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Abstract—In the last decades, clinical evidence and expert

consensus have been encoded into advanced Decision Sup-

port Systems (DSSs) in order to promote a better integration

into the clinical workflow and facilitate the automatic provi-

sion of patient specific advice at the time and place where

decisions are made. However, clinical knowledge, typically

expressed as unstructured and free text guidelines, requires

to be encoded into a computer interpretable form suitable

for being interpreted and processed by DSSs. For this rea-

son, this paper proposes an ontological framework, which en-

ables the encoding of clinical guidelines from text to a formal

representation, in order to allow querying, advanced reason-

ing and management in a well defined and rigorous way. In

particular, it jointly manages declarative and procedural as-

pects of a standards based verifiable guideline model, named

GLM-CDS (GuideLine Model for Clinical Decision Support),

and expresses reasoning tasks that exploit such a represented

knowledge in order to formalize integrity constraints, business

rules and complex inference rules.

Keywords—Clinical Practice Guidelines, Decision Support Sys-

tems, Ontology, Rules, Unstructured Data.

1. Introduction

In the last years, healthcare has been more and more charac-

terized by an extensive practice variation and overuse, un-

deruse, and misuse of medical resources. To address these

issues, both clinical evidence and expert consensus have

been systematically captured and joined to encode Clinical

Practice Guidelines (CPGs), aimed at supporting general

practitioners in making clinical decisions and managing

medical actions about appropriate healthcare for specific

clinical circumstances [1], [2].

Most CPGs, however, are expressed in a text-based format

and, thus, are not easily accessible to care providers, who

need to apply them either at the time and place where clin-

ical decisions are made, or to assess the quality of their

application, retrospectively.

Even if, recently, CPGs have been published also in elec-

tronic formats, such as HTML or PDF files, they are poorly

adopted and examined by care providers [3], who rarely

have the time to utilize the valuable knowledge, encoded

in the guidelines, during the treatment of their patients.

Therefore, there is a need to facilitate automated guide-

line specification, dissemination, application, and quality

assessment in order to realize the actual potential of CPGs

in improving health outcomes.

Several recent studies have suggested that automation might

be realized by encoding CPGs into advanced Decision

Support Systems (DSSs), i.e., computer-based systems de-

signed to promote a better integration into the clinical work-

flow and to facilitate the automatic provision of patient-

specific advice at the time and place where decisions are

made [2], [4]. However, this requires clinical knowledge,

expressed into an unstructured and free-text format, to be

encoded as computer-interpretable guidelines (CIGs), suit-

able for being interpreted and processed by DSSs.

Even if, in the recent past, many knowledge representation

formalisms have been developed to address this issue, it

remains strongly critical, since a mismatch exists between

the unstructured narrative form of published CPGs and the

formality that is necessary for the operationalization of clin-

ical knowledge in CIGs for DSSs. Moreover, the poverty

of the methodological rigor typically used to computerize

guideline knowledge further complicates this operational-

ization, which might generate malformed, incomplete, or

even inconsistent CIGs.

For this reason, this paper proposes an ontological frame-

work, which enables the encoding of CPGs from text to

a formal representation, where domain knowledge, clinical

process structures and data, and the behavioral semantics

of such processes are encoded in order to allow querying,

advanced reasoning and management in a well-defined and

rigorous way.

In particular, it jointly manages declarative and procedu-

ral aspects of a standards-based verifiable guideline model,

named GuideLine Model for Clinical Decision Support

(GLM-CDS) [5], and expresses reasoning tasks that ex-

ploit such a represented knowledge in order to formalize

integrity constraints, business rules and complex inference

rules.

The solution here proposed is particularly relevant for the

design and development of a CIG, enabling the possibility

of inferring implicit knowledge not expressly formulated or

verifying the consistency and coherency of the knowledge

explicitly modeled.

The rest of the paper is organized as follows. Section 2

outlines an overview of the state-of-the-art solutions. In

Section 3, the proposed framework is described by refer-

ring to the guideline model used, i.e. GLM-CDS. Section 4
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depicts an example application in order to highlight how

the proposed framework can be used to formalize an ex-

isting guideline defined in GLM-CDS. Finally, Section 5

concludes the work.

2. Related Work

To date, the effort in defining new solutions for computer-

izing CPGs has produced many process-flow-like models,

such as SAGE [6], GLIF [7], Asbru [8], EON [9] and PRO-

forma [10], which are characterized by different coverage

and particularities in order to represent both the structure of

the domain-specific knowledge, named declarative knowl-

edge, and the process-oriented knowledge, named procedu-

ral knowledge.

In particular, declarative knowledge concerns the domain

compositional elements, such as raw and abstract concepts,

their properties and inter-relations explicitly expressed in

the CPGs.

On the other hand, procedural knowledge captures the

control-flow logic to be modelled by providing sugges-

tions about the actions to be taken or conclusions to be

drawn from declarative knowledge, as well as constraints

between tasks, temporal constraints in a global plan, and

so on [11].

All the above-mentioned models are process-flow-like and

share same basic procedural elements: some kind of ac-

tion/decision tasks, some implicit or explicit mechanisms

for coordination or synchronicity of actions, the ability to

create sub-plans or sub-guidelines, the possibility of stor-

ing the state of a guideline which is being executed and

synchronizing the management of a patient with the corre-

sponding parts of a guideline by means of some entry/exit

points [11].

Various types of actions can be supported, such as

medically-oriented (e.g., recommending the administration

of a particular substance) or programming-oriented (e.g.,

notifying a message to a care provider).

Moreover, two basic types of decisions are mainly de-

fined: decisions in the form of if-then-else choices and de-

cisions requiring a heuristic choice from a set of rule-in

and rule-out conditions that support or oppose alterna-

tives [12].

A drawback common to all these proposals is represented

by the lack of a seamless integration of both declarative

and procedural knowledge expressed in a CPG by means

of a highly expressive and formal framework able to jointly

manage control-flow and domain-specific aspects and ex-

press reasoning tasks to automatically infer implicit knowl-

edge or verify a number of desired properties of correct-

ness, coherency and well-formedness of a CIG, also with

respect to the time perspective.

The solution here proposed has been conceived to face these

issues by expressing in a combined way domain ontolo-

gies, clinical processes, related decision and inference rules,

and integrity constraints, as described in the following

sections.

3. The Ontological Framework for

Computerizing CPGs

The formal framework here proposed is aimed at comput-

erizing CPGs by defining a guideline model, named GLM-

CDS, and by encoding such a model through a hybridiza-

tion of the theoretic semantics of ontology and rule lan-

guages.

Deeply speaking, the proposed model GLM-CDS consists

of a control-flow part, which is based on a formal Task-

Network Model (TNM) for codifying CPGs in terms of

structured tasks connected with transition dependencies be-

tween them from an initial state of the patient.

Domain-specific knowledge is coded through an infor-

mation model built on the top of the Domain Analy-

sis Model, Release 1 of the HL7 Virtual Medical Re-

cord [13] (HL7 vMR-DAM) issued by HL7 Clinical De-

cision Support-Working Group. This information model

is populated by using existing standard terminological re-

sources, such as Logical Observation Identifiers Names and

Codes (LOINC) [14] and Systematized NOmenclature of

MEDicine (SNOMED) [15].

Data types used in GLM-CDS resemble the ones defined in

the HL7 vMR DAM, which gives a simplified/constrained

version of ISO 21090 data types, based on the abstract

HL7 version 3 data types specification, release 2 [16].

The control flow part is formally defined as the following

8-tuple:

C f = 〈G,En,Ex,T,C,Dr, Ir,Cs〉 , (1)

where:

• G indicates the set of sub-guidelines included into

a CPG,

• En and Ex represent the entry point and the exit point

of the TNM modeling a CPG,

• T represents the set of tasks composing a CPG,

• C is the set of connections between the nodes of

a TNM,

• Dr is the set of decision rules, which relate a deci-

sion node to a task node and are used at runtime to

automatically control the execution flow of a process,

• Ir is the set of inference rules, which combine known

knowledge to produce (“infer”) new information,

• Cs is the set of constraints, which have to be verified

in order to preserve the correctness, coherency and

consistency of the CPG modeled.

Moreover, T is partitioned into the following sub-sets:

• D is the set of decision nodes for directing the

control-flow from a point into the TNM to various

alternatives,
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Fig. 1. A compacted perspective of both ontology concepts and roles formalized in GLM-CDS.

• Cn is the set of conditions, defined as observable

states of the patient that persist over time and tend to

require intervention or management,

• S indicates the set of split nodes, which enable to

branch the guideline flow to multiple parallel tasks,

• M indicates the set of merge nodes, which enable to

synchronize parallel tasks by making them converg-

ing into a single point,

• A models the set of high level actions to be performed

and is further specialized into the following sub-sets:

– AO is the set of observations, which are used to

determine a measurement, a laboratory test or

a user input value,

– AS models the set of supplies, which are aimed

at providing some clinical material or equip-

ment to a patient,

– AE is the set of encounters, which are applied

to request an appointment between a patient and

healthcare participants for assessing his health

status,

– AP represents the set of procedures, whose out-

come is the alteration of the patient’s physical

condition,

– ASA refers to the set of substance administra-

tions, which allow giving a substance to a pa-

tient for enabling a clinical effect.

Furthermore, C is also composed by the following sub-sets:

• Cd indicates the set of direct connections between

pairs of nodes of a TNM without other intermediary

nodes,

• Ci indicates the set of indirect connections between

pairs of nodes of a TNM with other intermediary

nodes.

Finally, Cs is partitioned into:

• ICs indicates the set of integrity constraints devised to

detect violations, errors and/or missing information

in the TNM encoding a CPG,

• TCs represents the set of temporal constraints for-

mulated according to some time patterns, i.e. task

duration, periodicity, deadline, scheduling and time

lags.

On the other hand, the information model is formalized as

the following 5-tuple:

Im = 〈AI ,ED,RD,PD,DT 〉 , (2)
where:

• AI models the set of elementary and repeatable action

items, associated to each action and specialized into:

– IO the set of observation items,

– IS the set of supply items,

– IE the set of encounter items,

– IP the set of procedure items,

– ISA the set of substance administrations.

79



Marco Iannaccone and Massimo Esposito

Condition

Condition

Suspected
hypertension

Normotensive

Condition

Normotensive

Condition

Stage 1
Hypertension

Condition

Stage 2
Hypertension

Observation

Observation

Check clinic blood
pressure

Observation
Check blood pressure

with ABPM (or HBPM if
ABPM not tolerated)

Check accelerated
hypertension/suspected
phaeochromocytoma

Evaluate accelerated
hypertension/suspected
phaeochromocytoma

Observation

Check target organ
damage

Observation

Check cardiovascular
risk and target organ

damage

Evaluate blood
pressure

Decision

Evaluate evidence of
target organ damage

Decision
Evaluate age,

cardiovascular risk and
target organ damage

Decision

Decision

Decision

Evaluate
ABPM/HBPM

Encounter

Encounter

Guideline

Consider specialist
referral

Guideline
Consider alternative

causes for target organ
damage

Offer annual review care

Check blood pressure
at least every 5 years

Guideline

Offer lifestyle
interventions

Guideline

Refer same day for
specialist care

Guideline

Consider starting
antihypertensive drug
treatment immediately

Guideline

Offer antihypertensive
drug treatment

Guideline
Offer patient

education to support
adherence to treatment

Fig. 2. A fragment of the NICE guideline for hypertension in adults encoded in GLM-CDS.

• ED models the set of domain-specific elements, such

as Administrable Substance, Dose Restriction or

Body Site, which are linkable to the action items,

• RD indicates the set of relationships existing between:

– action items and domain specific concepts,

– action items and data types,

– domain-specific concepts and data types,

– elements belonging to the subset G∪En∪Ex∪T

of the control flow part and data types.

• PD represents the set of properties used for specifying

values a data type can assume,

• DT models the set of data types used in GLM-CDS.

This guideline model has been encoded by exploiting the

theoretic semantics of ontology and rule languages.
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In detail, ontology languages rely on decidable fragments of

first order logic and are based on the notions of concepts

(unary predicates, classes), individuals (instances of con-

cepts), abstract roles (binary predicates between concepts)

and concrete roles (binary predicates between concepts and

data values).

On the other hand, rule languages are widely considered

in literature as a syntactic and semantic extension to on-

tology languages. Indeed, rules have been widely used as

a new kind of axiom to define abstract roles as well as

arithmetic relationships between data values assumed by

concrete roles.

As a result, a subset of the control flow part C f of GLM-

CDS, i.e. G∪En ∪Ex ∪T , as well as a subset of its infor-

mation model Im, i.e. AI ∪ED ∪DT , have been encoded

as ontology concepts. Furthermore, the sets C of C f and

RD of Im have been encoded by means of ontology abstract

roles, whereas the set PD of Im has been formalized by using

ontology concrete roles.

Figure 1 reports a compacted perspective of ontology con-

cepts and abstract roles formalized in GLM-CDS.

The sets Dr and Ir of decision and inference rules are for-

mulated by using the Horn Clause Logic. In particular,

decision and inference rules are expressed as definite Horn

clauses, in the form:

h1(X1)← b1(Y1)∧·· ·∧bk(Yk) , (3)

where the clause h1(X1) is named head, the clauses

b1(Y1) . . .bk(Yk) (with k ≥ 0) are called body, h1,b1 . . .bk

are rule predicates and X1,Y1 . . .Yk are tuples of variables

or constants. Rule predicates are built by using ontology

concepts and roles and by using ontology individuals as

constants. Moreover, each variable in the head is obliged

to appear also in the body of a rule, so granting soundness

and completeness of the reasoning process.

Finally, the sets ICs and TCs of integrity and temporal

constraints are expressed as negative Horn clauses, in the

form:

← b1(Y1)∧·· ·∧bk(Yk) , (4)

where no clause is reported in the head. For the sake of uni-

formity with decision and inference rules, each constraint

is associated with a special predicate Cs , which indicates

whether it is violated, as formulated in (5):

Cs← b1(Y1)∧·· ·∧bk(Yk) . (5)

4. An Example Application: a CIG for

Hypertension in Adults

This section reports, as an example, the application of

GLM-CDS to the CPG for the “Clinical management of

primary hypertension in adults”, issued by the National In-

stitute for Health and Care Excellence (NICE).

A fragment of this CPG, containing recommendations on

blood pressure measurement, the use of ambulatory/home

blood pressure monitoring (ABPM/HBPM) and the man-

agement of hypertension, has been encoded according to

the GLM-CDS as shown in Fig. 2.

A partial translation of this fragment of CPG into its onto-

logical representation is given in Fig. 3.

Guideline
description

Control-flow
description

Information model
description

Fig. 3. A partial translation of a fragment of the guideline into

its ontological representation.

In detail, the CPG is first described, by listing some relevant

information, such as its name and source. Next, the first

three nodes, i.e. the Entry Point, the Condition named “Sus-

pected hypertension” and the Observation named “Check

clinic blood pressure”, of the control-flow part reported in

Fig. 2 are formalized as ontology concepts and roles.

Finally, with respect to Observation named “Check clinic

blood pressure”, a specific Observation Item is codi-

fied, whose roles observationFocus and observationMethod

are valued according to the data type CD of the HL7

vMR-DAM.

An example of decision rule, associated to the Decision

node named “Evaluate blood pressure”, is reported in

Fig. 4. It evaluates whether the systolic blood pressure is

less than 140 mmHg.

Decision rule

Inference rule

Integrity
constraint

Fig. 4. Some examples of decision rules, inference rules and

integrity constraints.

Moreover, an inference rule, which defines the role indi-

rectConnectionTo starting from the role connectionTo, is

also reported.

Finally, an example of integrity constraint is also codi-

fied, which states that each Entry Point node of a CPG

is not admissible to have a direct connection from any

other node.
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5. Conclusion

To date, the different attempts proposed for encoding CPGs

in a computer interpretable form suitable for DSSs are not

fully concerned with enabling an intuitive and, contextually,

formal representation of CPGs, in terms of their logic, the

clinical processes involved and the different types of clinical

knowledge represented.

For this reason, this paper proposed an ontological frame-

work for encoding CPGs from text to a formal repre-

sentation, by jointly managing declarative and procedural

aspects of a standards based verifiable guideline model,

named GLM-CDS, and expressing reasoning tasks that ex-

ploit such a represented knowledge in order to formalize

integrity and temporal constraints, business rules and com-

plex inference rules.

The strength of this solution relies on the support to design

and develop a CIG, by enabling the possibility of inferring

implicit knowledge not expressly formulated or verifying

the consistency and coherency of the knowledge explicitly

modelled.

In order to promote and facilitate the widespread use of

this framework, ongoing activities are being carried out to

design and realize an ad hoc, intuitive and user friendly

authoring tool for encoding CPGs graphically and, suc-

cessively, translating them into a formal representation ex-

pressed in terms of ontology concepts and roles, as well as

decision/inference rules and integrity/temporal constraints.
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