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A New Framework and Prototype Solution for Clinical Decision Support
and Research in Genomics and Other Data-intensive Fields of Medicine

Abstract

Introduction: In genomics and other fields, it is now possible to capture and store large amounts of data in
electronic medical records (EMRs). However, it is not clear if the routine accumulation of massive amounts of
(largely uninterpretable) data will yield any health benefits to patients. Nevertheless, the use of large-scale
medical data is likely to grow. To meet emerging challenges and facilitate optimal use of genomic data, our
institution initiated a comprehensive planning process that addresses the needs of all stakeholders (e.g.,
patients, families, healthcare providers, researchers, technical staff, administrators). Our experience with this
process and a key genomics research project contributed to the proposed framework.

Framework: We propose a two-pronged Genomic Clinical Decision Support System (CDSS) that
encompasses the concept of the “Clinical Mendeliome” as a patient-centric list of genomic variants that are
clinically actionable and introduces the concept of the “Archival Value Criterion” as a decision-making
formalism that approximates the cost-effectiveness of capturing, storing, and curating genome-scale
sequencing data. We describe a prototype Genomic CDSS that we developed as a first step toward
implementation of the framework.

Conclusion: The proposed framework and prototype solution are designed to address the perspectives of
stakeholders, stimulate effective clinical use of genomic data, drive genomic research, and meet current and
future needs. The framework also can be broadly applied to additional fields, including other “omics’ fields.
We advocate for the creation of a Task Force on the Clinical Mendeliome, charged with defining Clinical
Mendeliomes and drafting clinical guidelines for their use.
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Introduction: In genomics and other fields, it is now possible to capture and store large amounts of
data in electronic medical records (EMRs). However, it is not clear if the routine accumulation of massive
amounts of (largely uninterpretable) data will yield any health benefits to patients. Nevertheless, the
use of large-scale medical data is likely to grow. To meet emerging challenges and to facilitate optimal
use of genomic data, our institution initiated a comprehensive planning process that addresses the
needs of all stakeholders (e.g., patients, families, health care providers, researchers, technical staff,
administrators). Our experience with this process and a key genomics research project contributed to
the proposed framework.

Framework: We propose a two-pronged Genomic Clinical Decision Support System (CDSS) that
encompasses the concept of the “Clinical Mendeliome” as a patient-centric list of genomic variants

that are clinically actionable and introduces the concept of the “Archival Value Criterion” as a decision-
making formalism that approximates the cost-effectiveness of capturing, storing, and curating genome-
scale sequencing data. We describe a prototype Genomic CDSS that we developed as a first step
toward implementation of the framework.

Conclusion: The proposed framework and prototype solution are designed to address the perspectives
of stakeholders, stimulate effective clinical use of genomic data, drive genomic research, and meet
current and future needs. The framework also can be broadly applied to additional fields, including other
“-omics” fields. We advocate for the creation of a Task Force on the Clinical Mendeliome, charged with
defining Clinical Mendeliomes and drafting clinical guidelines for their use.
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Introduction

In genomics and other data-intensive fields of
medicine, such as medical imaging, it is now possible
to acquire large amounts of data within a relatively
short time frame and at a manageable cost; yet our
ability to analyze, interpret, and apply those data

to guide clinical care lags far behind. For instance,
the GenBank repository currently contains data on
an astonishing ~150 billion bases and >150 million
sequences, and the number of bases has been
doubling roughly every 18 months from 1982 to

the present.! While the GenBank repository is not
restricted to human data, the growth in the data

is remarkable and serves as a testament to the
pressing need to develop tools to understand and
apply those data—both human and nonhuman—to
improve the human condition. Indeed, efforts are
underway to annotate, archive, and curate genomic
data; and publicly available databases such as
ClinVar, dbGap, DGV, and the Clinical Genomic
Database now contain data on thousands of genes
and gene variants, many with extensive annotation
on functional impacts and validated phenotypes.
Moreover, the National Institute of Health’s Clinically
Relevant Genetic Variants Resource initiative and
the Health Level Seven Clinical Genomics working
group are pioneering efforts to harmonize individual
efforts and databases. Finally, these issues have
been propelled into the national spotlight with
President Obama’s new Precision Medicine initiative,
announced in his 2015 State of the Union address,
which aims to pursue whole genome sequencing in a
million individuals.

While existing data sources are widely used for
research, they are not yet readily applicable for
clinical use. Thus, clinical genetic testing typically
remains highly targeted, with the majority of genetic
tests focused on discrete clinical situations and

the relatively small number of genes that exhibit
high penetrance and result in recognizable disease

when mutated. Those genes for which sequence
information clearly provides clinically actionable
information (e.g., BRCAI/2, MLHI, MSH2) represent
an even more constrained subset.

It remains to be seen whether large-scale data
derived from genomics and other data-intensive
fields will be widely embraced in clinical medicine.
For genomics, Whole Genome Sequencing (WGS)
and Whole Exome Sequencing (WES) could become
the most cost-effective and efficient strategies for
patient-centered care when any genetic query is
clinically indicated. On the other hand, it is not yet
clear whether the routine accumulation of massive
amounts of (mostly uninterpretable) data from
genome-scale sequencing will yield a net benefit

in terms of improving health. Indeed, the pursuits

of both clinical medicine and public health have
traditionally been best served by narrow testing
based on substantiated evidence. The application
of overly broad testing brings with it many potential
problems, including inevitable false positive results,
ambiguous results that beg for misinterpretation,
and considerable downstream costs no matter

how inexpensive the upfront cost of testing is.
Nevertheless, genome-scale data and other large-
scale medical data are likely to become more
common, and the medical enterprise needs to
grapple with the central questions of how much data
should be stored in the electronic medical record
(EMR) and in what format in order to facilitate safe
and effective clinical use.

Framework for Genomic Clinical Decision
Support

To meet these emerging challenges and facilitate
the optimal use of genomic data for patientcentered
care and clinical research, we advocate for the
development of a two-pronged Clinical Decision
Support System (CDSS) for genomics that will: (1)
provide the clinician with a dynamic visual snapshot

http://repository.edm-forum.org/egems/vol4/iss1/6
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of only those genomic data that are relevant to

an individual patient; and (2) capture, store, and
curate more comprehensive genomic data for
ready access to address future clinical needs and
enable genomic research (Figure 1). Our framework
focuses on genomics, as this is a rapidly emerging
field of medicine, but we have conceptualized our
framework in relation to any data-intensive field of
medicine.

Background

The concept of a CDSS dates to a seminal
manuscript by Ledley and Lusted? that provided
a mathematical foundation for the application of
computational technigues to improve medical

diagnosis. Subsequent work built on that foundation,

including an oft-cited study by de Dombal et

al.,> who conducted a controlled clinical trial
demonstrating that a CDSS produced significantly
greater accuracy and reliability in the diagnosis

of acute abdominal pain than did an attending

physician. Numerous CDSS capabilities are now
routinely incorporated into a diverse array of
medical devices (as safety alerts and reminders)
but have yet to be fully integrated into the health
care environment.* The increasing utilization of
EMRs® now provides a compelling stimulus for more
widespread incorporation of CDSSs for genomics
and other data-intensive medical fields into the
health care workflow.

Arguments in favor of the development of Genomic
CDSSs are not new,® and theoretical prototypes
have been developed,”® as well as several clinical
prototypes.®" The functional and technical
challenges also have been thoroughly laid out

and include a lack of data standards; difficulties
integrating multiple sources of data; absence of
consensus in the adjudication of variants; a dearth
of standardized phenotype data; incomplete or
missing annotation on methodology; engagement
of stakeholders; and ethical, legal, and social
issues related to privacy, quality control, and

Figure 1. Proposed Framework for Genomic Clinical Decision Support

/’

The Clinical
Mendeliome

— To do no harm, to
do some good

&

A GENOMIC CDSS

\

The Archival
Value Criterion

— To save or to discard
the data

Notes: CDSS = Clinical Decision Support System.

Source: Image courtesy of RENCI.
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actionable versus nonactionable information.?-2°
Large-scale efforts such as the nine-institution
National Human Genome Research Institute
(NHGRD-funded Electronic Medical Records and
Genomics (eMERGE) Network;?-2* the fifteen-
institution NHGRI- and National Cancer Institute
(NChH-funded Implementing Genomics in Practice
(IGNITE) Network;?* and the nine-institution
NHGRI- and NCI-funded Clinical Sequencing and
Exploratory Research (CSER) Consortium?>26 are
working to resolve these challenges. The eMERGE
Network, in particular, has emphasized the need for
stakeholder buy-in and Genomic CDSS solutions
that are scalable, customizable, transferable, and
(largely) automated, and that support an automated
architecture that permits the sharing of data,
knowledge, and successful clinical interventions.

However, a critical issue that has not received
adequate attention is the amount and type

of genomic data that should be incorporated

into @ Genomic CDSS to satisfy the needs of all
stakeholders—including clinicians, patients, families,
researchers, health care insurance providers, and
hospital or medical center administrators and

legal representatives. This issue is central to the
implementation of not only genomic medicine, but
any field of medicine. As with all medical endeavors,
the penalty for having too little information is
readily apparent—but grave penalties also loom
when excessive, redundant, and uninterpretable
information populates the EMR, risking

pervasive harm through provider distraction and
misinterpretation, as well as increased cost.

Historically, CDSSs have been viewed as tools for the
clinician to use to improve patient care.

This perspective likely arose and persisted as a result
of the initial use of CDSSs as computerassisted
diagnostic tools. We argue that this clinician-centric
focus, while valuable, should be expanded from

providing mere passive alerts for the clinician to
being a proactive model that encompasses the
perspectives of the diverse stakeholders who
participate in both patient care and research. Such

a change in framework can in turn guide decisions
about which data should be incorporated into the
EMR and associated CDSS. A balance must be
reached between incorporating too little information
and too much information in order to ensure that
the EMR contains only meaningful, easy-to-interpret,
clinically actionable information.

Methodology

Several key activities contributed to the
conceptualization of the proposed genomic

CDSS framework. First, recognizing the numerous
technical, ethical, legal, and social challenges
presented by whole-genome sequencing, as well

as its eventual routine use, our institution—the
University of North Carolina at Chapel Hill (UNC-
CH)—established a formal process to create policies
and procedures to direct the use of genomic data
for clinical purposes and research. The process

was designed to protect the interests of all
stakeholders: patients, families, health care providers,
researchers, technical support teams, and university
administrators.

Three committees were established to initiate the
process, as follows.

1. A steering committee composed of high-level
university administrators—deans and directors
from Lineberger Comprehensive Cancer Center,
Renaissance Computing Institute (RENCD), the
North Carolina Translational and Clinical Sciences
Institute (funded through an NIH Center for
Translational Science Award), and Information
Technology Services Research Computing—
was tasked with administrative and legal
considerations, including access rights and cost-
effectiveness.

http://repository.edm-forum.org/egems/vol4/iss1/6
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2. A faculty committee consisting of clinical
genomics faculty members (Department of
Genetics and Carolina Center for Genome
Science) was charged with best practices for
clinical and research applications of genomics
data, including ethical issues.

3. A technical committee composed of technical
experts and support staff derived from several
academic units at UNC-CH—RENCI, Information
Technology Services Research Computing, the
North Carolina Translational and Clinical Sciences
Institute, and the Lineberger Comprehensive
Cancer Center—was tasked with technical
considerations, including security.

These committees met both separately and jointly
over the course of a year. The outcome of the
committee meetings was the formation of the
Genomics Task Force and a strategic planning
process. The task force comprised select members
derived from each committee and was charged with
developing a strategic plan and recommmendations to
execute that plan.

The second key activity that contributed to our
proposed framework is our experience with a
genomic seguencing project—North Carolina
Clinical Genomic Evaluation by NextGen Exome
Sequencing (NCGENES). This project, which is
housed in the Department of Genetics at UNC-CH
and is funded as part of the CSER initiative of the
National Human Genome Resource Institute, was
initiated concurrently with the Genomics Task Force.
NCGENES aims to evaluate the use of WES as a
diagnostic tool for practical clinical use—in terms

of diagnostic performance and implications for
patients and families—and to establish a set of best
practices to guide future implementation of genomic
technologies to improve patient care. NCGENES
has sequenced, to date, over 600 patient samples,
focusing on those patients in whom there is reason
to suspect that a genetic mutation underlies the

patient’s disease, including, for example, patients
with a strong family history of cancer or pediatric
patients with certain developmental disorders. An
additional, but critically important, goal of NCGENES
is to analyze the clinical utility and actionability and
the ethical impact of incidental findings, or genetic
variants that may or may not be clinically relevant
but are identified as part of WES.

The multidisciplinary NCGENES team worked with
the Genomics Task Force to develop a strategic
plan for genomics and recommendations to achieve
that plan. From the outset, the NCGENES team
encountered challenges to the execution of the
proposed work.?-*° Technical challenges included
the size of the data sets, the need for reference
data sets that are continuously updated, legacy
systems, network idiosyncrasies, distributed and
uncoordinated compute resources, and diverse and
evolving computational workflow needs. Perhaps
more significant, however, were the complex
sociological, psychological, ethical, cultural, and
political challenges that arose during the initiation
of NCGENES; these included political and cultural
resistance to change, human roadblocks to the
automation of workflow tasks, distributed decision-
making, weak or broken communication channels,
and administrative and legal concerns related to the
privacy and security of patient data. The NCGENES
team worked with the Genomics Task Force and
numerous technical experts in the affiliated academic
units to overcome these challenges and implement
the recommended policies and procedures. The
result was the development and implementation

of several sophisticated genomic technologies

that together provide a prototype Genomic CDSS
to support NCGENES and several other clinical
genomics projects at our institution. The features of
the prototype NCGENES CDSS are described below,
in the “Driving Use Case: NCGENES” section of this

paper.
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Our experience with NCGENES, as well as the
findings of the Genomic Task Force, led to the
development of the conceptual framework
presented herein and described in detail below. We
envision a two-pronged CDSS designed to enable
optimal use of genomics data. While developed for
genomics, the envisioned CDSS has application to
other data-intensive fields of medicine, as described
in the concluding section.

The Clinical Mendeliome

For the first prong, we advocate the concept of the
EMR retaining information focused upon the “Clinical
Mendeliome,” which we envision as “a patient-
centric list of genomic variants that potentially
affect clinical care, guided by the principals of ‘do no
harm’ and ‘do some good.” We use the term Clinical
Mendeliome not to suggest that all genetic diseases
are Mendelian, but rather to capture the essence and
simplicity of our approach, which targets only those
variants with established clinical validity and utility.
This approach addresses the dilemma of both too
little and too much information—by first prioritizing
variants found in genes known to be implicated

in human disease (currently ~3,000 of ~22,000
genes). The variants to be included would be based
upon evidence from published literature and public
databases and would emphasize a minimal set

of genetic variants of known status with regard

to utility, pathogenicity, and actionable treatment
options. Importantly, these variants would be linked
in the Genomic CDSS to pertinent aspects of the
patient’s demographics and history. Such a panel

of variants in a select number of genes, the Clinical
Mendeliome, could be automatically generated
through a rules-based search engine or selected on
the basis of a defined number of parameters chosen
by clinicians (i.e. a clinical “order”).

The relevance of genomic variation for any given
individual is critically affected by context. Thus, an

individual patient’s clinical status and demographics
must guide the construction of variant lists in the
Genomic CDSS such that those variants most
relevant to a patient’s care, in the appropriate
context, would be presented for human analysis
(see the “Driving Use Case: NCGENES” section

of this paper for a prototype solution.) In healthy
individuals (i.e., those without obvious disease), for
whom genomic analysis is pursued as a screening
modality for prevention,* a highly curated gene

list based upon general demographics would be
generated, and only those variants meeting a very
high bar with regard to pathogenicity, predictive
value, clinical utility, or pharmacogenomic relevance
would be displayed in the Genomic CDSS. In each
context, the Genomic CDSS must include a simple,
dashboard-style interface that would display the
Mendeliome results for individual patients, along with
complete annotation on each variant (including a
measure of reliability of the variant) and an algorithm
of actionable clinical measures that should be taken,
again defined using evidence from the published
literature and publicly available databases. One could
envision an extension of this interface to include a
visual representation of variant data and treatment
outcomes for a comparative population of patients
with a similar genetic profile3? The Mendeliome
results could also be incorporated into a patient’s
Personal Health Record,*® in line with the Meaningful
Use incentives afforded by the Health Information
Technology for Economic and Clinical Health Act

of 2009,%* as well as the transition from volume- to
value-driven accountable care, and satisfying the
long-term interests of patients, clinicians, and health
care insurance providers.

The Archival Value Criterion

For the second prong, we introduce the concept of
the “Archival Value Criterion,” which is “a decision-
making formalism that addresses the dilemma of
whether ‘to save’ or ‘to discard’ genomic data and

http://repository.edm-forum.org/egems/vol4/iss1/6
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other large-scale medical data.” We envision that
WGS and WES data will be incorporated into the
EMR as an underlying data layer—perhaps as Variant
Call Format (vcf) files—that includes extensive
annotation on how the data were collected, stored,
and curated and a reliability or confidence measure
on the quality of the data. These data would not

be proximal to the clinician, so as to eliminate
confounding and irrelevant data, but the data
would be accessible and available for both future
clinical needs (as new genomic information arises
and the Mendeliome is updated accordingly) and
research purposes (with appropriate consent or
deidentification>%¢). The data would also be available
for upgrade to the clinician dashboard, allowing
proactive monitoring and alerting for cases in which
new annotation or pharmacogenomic indicators
arise. The data could also be combined with (de-
identified) data from the Genomic CDSS, thereby
enabling clinical care to directly stimulate and guide
new research.

The cost-effectiveness of capturing, storing, and
curating WGS- and WES-derived data is simple to
calculate to a first approximation. We suggest the
following formalism as the Archival Value Criterion
(AVC) for determining cost-effectiveness: AVC

= (Preuse X S"/S, where S is the total cost for the
storage and curation of sequencing data, Preuse IS

the estimated probability of reuse, and S’ is the

cost of re-generation. We propose that an AVC
metric >10? suggests data archiving rather than

data re-generation. After data have been archived,
the AVC metric for removal should be much lower,
perhaps <10-%. We note that the AVC is influenced by
numerous factors, including compression, secondary
factors such as staff time and resource reallocation,
and timedependent parameters (see Wilhelmsen

et al.¥” for a detailed discussion), but the AVC as
proposed provides a useful formalism to estimate
the cost-effectiveness of archiving genomic data.

Driving Use Case: NCGENES

As discussed in the “Methods” section of this

paper, the proposed framework was developed,

to a large extent, in response to the challenges

our team faced when attempting to implement

a large-scale, federally funded clinical genomics
project, NCGENES. NCGENES is complex and has
both clinical and research arms. The primary aim

of NCGENES is to evaluate the use and impact of
both diagnostic and incidental findings obtained

as a result of WGS and WES and develop practical
and ethical mechanisms to facilitate interpretation,
management, reporting, and decision-making by
both clinicians and patients. NCGENES also aims to
use the genetic information obtained in the course
of the diagnostic evaluation as a resource to conduct
research into the causes of various genetic disorders.
A secondary aim of NCGENES is to serve as a
prototype for a Genomic CDSS as envisioned by the
authors of this paper.

For NCGENES, WES results are analyzed and
genomic variants are categorized via a “binning”
system that the team developed. The binning
system classifies genomic variants according to
their clinical utility and validity: clinically relevant
diagnostic results (i.e., genes suspected of causing
the patient’s disease); medically actionable incidental
findings; and medically nonactionable incidental
findings. The medically actionable incidental findings
are subclassified as having both clinical utility and
validity (e.g., BRCAI1/2, MLH1, MSH2, FBNI, NFT)

or having clinical validity but questionable clinical
utility; the latter were subclassified as low risk (e.g.,
PGx variants, common risk SNPs), medium risk

(e.g., APOE, carrier status for recessive Mendelian
disorders), or high risk (e.g., Huntington’s Disease,
Prion Diseases, ALS). Variants determined to be
clinically relevant diagnostic results are reported

to all study subjects; variants determined to be

Published by EDM Forum Community, 2016
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medically actionable incidental findings are reported
only to study subjects who consent in advance to
receive that information; medically nonactionable
incidental findings are used for research purposes
only, in an effort to uncover new genetic causes of
disease. This approach thus empowers the patient in
his or her decision-making. Importantly, the binning
system also sparked the concept of the Clinical
Mendeliome as presented herein.

The challenges to the implementation of NCGENES,
in general, and the sequencing and binning system,
in particular, were numerous and involved technical,
sociological, psychological, ethical, cultural, and
political issues.?’-*° Technical challenges involved
the size of the sequencing data sets, the need to
provision reference data and continuously update
those data, integration with legacy systems, network
idiosyncrasies, distributed and uncoordinated
compute resources, and diverse and evolving
computational workflow needs. Nontechnical
challenges involved political and cultural

resistance to the automation of workflow tasks,

an infrastructure based on distributed decision-
making, weak or broken communication channels,
and administrative and legal concerns related to the
privacy and security of patient data.

The NCGENES team worked closely with
administrative, legal, and technical teams to
overcome these challenges—Ilargely through the
development and deployment of three, homegrown
key technologies: (1) the GMW (Genetic Medical
Workflow) Engine;?® (2) MaPSeq (Massively Parallel
Sequencing);??*° and (3) the CANVAS (CAroliNa
Variant Annotation Store) and AnnoBot (Annotation
Bot) system.?” Several other technologies are also
integral to NCGENES but were developed prior

to NCGENES; these include the integrated Rule-
Oriented Data System (IRODS)***'and the Secure
Medical Workspace (SMW).4243

Figure 2 provides a high-level overview of NCGENES
operations in terms of the underlying informatics
infrastructure, overall operations, and roles of
various personnel. The GMW Engine largely drives
the entire project and enables clinical and patient
decision-making by providing secure, end-to-

end capture, analysis, validation, and reporting of
WES for both research and clinical care. The GMW
Engine accomplishes these tasks by managing

and orchestrating all people, processes, samples,
and information involved in the NCGENES project.
Security is provided by a number of available
options, including the use of the SMW to provision a
virtual environment for access to all data that contain
protected health information (PHI) and iRODS

as a comprehensive, policy-based, secure data
management system. Clinically actionable genomic
findings and all PHI data are stored within our Epic
EMR system; the full set of sequencing results and
variant annotations, stripped free of PHI, are stored
on researcher-funded equipment in order to remove
the storage burden from the institution but allow the
data to be accessible for future research and clinical
use (the latter by way of linkage identifiers between
patient sequencing data and the patient EMR). This
division of storage burden and the consequential
financial burden that such a division placed upon
researchers largely inspired our AVC as a rational
mathematical formalism of the cost-effectiveness of
archival of WGS and WES data.

Figure 3 provides a more detailed view of the

GMW Engine, which drives the overall system. The
GMW Engine is a highly sophisticated and powerful
workflow engine. While much of the workflow
processes and technologies, such as the SMW

and iIRODS, were already in place at our institution
before NCGENES was implemented, they lacked
coordination and the sophistication needed to bring
NCGENES to fruition. The GMW Engine provides a
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Figure 2. Overview of NCGENES Operations and Capabilities
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Source: Image courtesy of RENCI

seamless integration and orchestration of disparate required for genomic sequencing, including the

and distributed systems, processes, samples, data, opportunistic use of distributed compute resources.
and people. In addition to the GMW Engine, the CANVAS and AnnoBot together provide version-
NCGENES team developed and implemented controlled annotation and metadata on genomic
two new technologies that have since proven to variant data, with continuous, automated updates
be fundamental to the success of the project: fromm monitored databases and national repositories.
MaPSeq and CANVAS/AnnoBot. MaPSeq securely While each of these technologies is being refined
manages and executes the complex downstream over time, all have proven effective and efficient in
computational and analytical workflow steps the implementation of NCGENES.
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Figure 3. Schematic Showing the Workflows Managed by the GMW Engine
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Source: Image reprinted with permission from Owen et al.?®
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Figure 4 presents a screenshot of the clinician
interface for the NCGENES CDSS. The interface
provides a comprehensive snapshot of a given
patient’s status, in terms of both the NCGENES
study and the clinical genomic findings. The
interface remains in development and is undergoing
continual evaluation but has shown promise for
both improving decision-making on the part of
both clinicians and their patients. Figure 5 shows

a prototype of a more advanced NCGENES CDSS
interface that we've termed “Carnac” (in homage of

Johnny Carson’s Carnac the Magnificent comedic
role). This interface attempts to capture a more
patient-centered view of relevant genomic variants,
in the context of the implicated gene and genetic
locus (the cardiomyopathy-associated AGL gene in
this example; Figure 5A), the American College of
Medical Genetics current body of evidence regarding
the identified genomic variant (Figure 5B), and a
comparative, population-level overview of all alleles
at that genetic locus (left side of Figures 5A and
5B). The clinician interface is but one of numerous

Figure 4. NCGENES CDSS User Interface Showing Study Status and Results for a Study Participant
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Figure 5. Prototype NCGENES CDSS User Interface (Termed “Carnac”)
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interfaces that are available to NCGENES team
members; each interface is tailored to a particular
role and presents only that set of information that is
necessary to a person’s specific role (e.g., molecular
analyst, molecular pathologist). A goal of the project
is to simplify the user interfaces, as they currently
entail significant training in their use.

In addition to ongoing research and development
of the technologies supporting the NCGENES
project and the prototype NCGENES CDSS, we
have successfully adapted our approach to support
several other federally funded, clinical genomics
projects, including the NICHD-funded North
Carolina Newborn Exome Sequencing and Newborn
Screening Disorders (NC Nexus), which aims to
conduct whole exome sequencing on 400 patient
samples; UNCSeq, which applies tumor sequencing
technology for >2,000 patient samples in order to
identify mutations that are amenable to targeted
treatments; and the National Institute on Drug
Abuse (NIDA)-funded NIDASeq or Deep Seguencing
Studies for Cannabis and Stimulant Dependence,
which is conducting whole genome sequencing of
~5,500 patient samples. In addition, the GMW Engine
aggregates and stores ~6,000 additional genomes
that are derived from public databases and are used
for analysis in ongoing genomic research studies;
these are obtained from the 1000 Genomes project,
The Cancer Genome Atlas project, the national

Exome Sequencing Project, and Complete Genomics.

Moreover, we note that the GMW Engine and

CANVAS/Annobot support the NIH-funded ClinGen
initiative, which involves a national effort to develop
consensus annotation for the NIH ClinVar database.

Conclusion and Next Steps

Our vision of a two-pronged Genomic CDSS
encompasses the concept of the Clinical
Mendeliome and introduces the concept of the AVC.
Our model builds upon our experience with the

NCGENES project and related endeavors. The model
embraces the perspectives and facilitates the goals
of stakeholders from proximal clinical encounter to
distal research endeavors. Such an approach enables
genomic medicine to accelerate genomics research
and vice versa, and it provides incentives to promote
industry commmoditization of the stored genomic
data.

The proposed framework was developed specifically
for genomics, but it has widespread application
across many fields of medicine and various types
of research such as patient-centered outcomes
research and delivery system science. For example,
in other work, we developed a visualization-based
CDSS that compares defined treatment outcomes
in individual patients with major depressive disorder
with those of a comparative population, drawn
from the EMRs of three collaborating institutions.*
Our genomic CDSS could be integrated with

this system to enable comparative effectiveness
research and clinical decision support on genomic
factors influencing treatment outcomes in patients
with major depressive disorder. To provide another
example, consider a patient-centered outcomes
study in which patients with early-stage lung
cancer self-report daily symptoms (type, severity)
while undergoing an experimental treatment. Our
genomic CDSS could be adapted to incorporate
the self-reported symptom data in order to identify
genomic factors influencing response to treatment.
Alternatively, if imaging data are regularly collected
as part of the study, then our genomic CDSS could
be modified to capture those data and present only
the most salient information (i.e., tumor imaging)

to the health care provider in order to examine the
correlation between genomic variants, self-reported
symptoms, and tumor response to treatment;
additionally, both the actionable and less actionable
imaging data (i.e., imaging of secondary structures)
could be archived for secondary research purposes.
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These are just a few examples. The clinical application
of data derived from any research design or medical
field must be guided by the identification of clinically
actionable findings for any given patient, and one
can thus envision the creation of personalized
“Clinical Proteomes,” “Clinical Metabolomes,” etc.
The AVC, as presented here, is field-agnostic and can
be applied to any data-intensive field of medicine.
Moreover, our general CDSS framework can be
extended to integrate medical data across different
domains, thus enabling truly comprehensive clinical
decision support and research.

As a first step toward realizing our vision and
implementing our Genomic CDSS model on a
national scale, we recommend the creation of a Task
Force on the Clinical Mendeliome. The task force
would be charged with defining context-specific
Clinical Mendeliomes and creating an initial set of
clinical practice guidelines for their use. The task
force would comprise various stakeholders with
expertise in clinical genomics, genetics, information
technology, computer science, and bioethics—

and would include, for example, members of the
American College of Medical Genetics and the
National Consortium for Data Science, as well

as members representing the Clinically Relevant
Genetic Variants Resource initiative and the Health
Level Seven Clinical Genomics working group.
Patients, their families, and their providers represent
key stakeholders who also should be included in the
task force® Indeed, the input of patients, families,
and providers is critical to ensure that the interests
of researchers and information technology staff, as
well as other “outside” groups, remain aligned with
that of the individuals at the center of the proposed
framework. By bringing together stakeholders

with different interests and areas of expertise, the
task force would be well positioned to identify
solutions to the inevitable challenges that will arise
when addressing the central question of how much

genomic data should be captured, stored, and
curated for the care of patients and furtherance of
research.
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