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Abstract. Standardizinghe care of patients with complex problems in hospital settings is
a challeng for physicians nursesand other medical professionals.acute care settys
such as intensive care wgithe inherent problems of stabilizing and improving vital
patient parameters isomplicatedby the division of responsibilities among different
individuals and teamsThe use of evidenekased guidelines for managing complex
clinical problems has become the standard of pract@@mputerized support for
implementing such guidelines has tremendous potentialThe use of moddbased
techniques for specifying and implementing guidelinescasrdinatedasynchronous
processes is promising new methodology foproviding advanced clinical decision
support. Combined with visual dashboardéich show the status dhe implemented
guidelines, a newapproach taomputersupportedcare is possible. These techniques are
being applied tohe management of sepsis in acute care settings at Vanderbilt Medical
Center.

Introduction

Formalization of medical knowledge has been an active area of research since the 1960s. Early
efforts were focused on creating systethmest mapped signs, symptoms aladboratory results

to probabilistic estimates of differedtagnoseg1][2][3]. These systems, embodied as expert
systems, proved not to be practidat the everyday mctice of medicineOnly with the
development of the electronic medical record (EMBYeknowledgebased systeaproven to

be practical and beemapted by practitionergl][5].

Medical knowledgebased systems today focus oomputerized physician order entry
(CPOE) and clinical decision support advisory syst¢®h’][8]. CPOE systemslepend on
comprehensiv&EMRs to provide means tphysicians and nurses to create and execute orders
for tests, procedures and medicatioAssystem such as WizOrder, developed at Vanderbilt



University Medical Center(VUMC) and sold commercially as Horizon Expert Orders by
McKesson @rporation containsmultiple advisors that help physicians with issues such as
identifying potential adverse drug interactions or determining wharhbinationof medicines
might be best for a particulgratient[9][10]. CPOE and related systems are often termed
O0physician workflowbd systems because they are de
activities that flow from specific surrounding systems and the standardized practice of
medicine.
Anothe area being actively explored is theeuof computegenerated alert8y utilizing
rule enginesthroughpub !l i sh/ subscribe models to actively mon
statusthey ardooking for specific problems which shldl triggeran alerf11].
The next area of application of knowledigased systems is process managemndsisC is
pioneering the use of procesmnagemeni d as hboardsd to inform medical st
required activities to beegpformed for patients with specific problems. This has been applied
to the management of ventilator acquiredeumonia(VAP), a seriog consequence of a
patientds i nt ubvertilaiacnn aAme wmeechmadhedadf activities re
the derelopment of VAPwas created and the status of these activities sSeownusingred,
yellow and green indictors. These are madailable to the hospital staff as reminders of what
has been and whateds to be done.
The overallmanagementf a complex meidal process requires a formal representatibn
treatment protocols order to be able to show the temporal structuré coordinatiorof the
tasks and the history of measurements that demonstrate statdsand rates of chang&he
key insight in ou work is Modelintegrated Computing (MIC)12][13][14], an approachand
its supportingtool suite for modebased software and systemsgmeering that has been
developed over thiast two decades at Vanderbitthisinfrastructureoffers new opportunities
in creating clinical decision support and process management syMé&cuses on formal
representation, composition, and manipwolatof integrated models of information processes
and security/safety policieand provides tools for automated system generation directly from
the models.The opensourceMIC tool suite[15][16][17] addresses layered, multiplgew
system modeling, model transformation, model analysis and validation, execution, and design
evolution. The application of MIC principles and toadaststhe creation of clinical decision
suppat and process management systems in the follofwargework:

1. Design of modeling language ftreatment protocolsin MIC, modeling languages
are formally defined by metamoddis][17]. The MIC meaprogrammable tools for
modeling, model management and model transformation are automatically
customized by the metamodels.

2. Modeling treatment protocal®Jsing the modeling language defined in step 1, models
of specific treatment protocols are creafEdese models are formal representation of
guidelines that drive the management of clinical processes. The precise semantic
foundation of the MIC modeling infrastructure and related tools enable validation and
verification of the modelsagainsta range of safty, privacy and security related
criteria defined as constraints or policies.

3. Generation of process management systdosing the MIC model transformation
infrastructure, the verified models are translated into configuration files that
customize the genier runtime components (such as execution engine, Graphical
User Interface and EMR Interface)tbe process management system.



The components of this frameworkre consistent withthe Modelintegrated Clinical
Information System (MICIS) infrastructuf@8], which is agenerictool suite for designing,
testing and deploying clinical information systerfibe goal of this paper is to shdhe use of
the frameworkin creding a Sepsis Treatment Enhanced through Electronic Proradion
(STEEP) applicationSepsis management is a complex and extreinébrmation intensive
process performed inintensive care units and emergency departments Application of
guidelines that can evolve with accumulated experience and can be custtnitzedeeds of
individual patients hasuge significance which makes sepsis management an attractive
application target for MICISSince the overall effort is complex, we restrict our discussion to
the centralissues in the modéhtegrated developmerdpproach: modeling language and
model specification, model validation and verification and the automated system generation
process

Sepsis Management Problem

In an effort to maximize the impact of our process management tool, we sought a universal
clinical paradigm that was common, expensive (both in terms of hospital resources and
financial expenditures), and baaccepted evidendeased treatment guideline®/e found
sepsis to be an ideal candidate for our interveniitwe. sepsis syndrome results fromoaust

host reaction to infection and is characterized by a systemic inflammatory redpeqsently

with hypotension andhultiple organ failureThis disease process is very common, occurs with

a worldwide distribution, and can impact patients of any e, or ageAbout 750,000 cases
occur in the United States annua]y9], and about 30% of septic patients will die from the
diseasq20]. Severely septic patients consume many hospital resyureguiring on average

7-10 days in the intensive care unit and up 16 ®eeks total hospital length of stdp. the

United States, patients may accrue hospital charges of tens of thousands of dollars, and it is
estimated that sepsielated expenditurespproach $17B in the United States annui@hy.

Given the large scope of this clinical problem, it is not surprising that many treatment
strategies have been proposed and investigatezl Surviving Sepsis Campaign (SSkejl by
experts from numerous professional organizations, seeks to improve the diagnosis,
management, and clinical outcomes in sepgii® SSChas publishe@d comprehensive set of
treatment guidelines based on graded clinical evidératare widely consided to represent
the state of the art in sepsis managerfi&2it

The SSC guidelines are complex and require multiple-Seresitive interventions based on
dynamic patient variablesn clinical practice, the treatment guidelire® often grouped into
Abundl esd based on t helkorexdamgle adrtainiintepsénBomseanet at i on t i m
targeted for completion within 6 hours of diagnosis, including obtaining appropriate cultures,
administering broad empirical antibiotics, aogtimizing hemodynamics with early goal
directed therapin patients with septic shoc®ther priorities, such as deep venous thrombosis
and stress ulcer prophylaxis, are less tgaasitive but ideally completed within 24 hours.
Therefore, correct and ntiely implementation of the guidelines requires continuous
assimilation and interpretation of numerous pieces of patient data.

In the intensive care unftCU), the healthcare team must respond in a timely manner to the
needs of many patients with a diveeseay of clinical problemavanaging the massive flow
of critical clinical information is challenging and may impede excellent ¢arethis reason,
the ICU is an excellent test bed for information technology (IT) interventiSosh IT



interventions carbe categorized generally (in order of increasing sophistication) as clinical
reminders, clinical pathways, or reaahe protocolized decision support tool€linical
remindersaupar® ©@po i miattieated gn &wery patient arcduntended
remind a provider of a universal interventidfor example, clinical reminders are deployed
frequently to ensure that physicians remember to order deep venous thrombosis prophylaxis, a
measure required for most inpatier@inical pathways are listsf @preferred interventions in
patients with a specific diseadeor example, in a patient with hyperglycemia and diabetic
ketoacidosis, a physician may activate a treatment pathway and choose IV fluids, insulin, and
other interventions from a list of theiap commonly applieduring the treatment process of

the diseaseThe most sophisticated IT interventions are-taak clinical advisory toolsSuch

tools continuously monitor specific patient variables, and based on clinical guidelines, provide
treatmentrecommendations if an unmet clinical need is detecthdre are few examples of

such sophisticated IT interventions in ICU medicine curreffityour knowledgethe current

effort is the most comprehensive attempt at managing sepsis though a sopthisteatenic
detection and management tool.

We anticipatethat the STEEP application will 1) decrease time to detection of patients with
developing sepsis, 2) improve physician compliance with evidbased standards as
described in th&SG and 3) resulin improved clinical outcomes for patients (ICU and total
inpatientlength of stay, number of orgagstenmfailures and mortalityate.

The STEEP tool will monitor redime patient data streams anging specific laboratory
and vital signs criteria, Wiidentify patients with possible sepsithe lab and vital sign
abnormalities are quite sensitive for the diagnosis of sdpdisack specificity without clinical
input and contextual interpretatiom. her ef or e, t hese pati eent s wi t h fi a
identified to the healthcare team for further revi@e patients are identified first by a visual
cue on the ICU dashboard; if this visual alert is not addressed in a timely manner, an electronic
notification via text page will be sent to approprisganh members/Vhen responding to the
sepsis alert, physicians will be presented with an intuitive, visually rich, and educational
explanation of why the sepsis alert was activated, and they will be offered the opportunity to
activate decision support if tteeis a reasonable suspicion that the abnormal physiological
parameters ardueto infection.If the physician activates decision support, the tool will assess
various patient parameters and provide customizedidacsupport recommendations.

Overview of the SystemArchitecture

On the highest leveMICIS-STEEPhas two architectural views: the Modeling and Genematio
view and the Operation view.

Modeling and Generation Architecture

The Modeling and Generation architecture is showrFigure 1. The STEEP application
includesthe modelbasedExecution Engineand two graphical user interfaces (GU), the
Sepsis Managemer@UIl and theSupervisorGUI. The Execution Engineuns the sepsis
management procesgcording tothe specificationin the Derived Protocol Representation
(XML) file.



The Protocol Modelscontairing the formally specified treatment protosaire designed by
physiciars using the Generic Modeling Environment (GMB)’]. The GME tool isa
metapogrammable graphical model builder; it can be customized to the designed protocol
modeling language by defining its metamodel. Phetocol Modelsbuilt with the help ofthe
GME tools are transformed intbe Derived Protocol Representation (XMfiles used by the
Execution Engineluring operation.

Physiciansuse theSepsis ManagementGJlo assess the treated patiento
make decisions based on the evidebased guidelines present on the screen and to actuate
their decisionsProtocol Mocbls are validated using Simulationhe Simulation 8pervisor
controst he si mul ation of a [BapervisernGUbThHe stpergisot me n t u
controst he environment whireshonseantedtnedt ersl the Ibebaviggat i ent
of the othe simulated players, which include nurses administering drugs and laboratories
delivering the lab resultsSample datdor simulated execution of protocols are collected in
spreadsheets and translated into XML files that are accessed Exeitigtion Engia.
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Figure 1 - Modeling and Generation Architecture

Operation Architecture

The Operation Architecture iRigure 2 shows thenteractiors amongthe Physician STEER
andtherelated components dliie clirical informationsystem.



The interaction between théhysician and the STEEP is facilitated by the Sepsis
Management GUI by means of two panéf& Monitoring Panel and the Advisory Pariihe
Monitoring Panel presents a timeline where categorized pdtiesith information can be
viewed in time in context with the action$ the therapy provided tthe patient. Displaying
cause and effect relations involves linking patient data and treatments so that the effect of one
on the other can be seen; this is ive refer to as the actiaeaction concept. The timeline
runs from the past, véimthe treatment startetb the current time. Health indicators, fed to the
system as a stream of data, include vital signs, sutdngserature, blood pressure, heart rate
and central venous pressure, etc. badtory testresults, like the white blood cell coyrare
updated on the screen when the information becomes available. The panel also shows the
actionsof the treatmenthat wereprovidedor are scheduled to lovided to the patient (e.g.
the start of a normal saline (NS) treatment). All displayed data is temporally aligned in the
same columns.
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Figure 2 - Operation Architecture

Once physicians have assessed the patient information theyaotively make a decision
that the patient does or does not have sepsis. This decision is madeAuvibary Panel,
which is the main view for performing the protodmsed treatment of the patie@nce the
physician has assessed the patient daitsible on the Monitoring Paneland any other
information (e.g. patient history, admission notasd physicalexans), the physician then
makes a formal diagnosksy using the builin logic and the available action controls on the
Advisory Panel. These actis include higher level control (e.g. selecting sepsis severity
level) as well as lower level controls (e.g. ordering of specific medications and procedures).



Design of theClinical Process Management.anguage (CPML)

CPML is a domain specific modelingngue (DSML) designed for representing treatment
protocols. Specification of DSMirequires the specification of their abstract syntax, concrete
syntax, semantic domain and the mapping between the abstract and concrete syntax (syntactic
mapping) and thebstract syntax and the semantic domain (semantic mapfi6y) The

formal representations of these specifications are the-medzls and the language we use for
describing metanodels is the metlanguage. In MIC, the mefanguage for representing the
abstract syntax of DSMk and the syntactic mapping is based on UML class diagrams (with
stereotypes) and the Object Constraint Language (QZ3]) The abstract syntax defines the
concepts, relatioships,and integrity constraintsavailable in the DSML. Thus, the abstract

syntax determines all the (syntactically) correct
In MIC, the formal representation of the semantic mappirdpigeby using graph revriting
rules[15][24].

The precise specification of CPML has proved to be a hard prathlemio the following
issues First, operational protocols, policies antleatment guidelines of healthcare
organizations are rarely ever phrased in mathematically sauambiguousnanner, which
makesthe design of a formal modeling languatdjfficult. Second, the protocols that describe
the medcal processes constituting a treatment, their triggering conditiand their
coordination methods need to be considered as guidelines, and not rigid workflows that must
be enacted always the same way. This requireiseggsential for the design of tegecution
semantics of models.

Due to these challengedjetlanguagedevelopmenttook several iterationdn our first
attempt the languageexplicitly representedreatment trajectorieas a connected, directed,
bipartite graph structureThe nodes were eithatecision pointswith predefined multiple
possible outcomes actionsrepresentingreatmentsteps. The advantages of this approach
were that it followed the formalization efforts presented in the avaitablicalliterature[25]
and that it was simple enoughlowever, his approachdid not prove to be efficient for
expressingomplex treatmest(like the one for described for sepsis) because itheascaling
well due to theexponentially large number of potential trajectories generated by the many
concurrent and interacting treatmenbgesses

The following iteration of theCPML approached the problem from a new direction:
treatment stepswere grouped together under the concept mbcesses Processes are
concurrent, asynchronous and can interact with each vih@ventsIn orderto capture the
decision logic conciselyprocesses can be organized in a hierarchical maRraresses listen
to events happening around them and will only start running if thegering conditions are
satisfied.Coordinationof processes is done withetthelp of eventé&andrelatedmessages)rhe
execution semantics of the selected process model correspgondise well known
Communicating Sequential Process (CSP) mdaé]. The major advantages of tHeSP
approachis the posibility of using hierarchies and defining segments abaplexprotocol
independently from each oth@rrocesses compose in CSPhis semanticproved to be more
intuitive to thephysiciars too,becausét is closer to the way they tend to think of tiéerent
cases they deal with.

The CPML language is defined by the metampdehich is the placeholdefor the
definitions of the various concepts we use to define a protocol. These concepts include the
aforementioned abstractions: the processl the prtocol, to which the precise models



(defined in GME)areshownin Figure3. The two highlighted boxes show the building blocks
of a protocol and the building blocks of a process.

Figure 3 - Segments ofhe CPML Metamodel (partial view)

To explain the metamodel in detail is not the focus of this paper however some of the major
concepts, without which the protocol modeling language would not be complete, are listed and
described iMmablel.

Table 1 - High-level concepts of CPML

Abstraction Description

Protocol Top level concept, in which medical protocols can
described.
Medical Library Top level concept, which serves as the placeholder

hierarchicély categorizing general medical knowledge on
three main information categories that are referred to in
protocols: Patient Vitals, Patient Labs and possibl
Medications.




