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Abstract

We report the first successful test of an interoperable guideline
execution engine that interprets encoded clinical guideline con-
tent and executes that content via functions of a target clinical
information system (CIS). For this test, an exemplar immuniza-
tion guideline was encoded in the SAGE guideline model using
standards-based information models and terminologies. This
guideline content was subsequently executed using the prototype
SAGE guideline execution engine, which interacts through stan-
dards-based VMR/Action services to instantiate real-time guide-
line recommendations via existing functions of the target CIS. In
this paper, we describe our test implementation and highlight
the significance and implications of each component of our de-
ployment architecture.
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Introduction

Evidence-based clinical practice guidelines have been widely
recognized as a primary vehicle to standardize clinical care pro-
cess, improve quality of care, and reduce unwanted variation and
associated costs [1]. Despite this potential, past research efforts
have indicated that passive distribution of text-based guidelines
has had minimal improvement effect on clinical care [2]. Recent
studies suggest the impact of clinical guidelines may best be re-
alized via guideline-driven computerized decision support that is
integrated into the real-time care workflow [3].

The SAGE (Standards-based Sharable Active Guideline Envi-
ronment) project is a collaborative research and development
project among research groups at IDX Systems Corporation, the
University of Nebraska Medical Center, Mayo Clinic — Roches-
ter, Intermountain Health Care, Apelon Inc., and Stanford Uni-
versity to develop a standards-based comprehensive technology
infrastructure that will enable encoding and dissemination of
computable clinical practice guidelines. Key deliverables of the
SAGE project are: a standards-based guideline representation
model; a guideline authoring/encoding workbench; and an in-
teroperable guideline deployment system. Key objectives of the
SAGE project are: interoperability of encoded guideline content
across disparate CIS platforms and active rendering of guideline
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content via real-time interaction with existing CIS application
functions.

The SAGE Approach

Guideline Knowledge Representation

In the past decade, several guideline models have been devel-
oped to formalize clinical guidelines in computer interpretable
format (Asgaard [5], EON [6], DILEMMA [7], GLIF [8],
GUIDE [9], PRODIGY [10], PROforma [11]). A comparison of
their conceptual components and effectiveness concludes that
“plan organization, expression language, conceptual medical
record model, medical concept model, and data abstractions” are
the common guideline components among those guideline mod-
els [12]. The SAGE guideline model [4,13] builds on this earlier
work and is designed to encode guideline content at the level of
detail required for execution within the context of a specific care
workflow supported by existing functions of the CIS. To this
end, guideline content is represented as detailed clinical “recom-
mendation sets” comprising action specifications, decision log-
ic, and the clinical context in which the recommendations are to
be active. The SAGE guideline model uses standard information
models, constructs, and data-types to express medical and deci-
sion-making concepts. A virtual medical record (VMR) infor-
mation model [18] has been employed and extended for
representation of patient data and guideline-driven actions and
all medical concepts are referenced using standard medical ter-
minologies (e.g., SNOMED CT, LOINC).

Guideline Processing and Execution

In a typical SAGE deployment environment, we assume the
guideline is first imported into the health care delivery institu-
tion. Installation of the guideline involves two main steps: (1)
the institution may edit the guideline to conform to its organiza-
tional and clinical policies prior to deploying the guideline — we
call this step localization, (2) mapping from the standards-based
concepts in the encoded guideline to local CIS data and local CIS
calls, a process we refer to as binding. Localization efforts span
a guideline while the binding process spans multiple guidelines
to the entire health care delivery institution. After installation,
the guideline is now available for use at the institution and can
be deployed into the guideline execution engine.



Once the guideline has been activated, the SAGE execution en-
gine is able to execute the guideline by interpreting the encoded
content, obtaining current patient data from the CIS, and invok-
ing functionality within the CIS to implement an action specified
in the guideline.

Guideline Execution: Architectural Overview

A SAGE guideline deployment consists of a SAGE execution
engine (henceforth referred to as the engine), an event listener, a
terminology server, a set of interfaces called VMR/Action ser-
vices which interoperate with the local CIS. An execution en-
gine can execute multiple guidelines and a health care delivery
may run one or more execution engines based on scalability and
other considerations.
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Figure 1 - SAGE Deployment Architecture

The SAGE execution engine is designed specifically to process
guidelines encoded using the SAGE guideline model. The en-
gine interprets the content of the context, action, and decision
nodes in an encoded guideline, executes workflow and decision
logic, and interacts appropriately with the CIS. The event listen-
er is the mechanism by which the engine is notified of state
changes in the CIS. As part of conforming to the SAGE engine,
the CIS implements the module that forwards events of interest
to the event listener. As a reference, the SAGE project currently
supplies a Java'™ based module that forwards events from the
CIS to the listener. The listener is implemented as a web service
[14] allowing for broad interoperability and can be used by any
conforming CIS to publish events. Most commercial CIS’ have
terminology services implemented within themselves. In the ab-
sence of terminology services within the CIS environment that
supports standard terminologies, an external terminology server
may be employed in a SAGE deployment. The terminology
server encapsulates standard terminologies and implements ter-
minology subsumption that may be used by the engine. The
VMR/Action services are interfaces into both patient data and
application functionality provided by the CIS. The VMR servic-
es are used to get information from the CIS (e.g: obtain patient’s
age) and the Action services are used to initiate actions within
the CIS (e.g: place an order for Hepatitis B vaccine). The VMR/
Action services can be viewed as wrappers around existing CIS
data and functionality and support interoperability by presenting
a unified view of clinical information systems to the guideline
execution engine. The intention of the SAGE project is to align
the VMR/Action services interfaces with standards such as HL7
messages and to propose these interfaces as standard access/ac-
tion mechanisms into CIS data and functional elements. These
interfaces could be used by non-CIS systems such as the guide-
line execution engine to interact with the CIS. It is also the inten-
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tion of the SAGE project to use the same execution engine and
event listener across any CIS that conforms to the specifications
of the VMR/Action services.

On detecting a deployed guideline, the execution engine per-
forms validation checks to ensure the correctness of the encod-
ing. Once validated, the CIS events encoded in the guideline are
registered with the CIS’s event manager, thereby expressing the
execution engine’s interest in these CIS events. When a relevant
event is detected, the engine begins execution.

Guideline Execution: Processing an Exemplar Guideline

Figure 2 shows one recommendation set from a guideline sce-
nario based on the ICSI Immunization Guideline [15]. While
real guidelines may include multiple recommendation sets, for
simplicity, we will use a single recommendation set to illustrate
the basic components of SAGE guideline execution. The clini-
cal scenario for this recommendation set is assessment and rec-
ommendations of immunizations for a neonate. The primary
logic is as follows: Check the weight of the patient. If the weight
is over 2kgs, check prior medications and determine vaccines
that need to be administered. If the medical records do not indi-
cate prior “consent to immunization” then the clinician is to ob-
tain permission to administer the vaccines. If the patient is ill,
the vaccines administrations are to be deferred and the deferral
reasons documented. If the patient is not ill, the vaccines are to
be administered to the patient. During the weight check, if the
neonate is under weight (less than 2 kgs), the vaccine adminis-
tration is to be deferred and the deferral reasons documented.

In the execution of the exemplar immunization guideline, we as-
sume a patient-guideline association has been established (either
through an overt action by a clinician or through an automatic
process), such that the patient is “enrolled” into this guideline.
The SAGE engine uses this association to filter events that come
from the CIS and to maintain guideline state for that patient/
guideline combination.

The recommendation set in Figure 2 is represented as an activity
graph [4,13]. An activity graph describes the relationship be-
tween the activities in the recommendation set as a process mod-
el and may contain Context nodes, Decision nodes, Decision
Maps, Sub-guidelines, and Action nodes.

Determine Obtan
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Figure 2 - Neonatal Immunization Activity Graph

Context Handling

Each activity graph segment within a guideline begins with a
Context node that serves as a control point in guideline execu-
tion by specifying the clinical context for that segment. If the
criteria associated with a context node are satisfied, subsequent
nodes in the activity graph are executed until another Context



node is reached. Context nodes may refer to clinical settings and
resources and care-provider roles which have been modeled
across the health care provider institution and used across guide-
lines.

In our example activity graph in Figure 2, the “New Born in Hos-
pital” Context node specifies a clinical setting of Inpatient Hos-
pital and a clinical role of Pediatric Nurse. This Context node
also specifies a triggering event (/npatient Admission). On re-
ceiving this event the execution engine processes the Context
node. Our example Context node includes a patient specific pre-
condition Patient age < 7 days, as a child below the age of 7 days
is considered a neonate in the ICSI immunization guideline.
Once the triggering event (Inpatient Admission) is received
through the event listener, the engine evaluates the precondition
associated with the Context node. If the precondition evaluates
to False, the execution does not proceed any further. If the pre-
condition is satisfied, the SAGE engine resolves the clinical set-
tings and clinical roles associated with this Context node and
moves to processing subsequent nodes.

Decisions and Criteria Processing

The second node in the activity graph of Figure 2 is a Decision
node labeled “Check patient’s weight?”. A Decision node [4,13]
in the SAGE guideline model represents clinical decision logic
by listing alternatives (typically subsequent action nodes), and
specifying the criteria that need to be met to reach those nodes.
The execution engine will process all alternatives for which cri-
teria are met, thereby allowing concurrent execution of multiple
paths in an activity graph.

The SAGE guideline model and execution engine support the
following specialized criteria:
¢ Comparison criterion: typically used to compare an
object returned by a VMR service method against a con-
stant. (e.g.: # of polio vaccines in medical history is 0)

+ Temporal comparison criterion: a variant of the compar-

ison criterion that compares the temporal relationship .

(before, after, concurrent, etc.) between the time when a
VMR instance occurred and some time interval (e.g.:
was MMR vaccine given in the last 4 weeks).

* Variable comparison criterion: The model allows vari-
ables to be defined across VMR service instances and
some mathematical functions. This criterion allows
comparison between variables and constants. (e.g.: age
> 2 months, where age is a variable composed of date of
birth).

« Presence criterion: checks for the presence or absence of
coded concepts in instances of a VMR class within a
valid time window (e.g.: presence of infantile spasm as a
Problem in patient’s medical record). Further special-
izations of this criterion, namely, Intervention presence
criterion, observation presence criterion and allergy
presence criterion have also been implemented.

* Boolean criterion: specifies True and False.

* N-ary criterion: A boolean combination (AND, OR,
NOT) of the other criteria.
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The SAGE execution engine will support other criterion types
such as Goal Criterion that performs goal testing.

In the example activity graph in Figure 2, the Decision node “Pa-
tient’s weight check?” specifies two alternative Action nodes
(“Determine Immunizations due” and “Document Immunization
deferral”), along with the decision criteria that must be satisfied
to process those nodes. We will use this section to: a) describe
how the guideline engine processes a decision node, and b) illus-
trate how the SAGE guideline model supports references to stan-
dard information models and terminologies. The ICSI
immunization guideline [15] specifies that immunizations
should be deferred for neonates under 2kg. For simplicity rea-
sons, lets assume that the criteria associated with the nodes “De-
termine Immunizations due” and “Document Immunization
deferral” (the nodes following “Patient’s weight check™) are
weight >= 2kg and weight < 2kg, respectively.

As specified in the guideline model, the comparison criterion
weight < 2kg specifies the VMR class (Observation), the
SNOMED CT code for weight finding (107647005), the aggre-
gate modifier for the weight observation (most recent weight),
the operator to be used for comparison (less than) and the value
to be compared against (2 kg). To evaluate the above criterion,
the engine first makes a call to the terminology server to obtain
all the terminology subsumption codes for the weight finding.
The terminology server responds back with all codes that are
subsumed by weight observation including the SNOMED CT
code for normal weight (43664005). A VMR service call is then
made to the Observation service of the CIS passing in the
SNOMED CT codes, aggregate modifier (e.g: most recent), pa-
tient identifier, etc. (During the installation/binding process,
CIS-specific codes have been “mapped” to the SNOMED CT
standard terminology, thereby allowing the standards-based
guideline engine side of the VMR service to interface with the
parochial CIS side of the VMR service). On a query from the
engine, the Observation VMR service returns the weight value
and the units it is being returned in. The returned weight, the val-
ue specified in the criterion and the comparison operator are
passed to an internal predicate evaluator. The evaluator does the
necessary unit conversions, performs the predicate evaluation
and returns the Boolean result. If multiple criteria are presented
through a n-ary criterion, the above process is repeated and the
results applied across the AND, OR and NOT operators speci-
fied in the n-ary criterion.

Actions

An Action node encapsulates a set of work items that must be
performed by either a computer system or a person and is an ex-
ample of a HL7 Reference Information Model Act [16]. Actions
as implemented by the execution engine may be synchronous or
asynchronous in their interaction with the CIS. In addition, Ac-
tion nodes may specify preconditions that must be met before
they are executed. In our sample activity graph (Figure 2), the
Action node is a directive to the clinician (pediatric nurse) to ob-
tain consent for immunization from the patient’s guardian. The
precondition here is an n-ary criterion composed of “presence of
any immunization due conclusions” and “absence of immuniza-
tion consent in patient record”. In our test implementation, this



inquiry to obtain the consent is presented to the clinician through
the Notification (equivalent to an electronic mailbox) mecha-
nism of the CIS. Since the immunization consent status
(SNOMED CT: 243880000) is the central theme of the inquiry,
the valid responses are immunization consent given (SNOMED
CT: 310375005) or immunization consent not given (SNOMED
CT: 310376006) or the codes subsumed by either of the codes.
The response from the clinician is recorded in the patient’s med-
ical record as an Observation for recording reasons. Further-
more, the engine detects this triggering event and processing
continues.

To complete the recommendation set execution portrayed in our
example activity graph (Figure 2), another Decision node (“Ill-
ness check™) is visited and two alternatives are presented. If the
patient is ill, the vaccine administration is deferred and appropri-
ate documentation actions are initiated for the clinician to note
the deferral reasons. If the patient is not ill, then Action node
“Administer Inmunizations” is processed. The engine calls the
Orders Action service and uses the createPendingOrder method
to place “pending” vaccine orders that were due for this patient,
generates a Notification to the clinician informing them of the
presence of a medication order waiting to be approved. This con-
cludes this activity graph’s execution.

Sub-Guidelines

In our sample activity graph, the node “Determine Immuniza-
tions due” is a specialized action node that includes a sub-guide-
line [4,13].  Sub-guidelines are reusable, self-contained
statements of guideline logic — somewhat analogous to sub-rou-
tines in a computer programming language. The sub-guideline in
our example embeds a decision map [4,13], which in this case is
used to compute which immunizations are due for a patient. The
conclusions made during the processing of this decision map are
stored in the patient’s medical record through Action calls to the
CIS.

State Management

The guideline execution engine executes in a stateless manner
with some notable exceptions. The guideline encoder provides
explicit entry points into activity graphs by marking certain Con-
texts as starting nodes. These context nodes have a triggering
event (CIS or engine originating) that initiates the execution of
the activity graph. Once execution begins, additional nodes are
visited through the transitions (arrows of Figure 2) encoded in
the recommendation set. It should be noted that several activity
graphs can execute concurrently and several paths within an ac-
tivity graph or a decision map may execute concurrently, result-
ing in multiple threads of guideline execution for a patient at a
point in time,

Given this execution model, there are three ways execution can
be blocked.

1. Execution can be interrupted when execution reaches a
Context node that requires an external triggering event —
until this event occurs that thread of execution is
blocked.

2. Blocking can occur if a particular node needs to be exe-
cuted at a later point in time. For example, if the encod-
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ing specifies “Check for the presence of Hepatitis B
Immune Globulin test 9 months from date of birth”, the
engine would schedule a task to execute at that time and
block the current node. When the engine’s scheduler
module detects the time has passed, it sends an internal
event to the event listener. When this event is delivered
to the engine, the blocked node is released and execution
continues.

3. A thread can be blocked when the engine is waiting for
an Inquiry to be answered. For example, let’s assume
that the Inquiry asks two separate questions “Has the
patient obtained MMR vaccine elsewhere?” and “Does
the patient appear to be well today?”. Until a response
comes back through the CIS for both these questions,
that node stays in a PENDING state. As each response
comes in, the engine stores the response - so that they
may be used to make decisions in future criteria and for
documentation reasons. The node state stays PENDING
until all the responses are recorded upon which the state
is changed to RESOLVED and the thread continues its
execution.

Triggering Events

As shown in Figure 1, the event listener is the conduit by which
the SAGE execution engine is notified about external events.
The events themselves may be CIS generated or engine generat-
ed. We are currently defining a standard set of events that the
SAGE engine can subscribe to and can be used during guideline
encoding. During the installation/binding process, it will be the
responsibility of the local care delivery institution to map their
internal CIS events to standard SAGE events. This can be done
declaratively in the event listener client (that publishes to the
event listener) during the binding process of the guideline lifecy-
cle.

Discussion

The challenge faced by the SAGE project is to deliver clinical
practice guideline recommendations to clinicians as seamlessly
as possible using native CIS applications and user interfaces.
This must be achieved in a generic, interoperable manner so that
the execution engine need not be rewritten for each CIS it needs
to interact with. Moreover, all this must be achieved without re-
quiring large changes to the existing functionality of CISs.

‘We have taken the first steps in achieving these goals. We have
developed a guideline model that is based on standard informa-
tion models, medical terminologies and HL7 data types. We
have developed an engine to execute guidelines encoded using
the SAGE guideline model. We have implemented an event lis-
tener that feeds the engine with external events. We have imple-
mented the VMR/Action services for a commercial CIS, namely,
IDX System Corporation’s Carecast'™, so that guideline interac-
tions can be provided through the interfaces of the CIS. Each of
these together forms an infrastructure for us to be able to execute
an arbitrary clinical guideline encoded using the SAGE guide-
line model.



Using our infrastructure, we have encoded a version of the IC-
SI's Immunization guideline [15] and have executed guideline
scenarios using the engine and Carecast™. The encoding has
three recommendation sets a neonatal immunization scenario, a
primary care scenario that handles DTaP, Polio, Pneumococcal,
Tetanus-Diptheria, Influenza, MMR, HiB, Hepatitis A and Hep-
atitis B vaccine administration for children and adult patients, a
population-based reminder scenario to remind patients who may
have missed their immunizations. The SAGE execution engine
executes the above scenarios and we have integrated it against
the VMR/Action services of Carecast™. Using this integration
we are able to deliver real-time immunization recommendations
to clinicians.

The SAGE project has begun work on implementing the Immu-
nization guideline encoding on a different CIS to show interop-
erability. Additionally, we have begun work on implementing
the ADA Diabetes guideline [17] using the execution engine and
Carecast™.
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