols

In terms of the ECA rule paradigm, a clinical guideline can be seen as “a method,
that identifies actions, that are to be performed and that specifies conditions that
govern when it is appropriate to perform them” (Pattison-Gordon, Cimino et al.
1996). From this definition, it can be noted that a clinical guideline also includes
situation monitoring, i.e., event monitoring with condition or appropriateness
criteria determination. Thus, it can be seen that, by definition, a clinical guideline
embodies the ECA rule paradigm. The recognition of the usefulness of the ECA rule
paradigm in supporting the management of information and knowledge in the
medical and clinical guideline domains has led to the development of the Arden
Syntax for Medical Logic Modules (Hripscak, Luderman et al. 1994), which is the
first, and currently the only, established standard for representing medical

knowledge (HL7 1999).

In the clinical test-ordering domain, from the ECA paradigm point of view, a test
order activity in a clinical test-ordering protocol can be expressed generically as:
when any of the specified events occur, check the test-ordering condition; if the
condition is true, then a test order is issued. Therefore every test order could be a
result of a recognisable event followed by a decision-making process that includes
appropriateness criteria determination that is made before the test is ordered. A
possible event that triggers a test order may be the emergence of a patient with a

problem, the passage of time, the occurrence of abnormalities in a patient's
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condition, or a combination of these events. A possible condition can be a
specification of the medical condition of a patient. A possible action can be the
issuing of a test order, the sending of an alarm or the issuing of a reminder to a
clinician. Other actions can affect the test-ordering plan itself such as adding a new,

suspending or even removing a scheduled test order for a patient.

It is important to observe that the working scenario described here has some
interesting and unique features: First, the scenario is event-driven and can also be
time-driven. A clinical test can be ordered based on the patient’s condition. It can
also be triggered on certain time points for some scheduled regular tests. For
example, for a Liver-transplant patient, a U&K test (the clinical meaning is not
important here) may be scheduled on days -1, 0, 1, 2, 3, 4, 6, 8, 11(+3). Here -1
means the day before the operation, 0 the day of operation and +3 means every 3
days later on until further notice. Second, the actions of a test-ordering rule can be
alarm-oriented or alert-oriented. It can also be dynamic-modification-oriented. An
action of a test-ordering rule may specify that on arrival of a test result, send paging
information to a clinician. However, there is a much more complicated scenario. On
checking the new test result, some more tests may need to be ordered immediately
or at some later time — if the ordering logic is pre-determined. Obviously, it can also
be the case that an action may be pending, awaiting a medical expert’s decision, and
this involves external actions. Finally, the reaction time for a test-ordering rule
would generally not be in terms of ‘seconds’ or ‘minutes’, but a test order may be
repeated at time points within a long time interval as the previous example
indicated. Therefore this may be seen as an interesting application domain for the
ECA rule paradigm, which falls under ad-hoc triggers identified by Ceri et al. (Ceri,
S., Cochrane et al. 2000) but incorporating special requirements for temporal ECA
rules and comprehensive high-level facilities for dynamically manipulating the rule

automatically with human concurrence from the application.
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2.6. Chapter Summary

This chapter has set the context of this work by defining the major concepts that are
involved in the research topic under investigation and outlining the context of the
issues being dealt with in this investigation. Clinical guidelines and protocols are a
form of domain information and knowledge whose management is critical to
attainment of desirable healthcare outcomes. Previous research has already
established that computerised test-ordering protocol systems can be helpful to both
clinicians and clinical laboratories if they are integrated with other healthcare
information systems such as the electronic patient record (EPR) and the laboratory
information system (LIS) (O'Moore, Groth et al. 1996). The main aim of such a
system would be to provide the automatic enforcement and dynamic management of
the locally agreed protocols and “prompt rather than dictate” (Peters, M, Broughton
et al. 1991). This study contends that the management of clinical guidelines is
achieved through the three dimensions: specification, execution and manipulation.
These three dimensions constitute the essential functionality that should be aimed at
by a clinical guideline management approach. Most existing approaches have
focused mainly on the specification and execution only and provides minimal
support for manipulation management. This study is unique in that it incorporates
the three aspects within a unified framework. This study proposes the use of the
ECA rule paradigm for supporting the management of domain knowledge for
clinical guidelines in clinical laboratory test-ordering domain. The event-condition-
action (ECA) rule paradigm within the context of active databases (Dittrich, Gatziu
et al. 1995) can be used to enable the electronic patient record to issue prompts and
reminders to clinicians so that they can perform tasks that need to be carried out,
and to suggest patient-specific decisions or procedures. An additional advantage is
that active databases have also been shown to be a viable technology for supporting
workflow processes (Eder, Groiss et al. 1994). Active databases with temporal

features are a promising technology for supporting clinical guidelines within an
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organisational setting requiring timely communication and coordination among
healthcare team members. Since clinical processes are often highly unpredictable
and safety critical (OpenClinical 2001), active database can be used to monitor
clinical process while providing sufficient flexibility r clinicians and patients to
override ECA rules when necessary and ensuring that clinicians retain the final
decisions.  Further to this, databases systems are efficient in managing data

generated by clinical processes.
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Chapter 3 Computer-Based Clinical Guideline

and Protocol Management

3.1. Introduction

This chapter presents the state-of-the-art in the form of a review of the literature on
the domains under investigation. Before the literature review is presented, this
chapter presents a brief review of the core issues in the domains understudy as well
as the framework, SpEM (short for Specification, Execution and Manipulation of
CGPs), which are developed for supporting the management of computerised
clinical guidelines and protocols. The SpEM framework is then used as a basis for the
literature review. The rest of this Chapter is organised as follows: Section 3.2
presents a brief review of the application domains relevant to the problem under
investigation. Section 3.3 presents the SpEM framework for guideline or protocol
management support. Section 3.5 presents a literature review of the approaches and
systems to the support for the management of clinical guidelines and protocols. The
literature review closely follows the SpEM framework. Section 3.6. outlines the

implications of the literature review findings. Section 3.7 summarises this Chapter.

3.2. Review of the Application Domains

This presents a review of the domains covered by this research. The aim of the
section is to outline the core issues constituting the background to the problem

being investigated.

In the clinical laboratory test ordering domain, there has been an increase in tests
that are ordered by clinicians per individual patient. This has given rise to an

increase in the overall number of test orders processed by clinical laboratories
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leading to dramatic increase in overall costs (van Walraven and Naylor 1998). The
main explanation to this increased workload for clinical laboratories are increased
number of tests available due to advances in medical science and the clinician’s fear
of litigation. Many of the ordered tests may be either inappropriate or do not
contribute to diagnostic decisions (Peters, M and Broughton 1993). As a result, a
need has been identified to find a way of ensuring that a clinician orders tests that
are relevant to the medical decision-making tasks that faces him or her (Peters, M,

Broughton et al. 1991).

Clinical guidelines and protocols have been identified as the most effective means of
ensuring that only appropriate tests are ordered for each patient and ultimately
reducing costs without negatively impacting on the quality of patient care (van
Walraven and Naylor 1998; van Wijk, M .A. M., Bohnen et al. 1999). Clinical
guidelines are usually paper-based and difficult for a busy practitioner to access at
the point of care. There is a need to develop strategies that facilitate the
dissemination, sharing and improvement of the method of presenting clinical
guidelines and protocols for ease of accessibility and promotion of clinicians’
compliance with the clinical guidelines or protocols being presented. Moreover,
clinicians do not show a sustained test-ordering behaviour-change in compliance
with test-ordering guidelines, even if they agree with them (Kanouse and Jacoby
1988). However, studies have established that if the guidelines are presented to the
clinicians at the time when they are making a decision to order a test or accessing
the test results or treating the patient, clinicians tend to comply with the guidelines
more than at any other time (Grimshaw and Russell 1993). This study seeks to help
in the promotion of compliance to clinical guidelines and protocols for clinical

laboratory test-ordering.
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The development of computer-based guideline or protocol systems have been
proposed in order o present clinical guidelines to clinicians at the time when the
clinicians need them (Peters, M and Broughton 1993). Attempts have been made to
build such systems for the domain of clinical laboratory test-ordering, for example
LUMPS (Peters, M., Clarke et al. 1991; Matimer, McCauley et al. 1992) and
BloodLink (van Wijk, M.A.M., Mosseveld et al. 1999), but these guideline systems
have not adequately addressed the problem of the full-scale management of domain

knowledge contained in clinical guidelines that they support.

Most approaches in the literature have used the production rule paradigm (Newell
and Simon 1972) to model and implement clinical test-ordering protocols. The need
to:
manage the guideline knowledge and its enforcement;
consider the clinical situations, which includes events and appropriate actions;
and
consider other attributes of the patient possibly contained in the electronic
patient record,
makes the ECA rule paradigm in active databases (Dittrich, Gatziu et al. 1995) a
promising technology for supporting the management of clinical laboratory test-
ordering protocols. A literature review of the ECA rule paradigm and its applications

is presented in Chapter 4.

3.3. The SpEM Framework for Supporting the
Management of Computerised Clinical Guidelines and
Protocols

This section presents the framework developed for supporting the management of
computerised clinical guidelines and protocols. The framework specifies that the

management of clinical guidelines should be achieved through the three dimensions:
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specification, enforcement and manipulation. Specification is the definition of a
clinical guideline or protocol by using a formal language. Enforcement is to the
computerised enactment or execution of the formal guideline or protocol
specification with respect to a specific clinical case. Manipulation includes:
performing operations on, and querying guideline information as well as the
information on the objects, subjects and effects of applying the information to
specific clinical cases. These three dimensions constitute the three components of
the CGP management framework, which will be called, SpEM, (Specification,

Enforcement/execution and M anipulation).

3.3.1. Architecture of the SpEM Framework

Figure 2 illustrates the SpEM architecture in terms of the three planes each
concerned with one of the three aspects: specification, enforcement and
manipulation. In the specification plane, the guideline information is captured,
formally specified and stored for easy access, use and maintenance. As illustrated in
Figure 2, specifications of the captured guideline information are customized to suit

the problem scenario and then prepared for enforcement.
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Figure 2 The SpEM framework for clinical guidelines or
protocol information management
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In the enforcement plane, the specified guideline information is put to use in the
solution to problems within the domain. This application of information can be
manual or computerised or their combination. In the manipulation plane, both the
guideline information and its application process are manipulated through the
performance of defined operations and queried by using a declarative language. It
should be noted that both the specifications and execution process are subject to

manipulation within the manipulation plane.

3.3.2. CGP Support in the Specification Plane

The specification plane provides a means to specify the global properties or meta-
data for clinical guidelines. These global properties define their purpose and when
they may be or should be used. The global properties are necessary to allow a
computerised system to provide assistance to a clinician in deciding what guideline
or protocol could be applicable to particular patient circumstances. Gordon et al.
(1996) summarised these most commonly specified properties in guideline systems
as including: guideline task: e.g., diagnosis and management of chronic asthma;
entry criteria: what a patient must satisfy in order for the guideline to be applicable
to them; exclusion criteria: conditions that define when the protocol must not be
applied; indications and contra-indications: patient-specific factors that need

consideration in order to decide whether or not the protocol can be used.

In order to effectively support CGPs, the specification plane must provide a
guideline representation model for expressive guideline knowledge representation,
Such a model must incorporate representation primitives that make up the basic
components of a guideline representation model; structural arrangement of the
representation primitives that makes up the application process of clinical
guidelines; and modelling of patient data (Wang, Peleg et al. 2002). The following
are the typical generic representation primitives that are required in a guideline or
protocol representation model:
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action: clinical or administrative task that is recommended to perform, maintain,
or avoid during the process of guidelire application;
decision: a selection from a set of alternatives based on predefined criteria in a
guideline;
patient state: a materialisation of a treated individual’s clinical status based upon
the actions that have been performed and the decisions that have been made;
execution state: a description of a guideline implementation system based on the
stage of the task such as the action and decision during the process of guideline
execution (Wang, Peleg et al. 2002).

Patient and execution states are two sides of the guideline application process. The
two concepts are closely related to each other. However, patient state can be
affected by changes outside the control of a guideline system. Consequently, patient
state and execution state may diverge from one another. Most guideline models
support either patient state or execution state but not both without loosing
expressiveness (Wang, Peleg et al. 2002). In this study, the approach taken views
patient state as a domain-dependent property while execution state is viewed as a

generic property of the execution mechanism for the guideline application process.

A formal guidelines representation model within the specification plane has the
following benefits:
Provides in-depth understanding of the clinical care processes addressed by
clinical guidelines (Greenes, Peleg et al. 2001);
Can be used to identify different requirements by clinicians for assistance during
the process of decision-making ;
Supports automatic verification and validation of clinical guidelines;
Can be used to facilitate standard approaches to guideline dissemination;
Can be used as a generic template in the integration of clinical guidelines with

the healthcare information system at a local institution (Wang, Peleg et al. 2002).
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3.3.3. CGP Support in the Execution Plane

The execution plane depends on the guideline representation model and language
provided by the specification plane in order to support the computer-based
execution of the guideline-based care process. The computational method used in
the execution of guidelines is dependent on the guideline/protocol representation
formalisms used. In this work, the execution plane uses event-condition-action
(ECA) rules to execute clinical guidelines. ECA rules have the general form: ON
event IF condition DO action. The ECA rule paradigm encapsulates the core
elements for capturing and enforcing guideline knowledge. Table 3.1 summarises
the guideline/protocol representation formalisms and computational methods from
the literature (Tu, S. W. , Johnson et al. 2001; Tu, S.W. and Musen 2001). In the
rule-based paradigm, productions rules of the form: IF condition DO action, have
been used to support clinical event monitoring as well as clinical protocols
(Shortliffe, Axline et al. 1973; Starren and Xie 1994). Logic-based methods represent
guideline knowledge in a declarative knowledge base with logical criteria forming
the basis for selecting a guideline for application to a patient. Examples of logic-
based guidelines representation method are PROforma (Fox, Johns et al. 1996) and

PRESTIGE (Gordon, Herbert et al. 1996).

Table 3.1 Guideline representation formalisms and computational techniques

Model of Method of Computational
. Example . Tasks
Representation Representation Method
MLMs using Arden Primarily Decision Making, Data
Rule based Syntax (Clayton, Pryor Event-condition-action Mix of production system and Interpretation, Goal Setting, and Action
etal. 1989), Decision rule paradigm procedural program Sequencing possible but not supported
Table (Shiffman 1997) explicitly

Activation of PROforma tasks

N Decision Making, Action Sequencing,
through evaluation of

Data Interpretation, Goal Setting and

Logic-based PROforma (Fox, . . . .
. Johns et al. 1996) e o e ctiarll_'s;ramtsaprec?ndm?ns Action refinement through
EESEI) G [fes decision/actions
conditions
Action Sequencing through ATN, Rule-
ONCOCIN (Shortliffe, Augmented Tranistion Episodic Skeletal Plan based Decision Making and Action
Scott et al. 1981) Networks(ATNSs), Rules Refinement refinement, Data Interpretation through
temporal Queries
Network-based PROGIGY Ill ATNSs of patient states . - . .
(Shortliffe, Scott et al. and decisions, Hierarchy LA RIS, Ao IDizlisilalnl (ML), S @
- Refinement as Decisions Decisions, Action Refinement
1981) of actions
GUIDE/Pavia Models . . L .
(Quaglini, S., Stefanell GL/Petri Nets/WPDL Petri Net, Workflow Action and Decision Sequencing,
Management System (WfMS) Decision Making
et al. 2000b)
A= CUREFEa VL] Decision tree, Influence
Decision Theory (Quaglini, S., Stefanelli = b Liilf Decision Theory Techniques Decision making

et al. 2000b) diagram
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In network-based models, guideline knowledge is represented as graphical
flowcharts or networks that have arcs specifying sequencing of actions and
hierarchical decomposition for controlling complexity. Logical criteria using
patient-specific data are used to further control the execution of actions. The
semantics of the flowchart languages are those for formal network modelling tools
such as augmented transition networks and Petri Nets. Examples of network-based
models include: ONCOCIN (Musen, M.A. , Tu et al. 1992), PRODIGY (Johnson,
P.D., Tu et al. 2000) and GUIDE (Quaglini, S. , Stefanelli et al. 2001). In another
approach to the classification of guideline representation formalisms, de Clercq et al.
views the formalisms developed to-date as falling into one of the following two
classes (de Clercq, Blom et al. 2000): Primitive-based approaches: model guidelines
in terms of explicit primitives that characterise the stereotypical tasks that a
guideline is to perform, e.g., actions and decisions. Examples of primitive-based
guideline modelling approaches include Arden Syntax (Hripscak, Luderman et al.
1994), PROforma (Fox, Johns et al. 1996), and GLIF (Ohno-Machado, Gennari et al.
1998). In generic problem-solving method (PSM)-based approaches, the modelling
methods do not focus specifically on guideline-based care, but focus more on
abstract behaviour of decision-support systems in general. The works of Schreiber et
al. (Schreiber, Akkermans et al. 1999), Motta (1999), and Musen et al.(1995) would
fall into this category. System behaviour is modelled in terms of independent classes
of re-usable components presented as: domain ontologies that describe concepts and
their relationship in a domain; and domain-independent algorithms, known as
problem-solving methods (PSMs), for performing generic tasks such as classification,
planning, critiquing and constraint satisfaction. Examples of PSM-based guideline
approaches are those that are based on Protégé 2000 (Musen, M. A. , Gennari et al.

1995; Grosso, Eriksson et al. 1999) such as EON (Musen, M.A. , Tu et al. 1996).
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3.3.4. CGP Support in the Manipulation Plane

The manipulation plane provides the operations on and queries against guideline
knowledge and information. The operations add, delete and modify may be
performed at high-level on the collection of guideline specifications, the
specification database, e.g., adding a new protocol to or deleting an existing protocol
from the database. The operations may also be performed at a bw-level on the
individual guideline specification when components are added, deleted or modified
from the specification. Manipulation of the individual guideline instance may
involve execution-oriented operations like start, stop or truncate. Queries may be
issued in order to obtain information about guideline composition and/or execution.
An example of a high-level query could be: Which protocols (specifications) in the
system would involve blood pressure measurements? An example of a low-level
query could be: Within a given protocol (specification) in the system, which part or
component requires waiting for a period of 3 months? Another important aspect of
the manipulation plane is the re-play of what happened during some period in the
past history of executing a guideline or protocol.

In guideline systems that support the creation of guideline specifications, it is usually
the case that these specifications are used to create protocol instances that execute
with respect to each individual patient. It is also possible that the generic
specification and its instances are clearly separated. Changes could be made to either
the specification or to any of the instances. If such changes are made, the
manipulation plane needs to support any form of change propagation or consistency
maintenance that may be required between components within the system. For
instance, in the Asgaard/Asbru system (Shahar, Miksch et al. 1998), during
execution, the clinician may decide to deviate from the guideline and the system
captures these deviations together with the associated intentions and allows

execution to proceed (Miksch 1999). The captured deviations may represent new

48



Chapter 3 Computer-Based Clinical Guideline and Protocol Management
knowledge which may be used to change either the specification to create a new

version or the other instances that are already executing.

3.3.5. Requirements for Realising the SpEM Framework

In the specification plane, a declarative language is required to specify guideline or
protocol information. In the execution plane, a suitable mechanism is required to
enforce the guideline information. In the manipulation plane, manipulation
operators and a query language are required to manipulate and query the both the
specification and the execution planes. When these requirements are fully met, the
SPEM Framework ensures the full-scale manageability of information. Supporting
information management involves providing facilities for specifying, storing,
enforcing, maintaining and disseminating the information (Borghoff and Pareschi
1997; Benjamins, Fensel et al. 1998; Buckingham Shum 1998). The main aspects of
the problem of supporting guideline information management that are of interest to
this work are the three components of the SpEM Framework. Guideline information
is required to be formally specified to create generic computerised specifications,
which should be subject to persistence, execution, and manipulation in a specific
problem context. This requires: a specification model and language; a persistence
mechanism such as a database system; an execution mechanism; and a manipulation

and query language.

3.4. Clinical Guideline Management Support
Approaches and Systems

This Section presents a review of the literature on Clinical Guideline and Protocol

(CGP) modelling approaches and management support systems.

The literature review follows the SpEM Framework presented in Section 3.3. The

aim of the review framework, illustrated in Figure 3, is to establish the state-of-the-
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art in the support for the full management of computerised CGPs in terms of the

SpEM framework.

Clinical Guideline/Protocol
Management Support

enforcementexecution

manipulation

specification

marnipulation
language

production rules

 dymami
information

aclive rules

logical cntena ( reactive rules ) ( replay )

( flowcharts _) ( network models j

Figure 3 A classification of issues in the support for the management of computerised clinical
guidelines/protocols

Of interest to the review is the support for the three planes of specification,
enforcement and manipulation. For each work or guideline system reviewed, the
several aspects will be of interest. The first aspect of interest is the support provided
by the guideline system for the specification of guidelines/protocols, which is
provided for through a specification model and its language as well as some form of
persistence for the specifications. The specification model and language for
computerised guidelines/protocols may follow one or a hybrid of paradigms which
may be rule-based (e.g., using production or ECA rules), logic-based (e.g., using
some logical criteria or constraints), network-based (e.g., using a graphical flowchart

or a network model such as augmented transition networks or Petri nets);

The second aspect of interest is the support provided by the guideline systems for
the computer-based execution of a guideline specified by using the system’s

specification language. The software mechanism to execute a guideline uses a
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computational formalism that may be rule-based, network-based or a hybrid of

computational formalisms.

The third aspect of interest is the support provided by the guideline systems for the
manipulation of guidelines/protocol knowledge and information, which may be
provided from both the static and dynamic perspectives. The static perspective
includes guideline/protocol specifications and patient demographics. The dynamic
perspective includes knowledge and information about the execution process and its
output as well as modification and version information associated with
specifications. Replaying what has happened during a specified time interval is a
useful feature to include as part of the dynamic perspective for supporting
guideline/protocol manipulation. Manipulation would be made possible by
providing manipulation and query languages to handle operations and queries on the

guideline/protocol information.

Among the pioneering works related to some aspects of the specification and
execution of clinical protocols, are that of MacDonalds et al. (1980) and East et al.
(1990). MacDonalds et al. (1980) developed a computerised medical record system
that detected and reminded the responsible clinician about clinical events that might
need corrective action. East et al. (1990) developed a computerised protocol system
to direct the management of arterial hypoxemia in critically ill patients with adult
respiratory distress syndrome. Since these early works of MacDonalds et al. and East
et al., a number of clinical guideline systems have emerged in various areas of
healthcare especially in the domains of diagnosis and therapy planning and clinical
laboratory test-ordering. The next sections present a review of some of the major

guidelines systems and works that are of interest to this study.
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3.4.1. Computerised Clinical Laboratory Test-Ordering

Protocol Systems
The class of clinical guidelines or protocols that are of interest to this study is that

for guiding clinicians in ordering clinical laboratory tests. Hence, before reviewing
works on computer-based support for clinical guidelines in gereral, this section
starts by reviewing major works that address computer-based support for clinical

test ordering guidelines or protocols.

Peters et al (1991) implemented a computerised management protocol system
(mainly for liver transplant patients), called the Liver Unit Management Protocol
System (LUMPS). The system was developed in MUMPS (Bowie and Barnett 1976) ,
a general purpose programming language with a native hierarchical database facility
which was targeted towards applications in the healthcare domain. Test ordering
protocols in LUMPS were represented in the form of production rules, which were
encoded directly in MUMPS. The aim of LUMPS was to provide the “automatic
reinforcement of locally agreed protocols of patient care, expressed as simple rules,
which prompt rather than dictate” (Peters, M., Clarke et al. 1991). The main
emphasis in LUMPS was to provide, for user-specified patient categories, from
hospital wards to the clinical laboratory information system, personalised, editable
laboratory medicine investigation protocols based on locally agreed guidelines and
dynamically reflecting current pathology (Peters, M., Clarke et al. 1991). While it
was recognised that the rules or protocols in LUMPS should be flexible, readily
upgradeable and updatable, LUMPS did not facilitate interactive modification of, or
addition of new rules or protocols. This work obtains its inspiration from the

approach developed in LUMPS.

LUMPS uses the production rule paradigm to computerise problem-oriented or

patient category based test ordering protocols for delivering a patient-specific test

52



Chapter 3 Computer-Based Clinical Guideline and Protocol Management
order plan, which a clinician can edit and/or modify. LUMPS differs from the two
systems, BloodLink and Laboratory Advisor System (LAS), which are reviewed next,
in that it issues patient-specific suggestive prompts for test orders that would have
been locally agreed and pre-defined for a given patient category without necessarily

eliciting information from the user.

van Wijk et al (1999) developed a decision-support system, called BloodLink-
Guideline, for ordering blood tests based on clinical guidelines designed by the
Dutch College of General Practitioners for general practitioners (GPs) in the
Netherlands. The GPs use the electronic patient record to activate BloodLink-
Guideline to order blood tests (van Wijk, M.A.M., Mosseveld et al. 1999). When
using the system, a GP initially selects the appropriate guideline, e.g., liver disease.
BloodLink-Guideline then queries the GP about the reasons for requesting the tests
with the objective of identifying an indication. Based on the indication, the system
proposes the relevant tests. The GP decides whether or not to comply with the
protocol and may also add tests to or remove tests from the proposed list.
BloodLink-Guideline subsequently prints a patient-specific blood test request form
that includes the necessary patient data, the indication, the tests requested, and the
additional instructions for the laboratory. Finally, BloodLink-Guideline updates the
patient record to show what tests have been requested. If the GP’s indication cannot
be established in BloodLink, the GP can select the option “other indication”. If this
option is selected, then the system is not able to provide recommendations for test
ordering. Instead, the GP has to select the required tests by typing the initial letters
of tests (van Wijk, M.A.M., Mosseveld et al. 1999). Blood link is a pro-active system
that suggests certain tests to the clinician according to a given clinical protocol. The
authors did not discuss how guideline information is represented in the BloodLink-

Guideline system.

53



Chapter 3 Computer-Based Clinical Guideline and Protocol Management
The BloodLink-Guideline System computerises national and regional guideline
information and provides guideline-based recommendations of test orders after
having obtained a clinical indication or working hypothesis on the patient by

interviewing the clinician.

The Laboratory Advisor System (LAS) is a guideline-based expert system that works
interactively with clinicians to assist them with test selection and result
interpretation throughout the laboratory investigation of a patient (Smith and
McNeely 1999). It uses its underlying information base to optimise the laboratory
investigations for better care and low cost by optimising patient specific test
ordering strategies, providing patient-specific result interpretation, and offering
contexts-sensitive assistants throughout the process. In LAS, guideline informationis
represented using two formalisms: the standard production rule representation and
an information representation scheme that is based on pattern recognition that
conceptualises  expertise as a highly developed pattern recognition skill and
captures information in “pattern-consequence” relationships. In LAS, patterns are
relevant clinical information, and consequences are testing recommendations and

interpretations (Smith and McNeely 1999).

LAS uses the production rule paradigm together with a pattern recognition approach
to capture guideline information and uses the information to make appropriate
recommendations based on patient-specific information elicited from the clinician.
LAS is similar to LUMPS in its use of the production rule paradigm and to
BloodLink-Guideline in eliciting patient-specific information from the clinicians in

order to recommend which tests to order.

Bindels et al. (Bindels, de Clercq et al. 2000) developed a real-time automated

reminder system aimed at changing physicians’ test ordering behaviour. The system,
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which is called The Maastricht System for the purpose of this review, uses practice
guideline information and focuses on appropriateness of test orders. The approach
of the Maastricht System is to critique the rationality of test orders at the moment
the clinicians order a test. The system consists of five components: the information
base, an order entry system, a reactive support module for issuing reminders, a
passive support module that allows clinicians to request background information
about the guideline, and a database for the electronic patient record (EPR) (Bindels,
de Clercq et al. 2000). Guideline information is implemented as independent
production rules, which are based on patient-specific data from the EPR and leads to
a reminder if the corresponding guideline is not complied with. The decision to
represent information using the production rule paradigm was made after studying
regional and national guidelines in the Netherlands. To enable reasoning about the
medical domain, an ontology built using Protégé (Musen, M. A. , Gennari et al.
1995) is used. Objects in the ontology are diagnostic tests, patient information,
medical information and reasons for the test order. Unlike the BloodLink-Guideline
system, the Maastricht system focuses on appropriateness leaving decision-making
to clinicians. It reacts only if the test order is not in compliance with the clinical
guidelines. The accuracy of the Maastricht system depends on rule management, i.e.,
with the maintenance of reminders in the rule base, and on the completeness of the

medical data provided by clinicians, i.e., the complete electronic medical record.

The Maastricht System is similar to the other systems in its use of the production
rule paradigm to represent guideline information. However, the Maastricht System
takes a different approach in its enforcement of the guideline information. It
monitors a clinician’s test orders and uses guideline information to react with
feedback when test orders do not comply with guidelines. The monitoring and

reactive feedback occurs at the moment when the test orders are being made.
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Table 3.2 presents a summary of the review on systems that support CGP

management for the domain of clinical laboratory test ordering.

Table 3.2 Literature review findings for the major systems that support the management of clinical
guidelines and protocols for clinical laboratory test ordering

SpEM Framework Support
; ; Key: v - full support, * - weakly supported,
Guideline/Protocol System ComputatIBrS]zIdFormallsm X — no support,
Manipulation
Specification Execution
Operation Query
LUMPS (Peters, M., Clarke et al. | Production rule . v . X
1991)
BloodLink (Bindels, de Clercq et al. [ Hybrid: logic, production rule X X X
2000) v
Maastricht (van Wik, M.A.M., | Hydrid: production rule, X v X X
Mosseveld et al. 1999) reactive rule
LAS (Smith and McNeely 1999) Hybrid: production rule, X v X X
pattern rercognition

The reviewed systems support the enforcement of guideline or protocol knowledge.

Only LUMPS partially support the specification of protocols. Other systems do not
explicitly support specification of protocols. The guideline or protocol does not exist
as an explicit conceptual, logical or physical entity. In LUMPS, a guideline or
protocol is identifiable as an explicit entity, which can also be manipulated by
editing it. However, LUMPS did not provide a generic specification and
manipulation languages; In overall, the SpEM Framework is inadequately supported
as only the execution plane is supported by all systems while the specification and
manipulation planes are either not supported or are partially or weakly supported.
Furthermore, none of the systems provided a generic and unified framework and
mechanism to support different guidelines or protocols from the ones they were

designed to support.

Guideline support approaches for the clinical test ordering domain depend mainly
on the traditional production rule paradigm for knowledge representation and take
either the pro-active or reactive approach (Boran, O'Moore et al. 1996; OMoore,

Groth et al. 1996) to the enforcement of the guideline knowledge. The pro-active
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approach suggests test orders and allows the clinician to decide to accept, modify or
reject the suggested test orders. The reactive approach performs real-time
monitoring of the clinician’s test orders and reacts with feedback whenever a test
order represents non-compliance with the guideline, i.e., it critiques test orders at
the moment the orders are being made. Existing approaches and systems do not
clearly separate the specification, execution and manipulation aspects of guideline

knowledge management.

3.4.2. Guideline Models and Systems for the Domain of

Diagnosis and Therapy Planning
The major works on computer-based support for the management of guideline and

protocol information in the domain of diagnosis and therapy planning during the

past decade are presented in Table 3.3.

Table 3.3 Diagnosis and therapy guideline models and systems

Guideline
Approach/System

Organisation Reference

DILEMMA/PRESTIGE The Dilemma Consortium (Thomson 1995; Gordon and Veloso

1996)

Avogadro”, Alessandria, Italy, in collaboration with the Laboratorio di
Informatica, Azienda Ospedaliera S. Giovanni Battista, Torino, Italy

EON/Dharmma Stanford Medical Informatics (Musen, M.A. ", Tu et al. 1996; Tu, S.W.
and Musen 2001)

PROforma Imperial Cancer Research Fund and Intermed Ltd, London (Fox, Johns et al. 1996)

SIEGFRIED

GLIF Intermed Collaboratory (Ohno-Machado, Gennari et al. 1998)

Asgaard/Asbru Vienna University of Technology & Stanford Medical Informatics (Shahar, Miksch et al. 1998)

GUIDE Pavia University (Quaglini, S., Stefanelli et al. 2000b)

PRODIGY University of Newcastle-upon-Tyne (Johnson, P.D, Tu et al. 1999)

GASTON Medical Engineering Division at the Eindhoven University of Technology, the | (de Clercq, Blom et al. 2000)
Netherlands

GLARE Dipartomento di Informatica, Universita de Piemonte Orientale “Amedeo (Terenziani, Molino et al. 2001)

Arden Syntax & Medical
Logic Modules (MLM)

Columbia University

(Clayton, Pryor et al. 1989; ASTM 1992;
HL7 1999)

HyperCare

Politecnco di Milano

(Caironi, Portoni et al. 1997)

In Table 3.3, the Arden Syntax for Medical Logic Modules (HL7 1999) and
HyperCare (Caironi, Portoni et al. 1997) are different from the rest because they
make use of the ECA rule paradigm. The following sub-sections present a brief
review on each of the major guideline models and systems with the exception the
Arden Syntax and HyperCare, whose review will be covered in Chapter 4 where the

ECA rule paradigm applications are reviewed.
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DILEMMA/PRESTIGE

DILEMMA (Thomson 1995) was an 1991-4 European Community (EC) AIM
Programme while PRESTIGE (Gordon and Veloso 1996) was a project under the EC
4t Framework Health Telematics Programme. The DILEMMA Project produced a
generic approach to the representation of knowledge from clinical guidelines and
protocols, which was subsequently enhanced and implemented in the PRETIGE
Project (Gordon, Herbert et al. 1996). The DILEMMA/PRESTIGE conceptual
protocol and guideline model (CPGM) is an object model that defines: the kinds of
objects or entities which may appear in a guideline or protocol; the relationships
between these objects or entities; and the attributes of these objects or entities
(Gordon, Herbert et al. 1996; Gordon, Herbert et al. 1997). The types of objects
defined include: the general concepts such as activities, acts and case-specific
phenomena, e.g., diagnosis and symptoms; the protocol structure and version; and
the expressions with several roles such as conditions defining entry-criteria, patient
characteristics, attributes of activities and contexts of care, clinical procedures, and
templates for data collection (Gordon, Herbert et al. 1997). The
DILEMMA/PRESTIGE Model consists of two main components: the first describes
healthcare in general, and the second describes clinical guidelines or protocols. The
PRESTIGE Projects guideline authoring tools include: the guideline authoring and
dissemination tool (GAUDI), which incorporates a terminology server and model

(GRAIL and GALEN); and the Guideline Editing And Authoring Module (GLEAM) .

EON/Dharmma

The EON/Dharmma (Musen, M.A. , Tu et al. 1996; Tu and Musen 2001) clinical
guideline model and system was developed at the Stanford Medical Informatics
(SMI), Stanford University. The model uses a component-based approach and the
system is a suite of re-usable software components for creating clinical guideline

applications. Therefore, as stated in Section 3.3.3, the EON/Dharmma approach is a
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problem-solving method (PSM)-based approach to guideline modelling. The
approach uses an extensible set of models among which the clinical guideline model
is the core. The other models in the set are: the patient data information model, the
medical-specialty (ontology) model and a temporal abstractions model. Definitions
of decision-support services are based on a task-based approach. These decision-
support services can be implemented using alternative/different techniques. In the
EON guideline execution server, patient-specific recommendations are generated
using formalised clinical guidelines and patient data linked together through the
ontology of medical concepts in the medical-specialty model. The EON system also
includes two further components: a temporal data mediator for supporting queries
on temporal abstractions and relationships; and an explanation facility that provides

explanation services to other components within the system.

PROforma

PROforma (Fox, Johns et al. 1996; Fox, Johns et al. 1998) was developed by the
Advanced Computation Laboratory of Cancer Research in the UK. PROforma is
based on the RZL language (Fox and Das 2000) and combines object-oriented
modelling with logic programming (Fox, Johns et al. 1996). The PROforma guideline
model strives to be expressive while using, by design, only a minimal set of
modelling primitives. PROforma’s guideline model consists of a task ontology that
has four types of tasks, which are: actions, compound plans, decisions and enquiries
(Fox, Johns et al. 1996). All tasks have common attributes that describe goals,

control-flow, pre- and post-conditions.

SIEGFRIED

The SIEGFRIED (System for Interactive Electronic Guidelines with Feedback and
Resources for Instructional and Educational Development) (Lobach, Gadd et al.
1997) approach uses a relational database to construct a generalized guideline

knowledge base. The SIEGFRIED knowledge representation scheme was developed
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to capture guideline content and logic within the constraints of a relational database
model (Lobach, Gadd et al. 1997). The relational database model for CPGs uses a
hybrid of structured and procedural knowledge representation formalisms to
represent guideline content and logic. In the SIEGFRIED system, a database schema
based on a relational model is used for computerizing CPGs using a hybrid of
structured and procedural knowledge representation schemes, which accommodated
all necessary representational requirements (Lobach, Gadd et al. 1997). The
SIEGFRIED knowledge representation scheme for CPGs conforms to a relational
database model without compromising expressivity or completeness. This
knowledge base was designed for use with Internet-based decision support
applications. SIEGFRIED uses the Internet to present interactive CPGs that are
customized to an individual patient and available at the point of care (Lobach, Gadd
et al. 1997). The advantages of the relational schema-based guideline knowledge
representation are:
1) ease-of-maintenance resulting from the availability of the database query
language, the SQL;
2) The generic nature of the relational model permits standard accessibility of
the clinical guideline knowledge to many applications; and
3) Since the medical record could be implemented using the relational model, it
may share the same format as guideline knowledge, making it easier to

address some of the problems of integration.

GLIF

The Guideline Interchange Format (GLIF) (Ohno-Machado, Gennari et al. 1998;
Peleg, M, Boxwala et al. 2000) is a clinical guideline specification language. It is a
product of collaboration among various research groups at Columbia, Stanford and
Harvard Universities, which constituted the InterMed Collaboratory. The main aim
of GLIF is the sharing of clinical guideline specifications among different healthcare

organisations and software systems. As a result, GLIF builds on the useful and
60



Chapter 3 Computer-Based Clinical Guideline and Protocol Management
common features of other guideline models and emphasises on incorporating
standards used in healthcare. For instance, GLIF uses a medical data model that is
based on the Health Level 7 (HL7) Reference Information Model (RIM) (Schadow,
Russler et al. 2000). Furthermore, the expression language of GLIF was initially
based on the Arden Syntax (Hripscak, Luderman et al. 1994), an HL7 standard (HL7
1999). Currently, an object-oriented clinical guideline expression language, called
GELLO (Ogunyemi, Zeng et al. 2002), is being considered as an HL7 standard and

may subsequently replace the Arden Syntax as GLIF’s expression language.

Asgaard/Asbru

The Asgaard/Asbru (1998) clinical guideline model and system is collaborative work
between Vienna U niversity of Technology and Ben Gurion University of the Negev,
Israel. Clinical guidelines are specified using the Asbru language, which is a time-
oriented, intention-based, skeletal-plan specification language (Shahar, Miksch et al.
1998). In the Asbru language, procedures in a clinical guideline ae expressed as
skeletal plans. The Asgaard system emphasises on execution-time flexibility in the
achievement of particular intentions (Miksch 1999). Skeletal plans in the Asbru
language are made more expressive by:

1) the characterisation of plan attributes such as intentions, conditions, and

effects;

2) addition of a rich set of ordering constructs for plans; and

3) the definition of temporal dimensions for states and plans.

4) Bounding intervals are used in the language to express uncertainty in both

temporal scope and parameters (Shahar, Miksch et al. 1998).

GUIDE

The GUIDE (Quaglini, S., Stefanelli et al. 2000b) modelling approach was developed
at Pavia University and is sometimes referred to as the Pavia Model. GUIDE

integrates clinical and organisational workflow issues (Dazzi, Fassino et al. 1997). It
61



Chapter 3 Computer-Based Clinical Guideline and Protocol Management
does so by addressing communication, coordination and medical problems which are
relevant in supporting the management of a clinical guideline or protocol in a
healthcare organisation. The GUIDE modelling approach leads to the development
of a patient workflow management system, called a careflow management system
(CfMS) (Quaglini, S., Stefanelli et al. 2000b; Quaglini, S. , Stefanelli et al. 2001),
from a detailed model of the medical work process and the organisational structure.
The medical work process is represented through clinical practice guidelines while
the organisational structure is expressed through an ontological description of the
organisation (Dazzi, Fassino et al. 1997; Quaglini, S. , Stefanelli et al. 2000a). To be
able to support the representation of sequential, parallel and iterative logic flows the
Pavia guideline model, GUIDE, uses the Petri Net formalism. The major advantage
of the Petri Net formalism, when applied to healthcare, is its ability to support the
modelling of complex concurrent processes and to integrate clinical tasks specified
in guidelines with the organisational models to manage patient careflow (Quaglini,

S., Stefanelli et al. 2001; OpencClinical 2003).

PRODIGY

PRODIGY (Johnson, P.D, Tu et al. 1999; Johnson, P.D., Tu et al. 2000) was
developed at the University of Newcastle upon Tyne. The PRODIGY approach
focuses on supporting clinical guidelines for the area of chronic disease management
in primary healthcare. The PRODIGY guideline model is composed of two distinct
components, which are: the disease state map to model decision-making. In the
disease state map, a chronic disease is represented as a number o ‘patient states’.
Each patient state is called a scenario. At each state, a clinician has a number of
choices of actions. Actions have outcomes, i.e., a patient remains in the same or
moves to a different state at the next consultation; and a consultation template to
model the care process which consists of actions and information management that
are relevant whenever patient is seen. There is one consultation template for each

scenario.
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GASTON

The GASTON (de Clercq, Hasman et al. 2001) clinical guideline modelling approach
was developed in the Medical Engineering Division at the Eindhoven University of
Technology, in the Netherlands. In the GASTON approach, the guideline
representation formalism uses an ontological representation to specify a guideline in
the form of: domain ontologies, which hold domain-specific knowledge; and
method ontologies, which hold primitive and complex problem-solving methods
(PSMs) (de Clercq, Blom et al. 2000). In the GASTON framework, the Ontology
Editor is used to develop both the Method Ontology and the Domain Ontology
while the Method Library contains all methods required by the clinical guideline
and the Method Manager maps concepts in the Domain Ontology to knowledge

roles in the Method Ontology (de Clercq, Blom et al. 1999).

GLARE

GLARE (guideline acquisition, representation and execution) (Terenziani, Molino et
al. 2001) was developed by the Dipartomento di Informatica, Universita de
Piemonte Orientale “Amedeo Avogadro”, Alessandria, Italy, in collaboration with
the Laboratorio di Informatica, Azienda Ospedaliera S. Giovanni Battista, Torino,
Italy. GLARE is a modular approach for managing clinical guidelines. The GLARE
approach uses a modular architecture that allows the separation between the
specification and the execution of clinical guidelines (Terenziani, Molino et al.
2001). The GLARE representation language or formalism consists of two main
different types of actions: plans or composite actions, and atomic actions, which can
be queries, decisions, work actions and conclusions (Guarnero, Marzuoli et al. 1998).
The order of execution of these actions are defined by control relations, which
include: concurrent, sequence, alternative, and repetition constructs (Terenziani,

Mastromonaco et al. 2000; Terenziani, Molino et al. 2001).
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Findings and Discussion

Table 3.4 summarises the findings of the literature review on the support for the
SpEM framework and the computational formalisms employed. Guideline support
approaches and systems for the domain of diagnosis and therapy planning provide
advanced and comprehensive modelling concepts and frameworks, and
computational formalisms. However, these guideline support approaches provide
guideline support mainly in terms of the specification and enforcement or execution
of guideline knowledge and pay little or no attention to the comprehensive support

of the manipulation, i.e., performing operations and querying of the guideline

knowledge and information about the execution process of their instances.

Table 3.4 Literature review findings for systems that support the management of clinical guidelines
and protocols

SpEM Framework Support
- Key: v - full support, * - weakly supported,
Gu'deé';;/srrnmoco' Computational Formalism Employed X —no support,
Manipulation
Specification Execution
I Operation Query I
DILEMMA/
?;Ekggr:?sigggrgf;' Network-based: network of components, state- v v X X
" | transition model of action execution

1994; Gordon and
Veloso 1996)
EON/Dharmma Hybrid: network-based core model, Boolean
(Musen, M.AA., Tuet | criteria, temporal patterns and selected v v X X
al. 1992; Tu, S.W. formalisms for suitable fa each task
and Musen 2001) components
PROforma (Fox, Hybrid: network of plans and procedures, v v X X
Johns et al. 1996) declarative formal logic
ﬁ_f&iﬁ%ﬁd d et al Hybrid: Strgcturgd and prqcedural v v * .
1997) ’ " | representation with a relational data model
GLIF (Ohno- . .
VEeenh, R gﬁmjcggszizd. flowchart of structured actions v " X X
al. 1998) '
gr?a?zf/nﬁigcrﬁ - Hybrid: hierarchical skeletal planners with a v v % *

! library of various problem-solving methods.
al. 1998)
GUIDE (also Pavia
HILE) (Quaglml, S Network-based: flowcharts based on Petri Nets % % X X
Stefanelli et al.
2000b)
PROGIDY (Johnson, | Network-based: augmented transitions of v v X X
P.D, Tu et al. 1999) patient states and decisions

I GASTON (de Clercq, | Hybrid: frame-based model with flowcharts and v v * X I

Hasman et al. 2001) | production rules
GLARE (Terenziani, | Network-based: a control network of actions v v X X
Molino et al. 2001) and their composites
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Manipulation of guideline knowledge and the information about its enforcement is
important to allow flexibility and the ease-of-use of guideline support mechanisms.
Flexibility and ease-of-use are the major determining factors in the acceptability of
guideline systems by clinicians. In terms of the SpEM framework, the guideline
systems and models reviewed in this section support mainly the specification and
execution planes. With the exception of the Asgaard/Asbru guideline system
(Shahar, Miksch et al. 1998), most systems do not provide support for the

manipulation plane.

3.5. Implications to this Study

The literature review revealed a number of important issues that need further
research attention. First, it is necessary to develop a generic modelling and
implementation framework and its associated specification and manipulation
language for supporting the management of clinical guidelines/protocols. Second,
instead of placing emphasis merely on the specification and execution, there is a
need to comprehensively and explicitly support the manipulation (operations,
querying) of the information on computerised guidelines/protocols and their
executing instances. Thus, generic clinical protocols need not only to be
declaratively specified, stored, and executed but also to be dynamically manipulated
(i.e. operated on and queried) at the individual patient level, with both the
specification and its instances being subject to the manipulation. Third, a clear line
need to be drawn between generic guideline/protocol, and its specific instance. Most
work within the clinical test-ordering protocol domain has concentrated mainly on
developing expert systems that detect errors in test orders and abnormal test orders
and test results and reason in order to issue alerts, reminders and pagers (Overhage,
Tierney et al. 1997; Kuperman, Teich et al. 1999), without separating the guideline

specification from other aspects of the system.

65



Chapter 3 Computer-Based Clinical Guideline and Protocol Management

3.6. Chapter Summary

In summary, the literature review points to the need to address the limitations of
current approaches to supporting the management of clinical guidelines by:
supporting both the generic guideline knowledge and the specific instances of
that knowledge resulting from the application of the generic knowledge to
specific problem circumstances; and
supporting dynamic customisation and manipulation to allow operations and
querying of both the guideline knowledge and the objects, subjects and effects of
its enforcement.
This work recognises that the problem of managing clinical guidelines as a type of
the problem of managing knowledge and information for a given domain. This
involves the information management tasks of acquisition, formal representation
and specification, storage, enforcement in solving domain problems, manipulation
and dissemination. The development of a unified framework, a generic approach and
its implementation mechanism for addressing the problem of the management of
information for the case of clinical guidelines or protocols and similar applications is

required. This work is an effort that is directed towards addressing this requirement.
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Chapter 4 The Event-Condition-Action (ECA)

Rule Paradigm and Active Database Systems

4.1. Introduction

This Chapter presents the state-of-the-art in the form of a review of the literature on
the event-condition-action (ECA) rule paradigm and active databases (ADBs), the
use of the ECA rule paradigm and active database guideline in various domains, and
the use of the ECA rule paradigm and active databases in supporting clinical
guidelines and protocols. The rest of the chapter is organised as follows: Section 4.2
presents a review of the state-of-the-art in the basic concepts and support of the
ECA rule paradigm and active databases. Section 4.3 presents a review of the
applications of the ECA rule paradigm and active databases in domains other than
the clinical guideline management domain. Section 4.4 presents a review of
approaches that make use of the ECA rule paradigm and active databases to support
the management of clinical guidelines. Section 4.5 summarises and concludes this

chapter.

4.2. ECA Rule Paradigm and Active Databases

This section presents a review of the state-of-the-art in the concepts and

applications of ECA rules and active databases.

4.2.1. ECA Rule Paradigm

In Chapter 2, the definition of the event-condition-action (ECA) rule paradigm was
presented and the context of its use in this work for supporting clinical guidelines
and protocols was also set. The introduction of the ECA rule paradigm in database

systems was necessitated by the need to free individual applications from
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behavioural knowledge (Widom and Ceri 1996). This was achieved by pushing this
knowledge into database management systems. Having behavioural knowledge in
the database gives rise to knowledge independence because it freed applications
from tasks like monitoring database events arising from activities or multiple users
or applications, and periodically polling the database for events of interest (Paton

and Diaz 1999).

4.2.2. Active Databases

An active database management system (ADBMS) is a database management system
that incorporates an event-condition-action (ECA) rule mechanism and provides
ECA rule support facilities that are stipulated in the Active Database System
Manifesto (Dittrich, Gatziu et al. 1995). Passive database systems execute operations
invoked in response to external requests from users or external applications.

ADBMS extend passive ones by supporting ECA rules.

There is a subtle difference between the active and reactive systems. On the one
hand, active systems focus mainly on the task of monitoring changes in the state of a
system through criteria evaluation that uses dynamic state data and information. On
the other hand, the primary task of reactive systems is to coordinate activities
through mainly real-time sensing of the environment for the attainment of some
goal or state and usually functions with no explicit criteria evaluation. Knowledge-
based systems differ from active and reactive systems in that their primary task is to
reason using facts within the system in order to solve some problem. However, it is
important to point out that the three tasks (monitoring, coordination, and
reasoning) can overlap in each of the three systems. For clinical guideline
management, systems that lie somewhere between active and reactive systems are
the most suitable. In healthcare, emphasis is placed more on assistance in monitoring
with the aim of prompting clinicians as opposed to assistance with the reasoning

task, which is generally best left to the clinical domain experts. Furthermore, there
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is a need for tools to assist with coordination and information exchange among
clinicians and healthcare organisations. The ECA rule paradigm is capable of both
monitoring and coordination as has been demonstrated in the literature (Eder,

Groiss et al. 1994; Berndtsson, M., Chakravarthy et al. 1996).

4.2.3. Advantages of Active Systems Technology

The advantages of ECA rules in the form of triggers in database systems have been
identified by Simon et al. (1995) and Appelrath et al. (1995). Triggers enable a
uniform and centralised description and maintenance of domain knowledge such as
business rules (Simon and Kotz-Dittrich 1995). The ECA rule paradigm provides a
means to express event-action dependencies in active environments. In many
application domains, event-action dependencies occur whereby an action is
performed as a result of the occurrence of one or more events. For example, in a
hospital, the action to allocate a hospital bed follows the occurrence of the patient
admission event. By using the ECA rule paradigm, these event-action dependencies
could be mapped directly into the system (Appelrath, H-J, Behrends et al. 1995).
Triggers are reliable since they are automatically invoked whenever an appropriate
event is issued by a transaction (Simon and Kotz-Dittrich 1995). ECA rule paradigm
provides an opportunity for active behaviour to be modified and extended
dynamically. This allows the customisation of an application. New behaviour and
explicit control can be added when necessary (Appelrath, H-J, Behrends et al. 1995).
Triggers are also expected to improve the performance of applications due to
applicability of better optimisation techniques made possible by the centralisation of
application semantics and their use as an effective tuning instrument to make
applications run faster (e.g. by elimination of polling, and introduction of trigger-
maintained materialised views) (Simon and Kotz-Dittrich 1995). Furthermore,
exceptions can be represented as events in a system. Thus, the ECA rule paradigm
provides an opportunity to handle exceptions in accordance with the users’

expectations (Appelrath, H-J, Behrends et al. 1995).
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4.2.4. Dimensions of Active Behaviour

The main characteristics of active systems can be described in terms of the so-called
dimensions of active behaviour introduced by Paton et al. (1999). These dimensions
constitute a framework for describing active system functionality. The aspects of
active behaviour that are characterised by these dimensions are the knowledge
model, the execution model, and rule management (Paton and Diaz 1999). The
following sub-sections outline the core concepts of active behaviour in terms of the
dimensions of active behaviour. For a more detailed discussion of the dimensions of
active behaviour and related concepts, the reader is referred to (Paton and Diaz

1999).

The Knowledge Model

This model deals with what can be said about ECA rules in an active system (Paton
and Diaz 1999). In other words, the knowledge model provides the structural
characteristics of individual ECA rules as a means to define and specify the rules in
an active system. The knowledge model have the following three main components
(Paton 1999; Paton and Diaz 1999):

Event: The event specification defines the events that trigger the rule. An event
occurs at a specific time point and is instantaneous. A rule can be processed
immediately before or just after the occurrence of the event that triggers the rule.
Events can be atomic/primitive or composite. The types of atomic or primitive
events are: database events such as data manipulation events, transaction events, and
method events; time events, which can be an absolute time point, a relative time
point or periodic events; and external or abstract events originating from outside the
system, e.g.; from users, external devices or application programs. Composite events
are made up of primitive events combined using operators of the types: Boolean
operators, history operators and interval-based operators.

Condition: is a predicate, which can be a database predicate, a database query that

tests the existence of some data or information, or an external function that returns a
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Boolean value. A rule condition may accept parameters from the event or pass its
own parameters to the action of the rule.

Action: The action of a rule can perform a task such as updating the database schema
or the rule-base, invokin