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Abstract. Clinical guidelines are useful tools to standardize and
improve health care. The automation of the stepsinvolved in aguide-
lineis abasic step towards their widespread use in medical centres.
This paper presents a survey and a comparison of the main current
projects and approaches that are trying to define and implement sys-
temsthat allow the automation of clinical guidelines. One of themain
results of the comparison of these methods is that agent technology
isarguably one of the best options to implement thiskind of systems.

1 Introduction

Clinical guidelines (CGs) areavery active area of research at the mo-
ment. CGs contain a set of directions or principlesto assist the health
care practitioner with patient care decisions about appropriate diag-
nostic, therapeutic, or other clinical procedures for specific clinical
circumstances. Medical guidelines are intended to ensure consistent
high quality clinical practice and provide some benefits to both pa-
tients and health managers ([8, 12]), such as:

e To facilitate reuse, because a guideline can be adapted, tailored
and applied to different clinical situations.

e To support rapid dissemination of updates and changes.

e To usethe clinical knowledge about the patient at the appropriate
point of his/her care.

e To improve clinician performance and patient outcomes (e.g. a
clinician will not forget an important aspect to be checked before
following a certain treatment).

e To encourage guideline authors to employ rigorous formal tech-
niques, that will help to ensure syntactic, logical and medical va
lidity ([29]).

Although the use of guidelines gives some benefitsto both patients
and practitioners, and also several international organisations create
and maintain some repositories with guidelines in different domains
such as cancer, general practitioner, or pediatrics, they are not be-
ing widely used. In [2] some factors that limit or restrict a complete
physician adherence to aclinical guideline were identified. Such fac-
tors, called barriers, were organised into groups based on whether
they affected physician knowledge, attitude or behavior. The authors
of that survey identified different barriers associated with each group,
such as lack of awareness, lack of familiarity, lack of agreement,
lack of self-efficacy, lack of outcome expectancy, inertia of previ-
ous practice, external factors (e.g. inability to reconcile patient pref-
erences with guideline recommendations) and environmental factors
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(e.g. lack of time or lack of resources). These factors could be tackled
(in most cases) with an automation and computerisation of the daily
management of both clinical guidelines and patient data.

The main goal to be accomplished in any guideline-based health-
care system is to improve patient care. Severa steps must be con-
sidered in the use of medical guidelines: representation, acquisition,
verification and execution aspects. The first three tasks concern the
authors of the guideline, whereas the later isrelated to practitioners.
Let us briefly consider these steps:

a) Representation. A CG contains several elements to be modelled,
such as actions, required patient data, decisions to be taken, con-
straints between tasks, temporal constraints in a global planning,
etc. Nowadays, different researchers have defined formal lan-
guages to model computer-interpretable clinical guidelines, such
as PROforma, EON, GLIF or Asbru [5].

b) Acquisition. Medical guidelines are based on the evidence col-
lected from clinical trials and existing literature [23]. Some au-
thors are also currently working in the semi-automatic construc-
tion of guidelines, by applying Machine Learning techniques to
the clinical data collected in a medical centre about the treatment
given to a particular set of patients [27].

¢) Verification. Verification includes two aspects: isamedica guide-
line well formed?, and, which of these two available medica
guidelines is the best? The first question is addressed to verify
the formal correctness of the guideline [29]. The second question
ismore difficult because it is necessary to quantify how good is a
medical guideline. To tackle this problem, some authors proposed
amethodology called AGREE, that calculates a set of parameters
for agiven medical guideline in order to evaluate its quality [24].

d) Execution aspects. Ascommented above, amedical guideline con-
tains alot of information to be considered (decisions to be taken,
constraints between tasks, temporal restrictions). All these data
have to be collected and monitored when enacting the guideline.

This paper isfocused on the analysis of systems that allow the au-
tomatic (or semi-automatic) execution of guidelines. There are sev-
eral systems that are currently being developed for this purpose. The
more relevant are the following: SAGE, GLARE, GLEE, NewGuide,
Arezzo™, DeGel, SpEM, and HeCaSe2 . In the next section we
define the basic characteristics to be analysed in a guideline exe-
cution engine (e.g. coordination issues, security techniques, use of
standard medical vocabularies) and then each of the eight systems
named above is summarily described. Sect. 3 provides a table that
summarizes the main information about each system and comments
the results obtained for each of the analyzed attributes. Finally, the
last section states some conclusions extracted from the comparison
of the systems.



2 Guideline execution engines
A guideline-based execution engine should ideally fulfil the follow-
ing requirements:
a)
b)

keep arepository of guidelines,

facilitate the creation of guidelines through a graphical edi-
tor, or even define a methodology to create or reuse guide-
lines,

¢) provide aformal language for encoding medical guidelines,

d) provide mechanisms to coordinate the services required in

the use/management of guidelines,

e)

allow the user to analyse the behaviour of the guideline (e.g.
by providing arun time engine or a simulator),

)

provide a connection with an Electronic Health Record
(EHR),

g) alow theuse of standard vocabulariesinside guidelines, and,

h) provide security to both transmissions and storage of sensi-

tive data related to patients.

In the next subsections we analyse the eight guideline-based tools
named in the introduction, and in the next section the issues listed
above are summarised and compared.

2.1 GuideLineAcquisition and Execution
(GLARE)

GLARE is adomain-independent system that can deal with clinical
guidelines [30, 31]. GLARE distinguishes between the acquisition
phase, when a guideline is introduced in the system (e.g. by a com-
mittee of experts), and the execution phase, when a guideline is ap-
plied by physicians to a specific situation (i.e. it is instantiated on a
given patient).

Internally, CGsin GLARE do not use any standard representation.
Their authors have defined a proprietary graph-based representation,
where each action is represented by a node (different types of ac-
tions are available), while control relations are represented by arcs.
They define three layers called System, XML and DBMS (see Fig. 1).
The System Layer contains the two modules mentioned above, called
acquisition and execution. The lower level, called DBMSLayer, con-
nects physically the higher levels with databases where all required
data for both creating and executing guidelines is stored. There is
data about available resources, terminology used in guidelines, infor-
mation about drugs, information about all open instances of guide-
lines, a repository of guidelines, and a patient’s medical record.
Moreover, GLARE defines an intermediate layer called XML Layer
that allows to represent/manage/exchange data between the DBMS
Layer and the System Layer in a structured way [30].

The authors distinguish between atomic and composite actions.
Atomic actions are simple actions to be performed in a particular
point of the guidelines. Three possible atomic actions were defined:
1) queries, that allow to request any external information, 7z) work
actions, that represent actions to be performed, and ii¢) decision ac-
tions, that embed a criteria to select an aternative among a set of
actions that could be performed at a certain point. On the other hand,
composite actions are a collection of atomic or other composite ac-
tions. For each action thereisaset of preconditions, to befulfilled be-
foreitsactivation, and a set of conclusions, that hold after the execu-
tion of the action. The execution engine maintains the current state of
all actions and monitors all their preconditions before starting them.
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This system is focused in the management of temporal constraints
between different tasks in a CG, and alows to execute/simulate a
CG using the appropriate retrieved data (execution module). Each
patient has its own medical record (contained in the Patient DB),
which is updated continuously with the actions executed through a
CG. The architecture is complemented with a database of available
resources in a given hospital (Resource DB), that alows to make
domain-dependent execution of guidelines. Moreover, a contextuali-
sation module has been added to GLARE . It allowsthe local adoption
and update of guidelines to cope with both the need to apply them
to new situations (countries, hospitals and/or departments), and with
the need to manage updates (e.g. authoring, recording the history of
aguideline and learning from experience).

2.2 Standards-Based Sharable Active Guideline
Environment (SAGE)

The SAGE project is a collaboration among research groups at six
institutions in the US [33, 32]. The ultimate goal of the project is to
create an infrastructure that will allow execution of standards-based
clinical practice guidelines across heterogeneous clinical information
systems. The global architecture of the system, that includes a guide-
line execution engine as its central component, is shown in Fig. 2. It
isimportant to note the integration of thisenginewith current clinical
applications, and al so the definition of acentral core of terminologies
(models that detail not only medical data but also patient data, care
workflow processes and the structure of health care organisations).
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Figure2. SAGE global architecture



The SAGE project has created a guideline model with the follow-
ing features:

e |t uses standardized components that allow interoperability of
guideline execution elements with the standard services provided
within vendor clinical information systems. It proposes the use of
arepository of CGsin order to manage all available guidelines.

e |t uses standards to represent the data (electronic medical record
and processes) such as SNOMED-CT and Health Level 7 (in par-
ticular, HL7v3) [18]. The internal representation of guidelinesis
made using the EON formalism [34].

e It includes organizational knowledge to capture workflow infor-
mation and resources needed to provide decision support in enter-
prise settings. It proposes a methodology to develop/create medi-
cal guidelines.

Figure3. Thetop-level process specification in a SAGE guideline.

Fig. 3 shows a portion of a SAGE-defined guideline and how the
elements should react to the events in the care process. SAGE de-
fines two different formalisms: recommendation-set and decision-
map [33]. The recommendation-set is an activity graph composed
by processes and interactions between them. Activity graphs allow
the specification of computational algorithms or medical care plans
as processes consisting of ) contexts, that are combinations of aclin-
ical setting (e.g. outpatient visitin ageneral internal medicine clinic),
care providers to whom the recommendation is directed, relevant pa-
tient attributes (e.g. patient age), and possibly atriggering event (e.g.
a patient checking into the clinic), i) decision nodes, that evaluate
conditions on variables (e.g. a Boolean precondition for an action),
1i%) action nodes, that encapsulate a set of work items that should be
performed either by a computer system or by a healthcare provider,
and iv) routing nodes, that are used purely for branching and syn-
chronization of multiple concurrent processes. In the figure shown
above, C'1 and C2 represent context nodes, A1, A2 and A3 are ac-
tion nodes, D1 and D2 are decision nodes, and R1 is an example of
a routing node.

A decision map consists of acollection of decisions, each of which
contains a context (similar to those in an activity graph), a collection
of action choices, and a decision model to determine the appropriate
choice in each possible circumstance.
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2.3 GLIF3 Guidedine Execution Engine (GLEE)

GLEE is atool for executing guidelines encoded in the 3rd ver-
sion of GLIF (called GLIF3), which has been developed across
different institutions as the Department of Biomedical Informatics
(Columbia University, US), the Stanford Medical Informatics Lab.
(Stanford University, US), the Decision Systems Group (Brigham
and Women's Hospital, Harvard Medical School, US), the Depart-
ment of Management Information Systems (University of Haifa, Is-
rael), and Eclipsys Corporation (Boston, US) [35].

In addition to serving as an interface to the GL1F3 ([1]) guideline
representation model, GLEE defines interfaces to connect it with
electronic medical records (EMRs) and other clinical applications to
facilitate itsintegration with the clinical information system at alocal
institution.

The execution model of GLEE takes the system suggests, user
controls approach. A tracing system is used to record an individual
patient’s state when a guideline is being applied to that patient. It
can aso support an event-driven execution model onceit islinked to
the clinical event monitor in alocal environment. GLIF3 represents
guidelines asflowcharts of temporally ordered nodes called guideline
steps, and store actions (called Action-Step), decisions (called Deci-
sion_Sep), and clinical states (called Patient_Clinical_Sate). It de-
fines two more nodes, called Branch_Step and Synchroni zation. Step,
which are used for modelling multiple concurrent paths through the
guideline. Decision criteria are modelled using an OCL-based lan-
guage (Object Constraint Language) called GELLO [1].
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Figure4. GLEE general architecture

As shown in Fig. 4, three levels of abstraction are defined: data,
business logic and user interface. The data level contains the EMR
with aguideline repository and the clinical event monitor, that allows
the execution (or simulation) of clinical guidelines through an event-
driven model. The business logic level contains the GLEE execution
engine formed by a server and many clients. The server interactswith
the data level, and clients interact with users (both through defined
interfaces). At the lowest level, we find the user interface level where
the clinical applications that exchange data with the upper levels are
located.

GLEE has adopted two open standards: it uses Resource Descrip-
tion Framework (RDF) ([17]) as the exchange syntax for guidelines,
and Health Level 7 (HL7) ([18]) to incorporate standard medical ter-
minologies.



2.4 NewGuide

NewGuide is aframework for modelling and executing clinical prac-
tice guidelines (CGs) developed at the Laboratorio di Informatica
Medica, Universitadi Pavia, Italy [3, 4].

NewGuide proposes the use of the Unified Medical Language Sys-
tem (UMLS, [18]) as a standard for terminology and a Medical Text
Mark-up (MTM) language called Guideline text mark-up for describ-
ing tasks within a guideline [ 16]. Guidelines are represented using a
representation language called GUIDE, which isbased on Petri Nets.
It allowsto model complex concurrent processes aswell astemporal,
data and hierarchical issues[26].

GUIDE isintegrated into a workflow management system which
proposes an infrastructure that enables inter- and intra-organisation-
al communication through a Careflow Management System (CfMS)
that, on the basis of the available best practice medical knowledge,
is able to coordinate the care providers activities. The final goal of
thisarchitecture isto provide Health Care Organizations (HCO) with
technical solutions which should enable them to improve process ef-
ficiency, outcomes and quality of care.
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The CfMS is a system that defines, creates, and manages the exe-
cution of careflows (Cfs) through the use of software, running on one
or more Cfs engines, which is able to interpret the care process defi-
nitions, interact with Cfs participants and, where required, invoke the
use of ICT tools and applications. Careflow indicates the automation
of acare process, in whole or in part, during which information, doc-
uments or tasks are passed from one participant to another for action,
according to a process definition. Thus, GUIDE is an intermediate
step, oriented towards medical experts, by means of which clinical
guidelines may be formalised. A trandation from GUIDE'’s objects
to Workflow Process Definition Language (WPDL) is performed au-
tomatically. The system uses Oracle Workflow as amiddleware layer
to represent the electronic patient record, the consequent possibility
of gathering information from different legacy systems, and the ex-
tension of the virtual medical record (VMR) to the storage of process
data.

Theinference engineis composed of ageneral manager, amessage
manager, and an instance manager (see Fig 6). Assoon as a user asks
for a CG from the NewGuide repository, the general manager creates
an instance manager, which will enact an instance of that CG (i.e. a
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CGrreferring to aparticular patient). The instance manager interprets
the GL flow and generates suggestions on the basis of theinformation
stored in the VMR. The communication between NewGuide and the
external world is governed by the message manager, which delegates
requests and responses to the web user interface or to an externa
entity (through a SOAP interface) on the basis of the system config-
uration. The responsibility for maintaining the correct GL flow and
timing (i.e. the subsequent activation) isleft to the external CfMS.
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Figure6. NewGuide inference engine

NewGuide authors have studied in detail the concept of non-
compliance with guidelines. In [25] they analysed different factors
that can cause a doctor not to follow a certain procedure; for exam-
ple, a guideline will not provide the best recommendations for all
patients under all possible circumstances, or a guideline can be ap-
plied in different ways depending on the clinical setting. For those
reasons, guidelines should be evaluated on the field in order to assess
both their applicability and the effectiveness of their implementa-
tion. Thisanalysis can be a useful exercise because, according to the
type of the detected non-compliance, improvements may be achieved
by different interventions, such as site-specification of the guideline,
users education, healthcare administrators involvement, and organi-
sation re-engineering.

25 Arezzo™

Arezzo™ isacommercial decision support and guideline technology
tool that uses PROforma as the basis[9, 10]°.

Thetool iscomposed by several engines: a composer, atester and
aperformer (see Fig. 7). The composer is used to create guidelines
using PROforma as representation language. The tester is used to
test the guideline logic before deployment. The performer inference
engine can then run the guideline, taking into account data related to
patients stored in an electronic medical record (EMR).

PROforma is an executable process modelling language that has
been successfully used to build and deploy a range of decision sup-
port systems, guidelines and other clinical applications. It is one of
a number of the available proposals for representing clinical pro-
tocols and guidelines in a computer-interpretable format [22]. That
language offers a declarative interchange format, defining four ba-
sic types of tasks (plans, decisions, actions and enquiries) as well
as logical and temporal relationships between them. An action is a
procedure to be carried out (usualy by a third party, as a doctor or

2 Two main implementations of a PROforma engine are currently available:
the Arezzo™ implementation, which is commercially available from In-
ferMed Ltd, and the Tallis implementation developed at Cancer Research
UK.
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aresource). A plan is the basic building block of a clinical guide-
line and represents a container for anumber of tasks, including other
plans. A decision isatask that represents an option in terms of differ-
ent logic commitments to be accomplished. An enquiry is a request
for further information or data required before proceeding with the
application of the guideline. During the enactment of a guideline in
the performer engine, a task changes its value attributes and its in-
ternal state depending on whether the task is awaiting for any data,
suspended, finished, or it cannot be accomplished in a specified point.

Arezzo™ uses the Domino autonomous agent model ([10]). The
model deals with a large class of medical problems and establishes
a relationship between decision making and plan enactment proce-
dures. The main goal of this model is to identify the main resources
required in any language to represent clinical guidelines that can be
used for both decision making and plan management. Fig. 8 shows
the whole model, which isdivided in two parts: the |eft side concerns
the decision-making processes, and the right hand side is related to
planning and scheduling of tasks. The process begins by taking into
account a set of patient data. According to the model (step 1) we then
propose a set of possible causes of the health problem (step 2) and
identify a possible set of solutions (Step 3) with its associated argu-
ments pro and con. At this point, the doctor can identify a disease
that has to be handled (step 4), and the cycle is started again to treat
this specific disease. If, at this point, we know the appropriate option
to follow, we must continue by managing the selected therapy plan
(step 5). The component steps of the plan will be scheduled (step 6),
resulting in the execution of actions. An action will often produce
postconditions that change the patient’s state (step 7). That new in-
formation can produce new goalsto be managed with other therapies.
Thisisacyclic model that produces a sequence of decision-making
and scheduling steps [11].
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Figure8. Generalised Domino model

2.6 Digital Electronic GuidelineLibrary (DeGel)

DeGel is a Web-based, modular and distributed architecture, which
facilitates the gradual conversion of clinical guidelines from text to
aformal representation in a chosen language (such as Asbru) [28].
DeGeL contains a set of tools that support guideline classification,
semantic mark-up, content-sensitive search, browsing, run-time ap-
plication, and retrospective quality assessment (see the architecture
of the systemin Fig. 9).

The system maintains a repository of guidelines, and it allows the
user to search, browse, retrieve and visualise al available guidelines.
At the moment, the system creates guidelines using Asbru [5], but
the methodology could be extended to other languages.

One of the goals of DeGel isto create formal guidelines from tex-
tual documents. Theinitial textual guidelines go through an interme-
diate layer between the textual and the final form, where experts add
semantic information. The intermediate layer uses a meta-ontology
that defines a hierarchy of basic concepts.

The system uses different standards to represent the clinical infor-
mation: LOINC-3 for observations and laboratory tests, ICD-9-CM
for diagnosis codes, and CPT-4 for procedure codes.

The authors have designed some tools to solve different issues.
A tool called Uruz allows practitioners or medical experts to create
new medical guidelines. Another tool called IndexiGuide facilitates
guidelineretrieval. VisiGuide allows browsing and visualising guide-
lines. The run-time application, called Spock, is under development
[36]; it incorporates an inference engine that can retrieve data stored
in an EHR. The Spock guideline application engine consists of: i) a
set of classes, that allow to store any guideline, i¢) a parser, for in-
terpreting the content of a guideline, 4ii) and a specialized module,
the Controller, which synchronizes the communication between the
system layers and external services.

Soock proposes an asynchronous method to monitor all actions
made in a guideline. The method, called application log, stores dif-
ferent data structures, like the state transitions of a plan instance, a
gueue of scheduled awaiting tasks, and the list of recommended steps
issued during application.
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2.7 Specification Execution and Management Plan

(SpEM)

Soecification Execution and Management Plan (SpEM) is a frame-
work for supporting the management of clinical guidelines [6, 7].
The authors defined a model that allows to both create and execute
clinical guidelines. First of all, a general purpose language called
PLAN was adapted to represent clinical guidelines. That language
adopts an ECA (event-condition-action) approach, based on rules.
This ECA rule mechanism is mapped into an existing DBMS, that
is a the end who performs the enactment of a specified guideline
through rising and managing different triggers. The execution mod-
ule embedded in a DBMS uses these rules to start a guideline and,
according to the raised events, activate a specified task at each point
of time. An ECA rule is composed by three elements. a) an event
part, containing a so-called transition predicate that lists all possible
events which are of concern to the rule (it constitutes the situation
that the rule has to monitor), b) a condition part, which can be an
arbitrary predicate, and c) an action part, which is an arbitrary list of
executable functions. That ECA rule paradigm contains the compo-
sitional primitives for any clinical guideline.

The system is divided in three main components: specification
plane, enforcement (execution) plane and manipulation plane (see
Fig. 10). The first module is able to capture clinical guidelines in
a formal way. It provides methods to access, store and manipu-
late guidelines represented using PLAN [7]. The enforcement plane
provides methods and tools for easing the creation and execution
of patient-centred guidelines adapted from guidelines stored in the
repository. The last module, the manipulation plane, provides facil-
ities for querying and operating on guideline information through a
high level language defined by authors called TOPSQL.

SEM defines thefollowing primitivesthat are required in aguide-
line or protocol representation model: a) an action, which represents
any clinical or administrative task that is recommended to be per-
formed, maintained, or avoided during the process of guideline ap-
plication, b) a decision, that is a selection from a set of alternatives
based on predefined criteriain aguideline, ¢) apatient state, whichis
a materialisation of atreated individual’s clinical status based upon
the actions that have been performed and the decisions that have been
made, d) and an execution state, which is adescription of aguideline
current state [6].
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2.8 Health Care Services (HeCaSe2)

HeCaSe2 is an agent-based platform that offers health care services
to users (patients and doctors). The platform defines an architecture
of agentswith different roles, and with multiple interactions between
them and humans or medical devices[13, 14].

The proposed architecture can be deployed around a network, in
which each agent can act autonomously with its own knowledge and
data. There isn't any central control and the number of agents de-
pends on the specific configuration (e.g. doctors, departments, and
devicesin amedical center) [19].

The basic architecture of the MAS which is being developed in
thiswork isshown in Fig. 11. At the top of the architecture is placed
the user, who interacts with the system through his User Agent (UA).
This agent stores static data related to the user (e.g. national health
care number, name, address, access information -login, password,
and keys-) and dynamic data (the timetable and the preferences of
the user). The Broker Agent (BA) is an agent that knows about all the
medical centres located in a certain area. A Medical Centre Agent
(MCA) centralises and monitors the outsiders accesses to the agents
that manage the information of a medical centre. A MCA monitors
all of its departments, represented by Department Agents (DAS), and
aset of genera services linked to human or physical resources, rep-
resented by Service Agents (SAs) (eg. a blood test service). Each
department has a staff of severa doctors, modelled through Doctor
Agents (DRAS), and offers more specific services, also modelled as
SAs (e.g. anurse that can take different observations in situ). Both
MCAs and DAs are aware of the services they can provide (when
a SA enters the system, it sends a message detailing its services to
the associated MCA or DA). In addition, each department contains a
Guideline Agent (GA) that performs all actions related to guidelines
(e.g. it can retrieve the CG associated to a specific illness). This GA
contains only CGs associated to the department where it is located.
At the bottom of the architecture, a Medical Record Agent (MRA)
controls the access to a database that stores all medical records of the
patients of the medical centre. Appropriate security measures have
been taken to ensure that only properly authenticated and authorised
agents may access and update the medical records (see[20] for more
details). Medical guidelines are enriched with a widely used termi-
nology, the Unified Medical Language System (UMLS), in order to
unify the vocabulary and promote the share of guidelines.

Clinical guidelines (CGs) are represented using PROforma([11]).
The coordination of tasks to be performed in a specific time is made
inthe DRA by retrieving all information concerned to the patient and
following the execution of a guideline applied to a specific patient.
Using the CG, adoctor can consider all the available data and take an
informed decision. During the visit, if the doctor needs another test
to be performed on the patient, agents negotiate the best aternative
according to the preferences/constraints of the user, the doctor and
the hospital services ([15]). The medical services needed in the ex-
ecution of a guideline can be located in the same medica centre or
in another one (found with a previous discovery process). When the
service is completed, the results are sent automatically from the ser-
vice agent that has made the task to the MRA, that stores all patient’s
medical records. The interesting point is that al the scheduling pro-
cesses and the follow-up of a guideline can be made automatically
(or semi-automatically, with the doctor checking and confirming all
relevant details) by agents in a autonomous way, without the patient
having to waste time and effort to make a particular booking for each
needed test or examination, or the doctor having to worry about ask-
ing to a service when the results of a certain patient will be available.
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Figure1l. HeCaSe2 agent-based architecture

3 Comparison

In previous sections, several guideline-based applications have been
summarily described. All of them have different scopes, representa-
tions and architectures, according to the reserach interests of each
developing group. This section provides a high level comparison of
those tools, focused on the items that appear in Table 1 on the next
page. Those items are: a) the existence of a repository of guide-
lines, b) if the tool offers a (graphical) editor to create and visualise
their own guidelines, ¢) the language used to represent the clinical
guidelines, d) if the tool is designed to be deployed as a multi-agent
system, e) if the execution engine allows complex coordination el-
ements such as parallelism, negotiation or scheduling, f) the exis-
tence of an execution engine, g) the connection of the system with
an EHR, h) the use of any standard terminology defined by third
parties, and finaly ) the inclusion of security tools to preserve data
integrity and authenticate the accesses to the (very sensitive) medical
data exchanged in those systems.

Repository of guidelines

That element is offered by al tools. It allowsto use the best avail-
able guideline at each moment and to update them when it is nec-
essary. In some cases (GLARE, HeCaSe2, NewGuide) the repository
stores several versions of a GL, allowing versioning. This feature is
quite useful, asit can be used to update the GLs or to tailor a general
GL to different centres according to the available resources in each
location.

Guideline editor

The use of an editor to create guidelines is a recommended tool
to ease the visualisation and updating of guidelines. Most of the de-
scribed tools offer an editor, that can trandate the clinical guidelines
into the chosen representation language. Most of them identify sev-
eral basic components (tasks, decisions, queries) which are linked
together in a flowchart-based approach.
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Only S)EM and HeCaSe2 lack this module. The first one trans-
lates GL s directly to database commands, and the second uses athird
party tool (Tallis) as editor.

Language used to represent the computer-interpretable clinical
guidelines

There are severa available languages to represent guidelines [22].
Thisis an important drawback because it prevents researchers from
implementing tools in the same way, and there isn't any de facto
standard language. Assummarised in Table 1, all platformsdefine its
own language or representation structures, according to their specific
goals.

Agents

Although most of the platforms do not talk explicitly about
agent technology or multi-agent systems, most of the architec-
tures show how different autonomous components exchange in-
formation between them in order to retrieve and compose al
required data in an enactment engine. In particular, GLARE ,
GLEE and NewGuide define different types of decentralised systems.
HeCaSe2 and Arezzo™ define an explicit agent-based architecture
with different belief, desires and intentions for each entity.

Coordination

Clinical guidelines define different tasks to be accomplished. In
any runtime engine it is very important to coordinate these tasks ef-
ficiently in order to improve the general performance. For instance,
some tasks to be performed could have a time constraint (deadline)
that has to be considered before tackling other tasks with more pri-
ority; at this point, the system must perform a booking between the
patient and the resource that manages the required task. These com-
plex tasks reguire coordination, negotiation and scheduling between
al entities. Only two systems, S)OEM and HeCaSe2 , provide this
type of facility.

Runtime engine

A runtime engineisrequired to simulate the behaviour of aclinica
guideline with the patient data values. There are two approaches to
perform the simulation: an event-based approach, such as SopEM and
GLEE, and a rule-based approach, such as NewGuide, GLARE or
Arezzo™,

Accessto EMR

Thereis alarge number of different representations of Electronic
Medical Records, but in al cases a gateway between any guideline-
based system and an EMR isrequired to retrieve the required datain
each moment. A knowledge base is usually needed to know exactly
which attribute is required and to allow the system to find it within
the EMR. Most of the tools implement an interface that alows the
communication with a propietary EMR representation.

Sandards used

Medical terms can change significantly their meaning with little
syntactic changes. A solution for that problem is the use of a stan-
dard terminology. In [18] there is an analysis of a set of the current
available terminologies, including the ones used in the tool s analysed
in this paper. One of the most widely used terminologies is UMLS,
that is a compendium of existing terminologies such as SNOMED,
MESH, LOINC or ICD. The use of aterminology is an advantage in
order to improve sharing and automation of the execution of clinical
guidelines under any representation.



Tablel. Summary of guideline-based execution engines

GL

Run Access

Tool Reposi- GL. GL Repr. Agents Coordination  Time to Standards Security
tory Editor Lang. Engine EHR used

GLARE Yes Yes Graph-Based No No Yes Yes XML No

SAGE Yes Yes EON No No Unclear Yes HL7, No
SNOMED

GLEE Yes Yes GLIF3 No No Yes Yes HL7, No
RDF

NewGuide Yes Yes GUIDE No No Yes Yes UMLS No

Arezzo™ Yes Yes PROforma Yes No Yes No No No

DeGelL Yes Yes Asbru No No Yes Yes ICD9, No
CPT,
LOINC

SoEM Yes No PLAN No Yes Yes No No No

HeCaSe2 Yes No PROforma Yes Yes Yes Yes UMLS Yes

Security issues

Medical datais sensitive and hasto be managed accurately. Trans-
missions, accesses and storage need a secure handling. To ensure
secure transmissions, a ciphering of contents has to be made. [20]
described an agent-based secure method to transmit contents based
in a public key infrastructure. To ensure secure accesses, only reg-
istered (and authenticated) agents would be permitted to exchange
information with any other agent of the system. Finally, the data
should be stored in a secure database with authentication controls of
the agents and users that want to access it. Of the analysed systems,
only HeCaSe2 implements explicit security features.

4 Conclusions

In this survey we have described the basic aspects of several applica-
tions oriented towards the automation of clinical guidelines. The re-
sult of this study isthat, in thisresearch area, there are several limita-
tionsthat must be tackled in the future. One of them isthe representa-
tion of computer-interpretable guidelines. The language of represen-
tation isthe basis of thesetools, and it could be desirable to adopt one
formalism as standard and promote the interoperability between dif-
ferent tools and systems. This standarisation seems quite feasible, as
most of the representation languages commented in this survey share
the same basic components: some kind of action/decision/enquiry
nodes, some mechanisms for coordination or synchronicity of ac-
tions, the ability to create sub-plans or sub-guidelines (so that differ-
ent levels of abstraction can be considered when working with guide-
lines), or the possibility of storing the state of a guideline which is
being executed.

Another important element of that automation is the existence of
an Electronic Medical Record. The problem of finding the best pos-
sible representation of an EMR has not been solved yet, and applica
tions are made ad hoc to fit a certain representation. That also limits
heavily the interoperability of different tools.

It is also fair to say that in most countries (even the ones con-
sidered to be more technologically advanced) hedlth care is not yet
fully computerised, and nowadays it is not feasible (or it is hard and
expensive) to include automated guideline enactment systemsin real
clinical settings. Most of the described systems consider asabig con-
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cern the seamless integration of the execution of guidelines with the
usual workflow of activitieswithinamedical centre, in order to make
it feasible to introduce this kind of systemsin daily clinical practice.
We considered the possibility of including another columnintable 1,
reflecting the actual use of each tool in clinical practice, but it seems
that none of them is actually in daily use in any medical centre (as
far as we have been able to find out, only Arezzo™ has been used
for certain limited tasks).

As said in the comparison section, although most of the papers
do not use the terms agent or multi-agent system, the authors of
the analysed systems propose distributed architectures (usualy as a
client-server approach) with both data and tasks deployed around a
computer network. Some authors propose an event-driven approach,
that is similar to the communication-based approach that is the basis
of multi-agent systems. Moreover, some of the proposed modules act
autonomously, for instance runtime engines, and they could be easily
mapped into agents. The HeCaSe2 and Arezzo™  experiences, cur-
rently being developed, show how a guideline enactment system can
be developed using an agent-based perspective with a formal lan-
guage such as PROforma , that has been designed to interact with
external elements linked to agents. This perspective allowsto design
more flexible and interoperabl e platforms that could be extended, in a
feasible way, with more services and resources as required in a spe-
cific clinical setting. This extensibility and flexibility is especially
clear in the HeCaSe2 system.

Clinical guidelines include sets of rules that a doctor can follow
in a specific situation (diagnosis, treatment, or prognosis). Coordi-
nation between humans and resources according to these rules is
required to follow a guideline in a coherent way (ensuring the sat-
isfaction of al relevant constraints). In an agent-based approach all
participants in this global coordination are modelled as agents, and
a set of communication-based algorithms can be applied, including
distributed planning, coordination protocols or negotiation if a cost
in the allocation of resources is considered. In a centralised model,
this kind of coordination protocols are difficult to implement or the
amount of data to be exchanged could suppose a bottleneck that
could hinder system performance. We think that this is an impor-
tant issue that shows the appropriateness of agent technology for the
development of guideline enactment systems.



Some authors have argued in the last years that agent technology
is especialy suitable to design and implement systems in the health
care domain [21]. As the final result of this comparative survey, we
would like to argue that the basic well known characteristics of au-
tonomous agents and multi-agent systems (spatial distribution, mod-
elling of autonomous entities, use of dynamic coordination and plan-
ning procedures, etc.) make them avery appropriate technology to be
used in guideline enactment systems. To emphasize this argument,
the following table provides a tight mapping between the properties
of intelligent agents and the requeriments of that kind of systems.

Table 2. Mapping from guideline enactment systems to agents

CG enactment Agents
Data distributed physically =S Management of distributed
knowledge, distributed
execution of agents
Coordination of medical tasks < Communication-based
protocols, dynamic
coordination procedures
Independent entities =3 Autonomous agents
Scheduling medical visitsitests <« Negotiation-based protocols,
contract net mechanisms
Human-centered services & Interface agents, use of
recommendation/preferences
Re-use of existing systems & Wrappers
(e.g. CG repository)
Privacy of medical data & Agent authentication,
message codification
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