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Abstract

Pharmacogenomics (PGx) guidelines contain drug-gene relationships, therapeutic and clinical recommendations
from which clinical decision support (CDS) rules can be extracted, rendered and then delivered through clinical
decision support systems (CDSS) to provide clinicians with just-in-time information at the point of care. Several
tools exist that can be used to generate CDS rules that are based on computer interpretable guidelines (CIG), but
none have been previously applied to the PGx domain. We utilized the Unified Modeling Language (UML), the
Health Level 7 virtual medical record (HL7 vMR) model, and standard terminologies to represent the semantics and
decision logic derived from a PGx guideline, which were then mapped to the Health eDecisions (HeD) schema. The
modeling and extraction processes developed here demonstrate how structured knowledge representations can be
used to support the creation of shareable CDS rules from PGx guidelines.

Introduction

In this work, we propose a consistent and reproducible methodology to generate platform-independent, shareable
representations of PGx guidelines using existing and emerging standards. We modeled a published PGx guideline
using UML activity diagrams, the HL7 vMR data model, and standard terminologies. The aim is to use these
standards to build a structured, human-readable document and, ultimately, a shareable, machine-readable artifact.
The motivation for developing a standards-based knowledge representation process that yields sharable policies is
twofold. First, no commonly accepted, standard methodology currently exists for the extraction of CDS rules from
PGx guidelines. Second, the creation of shareable CDS rules from PGx guidelines will provide clinicians and
implementers with standards-based decision logic that can be used as a starting point for the design of evidence-
based care delivery interventions.

Adverse drug reactions (ADR) cause more deaths than AIDS and diabetes, making it the fourth major cause of death
for over a decade'. Approximately 100,000 deaths and more than 2 million acute ADRs occur annually'. Some of
these ADRs are caused by variations in genes associated with drug metabolism or mechanism of action. Many of
these gene-drug interactions are clinically actionable. Groups such as the Clinical Pharmacogenetics Implementation
Consortium (CPIC) develop clinical guidelines that provide clinicians with information about known gene-drug
interactions. These guidelines also provide clinicians with recommendations that help guide drug therapy>*+.

Like most clinical guidelines, pharmacogenomics (PGx) guidelines are written for clinicians and are not available in
computable formats. While CPIC is beginning to include some structured text within their published guidelines,
formal representations of the knowledge are not available, which hinders the extraction and implementation of CDS
rules’. In addition, there are several other factors that complicate the implementation of PGx CDS. One of the main
issues is the burgeoning amount of biomedical knowledge; there are currently 166 known gene drug interactions on
the FDA website and 21 PGx guidelines have been published, and these numbers are growing rapidly®’s. Another
factor is the very costly and time consuming process that is required to extract PGx knowledge from narrative
guidelines, implement them as CDS rules in electronic medical record (EMR) systems, and then maintain those rules
as biomedical knowledge evolves. Also, there are differences in how a clinical practice guideline can be
implemented as a CDS rule, due to differences in the interpretation of the guideline and local workflows. It may be
possible to reduce the cost of rule development and improve the consistency of CDS implementations by sharing
CIGs, but currently there are no best practices or knowledge bases available to support the authoring of CIGs®.
Therefore, a scalable approach is needed to extract, render and implement CDS rules from PGx guidelines. To
accomplish this, common semantics and a platform-independent (vendor-agnostic) syntax is required.
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Standardized data models and terminologies reduce variability in the representation and interpretation of clinical
data by providing commons semantic meanings for concepts and terms. For example, the HL7 virtual medical
record (VMR) data model was developed to represent clinical data from an EMR in a platform-neutral manner,
which can be used for CDS". Similarly, standard terminologies, such as SNOMED CT, RxNorm and LOINC,
provide common definitions for clinical terms, drugs, and lab tests, respectively''>3. While the use of common data
models and standard terminologies increases comprehension and reduces semantic ambiguity in shared data, they
are not intended to represent the workflow and decision logic inherent in CDS rules. To represent these aspects,
different standards are needed.

Several modeling frameworks, such as the Guideline Elements Model (GEM) and the Guideline Interchange Format
(GLIF), have been developed to represent the content of clinical guidelines''>'*, However, no existing framework
has achieved broad adoption and the variety of approaches, formats and limitations of existing modeling tools
prevents artifacts generated using these frameworks from being shareable in practice'”'*. Despite decades of work in
this area, there remains a dearth of applications that can support the authoring of platform-independent, shareable
CIGs for use in CDS systems'. To address this challenge, in 2012 the Office of the National Coordinator (ONC) for
Health Information Technology supported the creation of a harmonized format, known as the Health eDecisions
(HeD) interchange format. The HeD standard defines a common metamodel for metadata, actions, events, and
conditions as well as an expression language. HeD also recommends an XML-based serialization format and
provides a schema® for the validation of compliant documents. Together, the HeD model and its schema were
designed to represent the workflow and decision logic of interventions such as CDS rules, order sets and
documentation templates®.

To complement the HeD schema, in the context of the SHARPc-2B project, a multi-institution team developed a
more formal representation of the HeD metamodel, expressed in the form of an OWL ontology, and a standards- and
model-driven application for the authoring CDS clinical knowledge artifacts®. The HeD editor has several features
that can potentially make it an ideal part of the process for modeling and testing the clinical decision logic for PGx
guidelines. Specifically, it is compatible with several existing and pre-existing standards, has an intuitive user
interface that can be used by knowledge engineers and non-technical staff, and uses semantic web technologies®.

In this work, we modeled a published PGx guideline using UML activity diagrams, the HL7 vMR data model, and
standard terminologies. We then utilized the HeD editor to render the modeled guideline in HeD syntax. This work
builds on our previous efforts to create platform-independent, standards-based, shareable representations of PGx
guidelines and is another step towards the development of a generalizable approach that can be broadly applied to
other PGx guidelines.

Methods

Published CPIC guidelines were reviewed and evaluated in terms of both the complexity of logic and the availability
of reference implementations of corresponding CDS rules. For this project, we sought a PGx guideline that
contained straightforward decision logic that was based on unambiguous PGx data (genotype and phenotype). We
also prioritized guidelines that had been implemented as local, non-shareable CDS rules, which would provide
additional clinical context over that which was included in the published guideline.

A stepwise process was developed to transform a human-readable PGx guideline into a computable HeD artifact
(Figure 1). The process began by carefully analyzing the selected PGx guideline and rigorously defining all of the
concepts, both explicit and implicit, that were relevant to the implementation of a PGx CDS rule. This included
concepts that pertain to the clinical context of the guideline, the relevant EMR data, and terminology. The process
was informed by knowledge of actual CDS implementations of the selected guideline.

identify and
Identify evaluate candidate
b o« conceptswithin o 4 referencestandards o 4
the model torepresentthose
concepts
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knowledge and
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knowledge and logic
in the guideline as
HeD syntax

contextin clinical
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Figure 1. The workflow for modeling a PGx clinical guideline and expressing the information in HeD syntax.
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Once relevant concepts were identified within the PGx guideline, candidate reference standards were reviewed and
evaluated to determine which might best represent those concepts. Specifically, we evaluated the HL7 vMR, HL7
RIM, and LS DAM, to represent the clinical data for this PGx guideline?'2. We also evaluated the RxNorm, NDF-
RT, SNOMED CT, and LOINC standard terminologies. The standards that were selected were used in the next step,
when the PGx guideline itself was formally modeled and rendered in HeD syntax.

The parts of the PGx guideline that were targeted for modeling were the decision tree (which contained the
recommended clinical workflow), the therapeutic recommendations, and the table for the genotype-informed
decision logic, as the content in these sections represented the information that would comprise CDS rules. The
information from these sections was augmented with knowledge of the corresponding CDS rules at Mayo Clinic,
which provided additional clinical context about real-world PGx interventions. Collectively, these data were used to
create a high-level model, which was expressed using UML class and activity diagrams to describe the logic
contained within the PGx guideline. To reduce its complexity, the high-level model was split into logical modules
that each contained a small number of decision points.

Each of the modules were analyzed in detail to identify the data elements, terminology concepts, and functions (e.g.,
data retrieval from the EMR, result processing) that would be necessary for implementation as a CDS rule. This
information was then used to determine which entities (e.g., classes, attributes, and terms) from the selected
reference standards would be needed to represent the entities within each module. Elements that represented the
entities from the reference standards were added to the UML model and associated to their respective classes from
the PGx guideline. Lastly, activity diagrams were generated to refine the computational steps within each workflow.
Together, the UML models captured the entities, workflow, and behavior contained within the PGx guideline, but an
additional method was needed to represent the logic of the CDS rules.

The logic components of the PGx guideline were expressed in pseudocode, which described the flow of data
between each step and represented the functions that would be needed to implement each CDS rule. The
pseudocode was based on an early version of CQL, and was used to define variables and create if-then conditional
logic blocks that evaluated clinical data represented by vMR classes and attributes.

Finally, the model and pseudocode were used to render the guideline in HeD syntax, referencing the data and

terminology standards (Figure 2). The HeD editor was used to ensure the resulting artifacts complied with the HeD
schema.

HeD Pseudocode (Text)

Guideline Model (UML) Workflow Logic (HeD Schema)

XML

HeD
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SNOMED CT (ADR) LOINC (Lab Tests and Results)

Figure 2. The HeD editor was used to generate structured rules from an unstructured PGx guideline, which was
modeled in UML. Data and terminology standards provided common semantic meaning, and the logic of the
workflow was expressed using the HeD schema.
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Results

The CPIC guideline for HLA-B genotype and abacavir dosing was chosen because of its straightforward decision
logic*. In particular, the HLA-B genotype is expressed as a boolean result (HLA-B*57:01 allele present/absent) that
determines whether or not abacavir is contraindicated. The core recommendations from the guideline are
summarized in Table 1. This guideline has been implemented as a CDS rule at Mayo Clinic®.

Table 1. Core recommendations from the HLA-B/abacavir guideline.

HLA-B*57:01 Genotype Clinical Recommendation
HLA-B*57:01 allele absent Abacaviris not contraindicated
HLA-B*57:01 allele present Abacaviris contraindicated

HLA-B*57:01 status unknown Order genotype test

The HL7 vMR model, which was developed in part to support CDS use cases, was selected to represent clinical data
elements. The vMR includes classes that represent the concepts of patient, drug order, ADR, test order and result,
and communication events (e.g., CDS alerts). The RxNorm, SNOMED CT, and LOINC standard terminologies
were chosen to provide coded concepts for drugs (e.g., abacavir), ADRs (e.g., adverse reaction to abacavir), and lab
tests (e.g., abacavir genotype), respectively. While some of the coded concepts required for this project existed
within the selected terminologies, several concepts were missing. Specifically, SNOMED CT did not contain a pre-
coordinated term for an abacavir-related ADR but it would be possible to express this concept through post-
coordination using “Antiviral drug adverse reaction” (292826004), “Causative agent” (246075003), and “Abacavir”
(387005008). In addition, LOINC did not contain codes for the HLA-B*57:01 genotype test or results. Placeholder
concept codes were used for the genotype test and results when rendering the rule in HeD syntax.

The HLA-B/abacavir guideline was modeled as five inter-related logical modules that represent the clinical
workflow, therapeutic recommendations, and decision logic that would be necessary for implementation of the
guideline as a CDS rule (Rules A-E, see Figure 3). These modules contain models that describe the entities,
attributes, concepts, workflow relationships, and processing functions to search the patient’s record for a
documented ADR (Rule A) and genetic test report (Rule B). CDS interventions are modeled in Rules C, D, and E.

Rule B Rule C

Rule A
Check for ADR

Search for Genetic | No Results:
Test Results Issue Recommendations

Rule D Rule E

Genotype Results: Phenotype Results:
Issue Recommendations Issue Recommendations

Figure 3. Overview of the five inter-related rule modules that were generated for the HLA-B/abacavir guideline

When the CDS system detects an order for abacavir Rule A is triggered, which queries the EMR to see whether the
patient has a documented adverse reaction to abacavir. If an adverse reaction is found then a CDS alert fires,
instructing the clinician to cancel the drug order. If no adverse reaction exists then Rule B is triggered, which
queries the patient’s record for HLA-B*57:01 genetic test results. If no results are found then Rule C is triggered,
which recommends the clinician order the genetic test (if it has not already been ordered) or delay the drug order
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until the test results are available (if the test has been ordered and results are pending). If test results are found, Rule
D is triggered, which examines the report for coded genotype results and either fires an alert to the clinician (HLA-
B*57:01 allele present, abacavir is contraindicated) or allows the order to proceed (HLA-B*57:01 allele not
present). If Rule D is triggered but coded genotype results are not available then Rule E is triggered, which
examines the report for coded phenotype results (e.g., high/low risk of abacavir hypersensitivity). If coded
phenotype results are available, the system acts accordingly (see Rule D); otherwise, the test results have not been
codified and the CDS system will advise the clinician to manually review the genetic test results report.

The entities in each rule were mapped to the corresponding entities from selected data and terminology standards.
This step resulted in the identification of the vMR classes and attributes that would be needed for each rule. For
example, the classes identified for Rule A included EvaluatedPerson, Substance AdministrationOrder, AdverseEvent,
and CommunicationProposal (Figure 4).

Some of the attributes have a datatype of CD (concept descriptor), which reference coded concepts from
terminologies that can be defined by the implementer. The standard terminologies selected for this project were
used, when possible, as sources for terms that were considered to be critical for the rendering of the rule in HeD
syntax. For example, “abacavir” can be represented by RxNorm RxCUI 190521, which can be used in Rule A for
both Substance AdministrationOrder.substanceGenericCode and AdverseEvent.adverseEventAgent (Figure 4).

EvaluatedPerson

+ id :11]0..1] Proceed to Rule B

Patient is being
considered for
abacavir

Alert the
clinician to stop
the drug order

Do previous
adverse reactions
0 abacavir exis

|
SubstanceAdministrationOrder AdverseEvent CommunicationProposal
+ substanceGenericCode : CD[0..1] + adverseEventAgent: CD[0..1] + message :ED[0..1]

Figure 4. Clinical workflow for Rule A, with concepts identified and mapped to HL7 vMR classes. Not all
attributes are shown.
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Each of the five workflows were refined into UML activity diagrams, which more carefully defined the actions
required at each step of the workflow (Figure 5). The activity diagrams represented the final stage of UML
modeling and, with the workflows described above, informed the generation of pseudocode.

CDS is triggere Fetrieve_ A function checks if any previou A function createsy [The clinician is
by a new order information adverse drug reactions were and displays the Instructed tocancsl
forabacauir forall ADRs caused by abacavir alert message the order

Abacavir > Retrieve
CDS Begins ADRs

Cancel
Order

)

) (®
Start Stop

Continue to Rule B

Check for ADRs

Alert Clinician [==»
to Abacavir

Figure 5. An activity diagram for Rule A, showing the activities that need to be performed by the CDS system.
These process steps were later expressed in HeD syntax.

The penultimate step in this process involved creating pseudocode to outline the underlying processes involved in
the retrieval and analysis of clinically relevant information from the EMR (see Figure 6 for an example). The
pseudocode facilitated the transformation of the information specified in UML into a more pragmatically defined
structured language while still retaining some aspects of human readability.

valueset "Abacavir" = Valueset( x.y.z )
let AdverseReactionsToAbacavir =
[ Occurrence of AdverseEvent : adverseEventAgent in "Abacavir" ]
let hasAdverseReaction = exists AdverseReactionsToAbacavir
let Message = 'Consider cancelling the order for patient ' + name.family + '...'

Figure 6. An example of pseudocode corresponding to a portion of Rule A. References to the vMR are shown in
red, while defined variables and expressions are shown in blue.

An initial HeD rendering of Rule A was created using the HeD editor and the knowledge artifacts previously
generated (e.g., UML models, pseudocode). This rendering included references to classes and attributes from the
VMR, concept codes (or placeholders) from standard terminologies, and the workflow logic expressed using the
HeD schema (Figure 7).
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<externalData>
<def name="Patient">
<expression xsi:type="ClinicalRequest"
dataType="vmr:Patient"
<def name="ADRsToAbacavir">
<expression xsi:type="ClinicalRecuest"”
dataType="vmr:AdverseEvent"
codeProperty="vmr : adverseEventAgent"
useValueSets="true"> ...
<codes xsi:type="ValueSet" id="x.y.z"/>
<def name="AbacavirOrders">
<expression xsi:type="ClinicalRecuest"
dataType="vmr: SubstanceAdmini strationlOrder"
codeProperty="vmr: substance .substanceCods"
dateProperty="vmr: orderEventTime"
<codes xsi:type="ValueSet" id="u.y.z"/>

<expressions>
<def name="hasAdverseReaction">
<expression xsi:type="IsNotEmpty">
<operand xsi:type="ExpressionRef" name="ADRsTofbacavir"/> ...
<def name="currentibacavirOrder">
<expression xsi:type="Last">
<source Xsi:type="ExpressionRef" name="AbacavirOrder"/>

<actionGroups>
<subElements>
<simpleAction xsi:type="Messagefction">
<messadge xsi:type="Concat'>
<operand xsi:type="String" value="Consider cancelling the order..." ...
<simplefAction xsi:type="RemoveRction">
<actionSentence xsi:type="ExpressionRef" name="CurrentibacavirOrdsr">

Figure 7. An example of the HeD syntax corresponding to a portion of Rule A. References to the vMR are shown
in red; defined variables, expressions, and values are shown in blue; elements from the HeD model are shown in
green.

Discussion

In this project we sought to develop a standards-based methodology to generate platform-independent, shareable
representations of PGx rules. We modeled the published HLA-B/abacavir PGx guideline using UML class and
activity diagrams, the HL7 vMR data model, and standard terminologies. These models were used to create
pseudocode representations of the rules, which were ultimately rendered in HeD syntax. Thus, we began with an
unstructured, human-readable clinical guideline and produced a shareable, machine-readable artifact.

This is the first time that PGx clinical guidelines have been formally modeled in UML with the specific aim of
rendering the extracted rules in a platform-independent language, such as HeD. The use of UML to model the rules
contained in the guideline facilitated the identification of data elements and coded concepts, and the subsequent
mapping of those entities to standards. The UML modeling process also helped to provide a clear representation of
key decision points in the rule and clinical workflow, and made explicit the computational tasks that need to be
performed during the execution of the rules, such as data retrieval and processing. We anticipate this modeling
approach will scalable and generalizable to other PGx guidelines. A review of other CPIC guidelines revealed
variations in genetic test interpretations (e.g., phenotype) and the complexity of therapeutic recommendations, so it
will be important to demonstrate this method can be used for a variety of PGx guidelines.
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The HL7 vMR model, which was developed in part to support CDS use cases, was selected to represent clinical data
elements. The vMR model was chosen, in part, because it provided the best coverage overall of the clinical
concepts that were expressed in the PGx guideline and rules. We did not require the full expressive power and
complexity of the HL7 RIM, of which vMR is a derivative, and other competing standards like FHIR were not
sufficiently mature at the time this work was performed. We also did not consider logical or more detailed clinical
models, such as the ones delivered as Clinical Element Models (CEMs) or OpenEHR archetypes as we decided that
while we would likely find models for the more traditional concepts used in the rule, those sources did not provide
PGx-specific models. For example, genetic test results were represented in the vMR as Observations, which is used
for generic lab tests, but a refined domain model may be required to more fully capture the nuanced semantics of
genomics data, including the concepts of allele, haplotype, copy number, and predicted phenotype. The HL7
Clinical Genomics Working Group is currently working in this area and we will evaluate the outcome of those
projects when the work is complete.

The standard terminologies that were chosen for this project had variable coverage of the concepts contained in the
PGx guideline. Both RxNorm and SNOMED CT contained a concept for "abacavir"; we chose to use the term from
RxNorm as it is more likely to be supported by pharmacy systems. SNOMED CT did not contain a single term to
represent a documented ADR for abacavir, but as noted above it would be possible to express this through post-
coordination.  Since the VMR model provides an attribute to specify the cause of an adverse event, though, this
attribute was used with the code for "abacavir" rather than the more complex approach of using post-coordinated
terms, since the class and the attribute already convey part of the semantics.

We were not able to locate an entry in LOINC that represented the HLA-B*57:01 genetic test or the results from
that test; this was not a surprise, as standardized terminology is a known gap in the PGx domain. CPIC is leading a
terminology harmonization effort that will provide more consistency among its guidelines and it is likely that the
terms and value sets resulting from that project will be proposed for inclusion in LOINC. As those terms were not
available at the time of this study, we used placeholder codes for these concepts in the HeD rendering of the rules.

The data and terminology standards provide common semantics that enable the sharing of rules derived from PGx
guidelines. The actual implementation of CDS rules would require a site-specific mapping from the standard-based
representation to local data models and terminologies, which reflects differences in where in the EMR data is stored
and how it is coded. Similarly, while HeD is designed to represent the workflow and decision logic of interventions
in a platform-independent manner, currently there is no consolidated way to execute HeD syntax or automatically
transform it to an EMR-specific language beyond initial pilot implementations. These limitations represent
significant opportunities for further research and tooling development.

Conclusion

In this work we demonstrated a method for modeling the HLA-B/abacavir PGx guideline in UML, which can
represent the clinical workflow and decision logic as standards-based structured knowledge, and we illustrated how
these models can be used to aid rendering the rules in the HeD schema. We anticipate this process will be
generalizable to other PGx guidelines, although several important gaps in reference standards and tooling need to be
addressed. This approach will enable the creation of sharable, platform-independent knowledge artifacts that may
facilitate the implementation of and consistency among PGx CDS rules.
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