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Abstract
Personalized medicine can be defined broadly as a model of healthcare that is predictive,
personalized, preventive and participatory. Two US President’s Council of Advisors on Science
and Technology reports illustrate challenges in personalized medicine (in a 2008 report) and in use
of health information technology (in a 2010 report). Translational bioinformatics is a field that can
help address these challenges and is defined by the American Medical Informatics Association as
“the development of storage, analytic and interpretive methods to optimize the transformation of
increasing voluminous biomedical data into proactive, predictive, preventative and participatory
health.” This article discusses barriers to implementing genomics applications and current
progress toward overcoming barriers, describes lessons learned from early experiences of
institutions engaged in personalized medicine and provides example areas for translational
bioinformatics research inquiry.
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The phrase ‘personalized medicine’ is commonly used to refer to genomic medicine; defined
as “the use of information from genomes (from humans and other organisms) and their
derivatives (RNA, proteins and metabolites) to guide medical decision-making” [1].
Personalized medicine may, however, be defined more broadly to be a model of healthcare
that is predictive, personalized, preventive and participatory (‘P4 Medicine’) [2], and that
also applies technologies to customize and deliver care [3]. Such a model in practice
provides a venue for adopting genomics applications (i.e., genomic medicine) [4]. In
September 2008, the US President’s Council of Advisors on Science and Technology
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(PCAST) published their report on priorities for personalized medicine [101]. This report
summarizes input from several stakeholders including healthcare providers, patients,
academic scientists, policy makers, technology vendors, payors, and biopharmaceutical
manufactures. In December 2010, PCAST released another report on the use of health
information technology to improve healthcare that reiterated several of the informatics
challenges in these areas [102]. It is important to note that although often the phrase
personalized medicine and genomic medicine are often used interchangeably, in fact,
personalized medicine is a superset and can include many nongenomic personalized
screening and diagnostic approaches.

Both translational research (bringing basic discoveries into the clinical arena) and
biomedical informatics (BMI) research can help provide solutions to many of the challenges
highlighted by PCAST. BMI is defined as “the interdisciplinary field that studies and
pursues the effective uses of biomedical data, information and knowledge for scientific
inquiry, problem solving and decision-making, motivated by efforts to improve human
health” [5]. BMI application areas support the transfer and integration of knowledge across
the translational research continuum. At one end is bioinformatics (the development and
application of computational tools to biological and biomedical research data) and at the
other is public health informatics and population informatics. In between is clinical
informatics, defined by American Medical Informatics Association (AMIA) as “the
application of informatics and information technology to deliver healthcare services.”

Translational research is required to integrate scientific discoveries into clinical practice, and
has been described elsewhere as four iterative phases including: T1 research to develop
candidate health applications (i.e., discovery research); T2 research to evaluate candidate
application and develop evidence-based recommendations (i.e., guidance development); T3
research to assess how to integrate evidence-based recommendations into clinical care and
prevention (i.e., implementation research and dissemination research); and T4 research to
assess health outcomes and population impact (i.e., comparative effectiveness research) [6].
The bioinformatics application area has primarily focused in the T1 discovery research
domain, however, phases that are most relevant to implementing personalized medicine are
T2–T4 that aim to validate discoveries for use in practice, as well as create systems that can
facilitate their use in clinical practice (e.g., pharmacogenomics decision support). A special
issue of the Journal of American Medical Informatics Association describes a range of such
studies and challenges the limited view of translational bioinformatics (TBI) as T1 research
using molecular measurements to characterize disease [7].

The importance of the synergy between bio-informatics and clinical informatics was felt to
be important enough that the theme of the 2002 AMIA Fall Symposium was ‘Bio*Medical
Informatics: One Discipline’. Subsequently, a special issue of the Journal of Biomedical
Informatics was devoted to this theme [8]. Starting in 2008, the AMIA began holding its
annual summit on TBI illustrating the application of BMI methods more broadly across the
translational research continuum. TBI is described by AMIA as “the development of
storage, analytic, and interpretive methods to optimize the transformation of increasing
voluminous biomedical data into proactive, predictive, preventative, and participatory
health” [9], demonstrating the explicit goal of TBI inquiry to affect clinical care. TBI has
been described in more detail elsewhere as a distinctive domain of BMI [10-13,103].

In this article, we will discuss specific barriers to implementing genomics applications
including: validating correlations between genetic markers and disease and identifying
actionability; addressing concerns over the return of results and privacy that limit patient
acceptance; educating patients and healthcare providers on the use and limitations of
personalized medicine; and addressing the absence of robust scalable electronic health
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record (EHR)-linked decision support tools. In doing so, we will discuss current progress to
overcome barriers; lessons learned from the early experiences of institutions engaged in
using genomic information in clinical care; and ways that TBI research and practice can help
provide solutions. We will draw from a recent review article summarizing the successful
experiences of approximately 20 groups brought together by the US NIH National Human
Genome Research Institute (NHGRI) and who are ‘early adopters’ of genomic medicine
[14]. Distinct from that article, we focus on understanding implementation challenges
through TBI inquiry. We provide examples of challenges pursued by TBI researchers,
including examples from our own experiences.

Validating genetic correlations & identifying actionability
The 2008 PCAST report on priorities for personalized medicine highlights that clinical
validation of candidate genetic markers is proceeding at a slow pace, while the number of
genetic markers being discovered continues to increase. Preanalytical factors including
biospecimen collection, processing and storage can influence our ability to provide the
reproducible scientific results necessary for validating genetic correlations. Thus efforts such
as the NIH National Cancer Institute Biospecimen Research Network program are in place
to better understand the effects of these activities and to improve upon quality [15]. Notable
outcomes of these efforts include the National Cancer Institute Best Practices for
Biospecimen Resources [104] and the Biospecimen Reporting for Improved Study Quality
project that aims to strengthen communication and publications about biospecimen-related
research [16]. Most relevant to TBI inquiry are the scientific analyses that occur after the
biospecimen is acquired. For example, scientific analyses may employ computational
methods in systems biology (an integrative approach to studying biological complexity).
Systems biology involves the use of software tools at different stages of the computational
workflow that involves data handling, network inference, deep curation, dynamic simulation
and model analysis [17]. Print journals provide insufficient support for reproducible and
reusable data and computational analyses [18,19]. As such, the Sage Bionetworks
Commons’ project is building a computational platform and data model repository, as well
as establishing data sharing rules and policies for systems biology [20]. The European
Molecular Biology Laboratory–European Bioinformatics Institute is coordinating a similar
effort, ELIXIR [105], which will provide an infrastructure for managing biological data.
There remain opportunities in TBI that build upon these efforts to develop community
standards, to establish the infrastructure for sharing and to pursue research investigating the
influence of computational workflow and analyses on the quality and reproducibility of
findings.

While the belief that little has translated into clinical benefit continues to hold [21,22], there
are now a number of genomics applications (e.g., family history [23,24] and pharma-
cogenomics [25,106]) with documented clinical validity and utility. Thus indicating the
existence of barriers other than clinical validation. Barriers are beginning to be explored in
programs such as the Electronic Medical Records and Genomics (eMERGE) Network [26],
the Pharmacogenomics Research Network (PGRN), Translational Pharmacogenomics
Program (TPP) [27,107], the NIH NHGRI Clinical Sequencing Exploratory Research
(CSER) [108] and Return of Results (ROR) [109] consortia. Early experiences
implementing genomics applications indicate that identifying the actionability for specific
variants is a challenge given the complexity of generating and evaluating evidence [14]. The
evidence, and ultimately the actionability, of specific gene variants changes over time and
sometimes is not clear cut. Efforts to formalize evidence evaluation approaches include the
US CDC’s Evaluation of Genomic Applications in Practice and Prevention (EGAPP)
working group [28] and the Clinical Pharmacogenetics Implementation Consortium [25].
This process, however, is manual, requiring a large amount of time and effort from experts.
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There may be opportunities in TBI to explore more automated approaches to evaluate
scientific evidence and assist with this process. There are already some published works that
leverage existing resources (e.g., PharmGKB [110] and MEDLINE [111]) to perform
automatic summarization of information [29-31] and computational reasoning [32,33]. NIH
NHGRI is funding a number of grants both under their CSER initiative [108] and their ROR
consortium [109] that focus on both the area of identifying actionability, as well as
developing decision support tools.

Addressing concerns over the return of results & privacy
The collection, processing and analysis of bio-specimen also raise ethical, legal and social
issues regarding accessibility. For example, there is considerable controversy around
returning individual results and biobanks that provide long-term storage of biospecimen for
research or clinical purposes [34,35]. The controversy has often been around returning
incidental findings to study participants. With the emergence of biobank-linked EHRs,
returning results during routine clinical care can now be explored. One relevant study
reports experiences from the eMERGE Network that consists of institutions and genotyping
centers conducting genome-wide association studies using phenotypes derived from the
EHR [36]. The authors consider three classes of research findings that could warrant
reporting (genotypes associated with Klinefelter syndrome, Turner syndrome and factor V
Leiden), and review EHR data for affected participants at the network sites. That review
suggested most participants were likely unaware of their genotype, highlighting the potential
benefit of returning findings. For many conditions, however, the designation of what is
clinically actionable is less straightforward and the potential benefit hinges on the validity of
the genetic correlations. For example, the threshold for what is a valid correlation differs
depending on whether we are using genomics data for screening purposes or diagnosis
purposes. A threshold that is not stringent enough in either case can lead to large number of
incidental findings (i.e., false-positive results) that can result in cascade effects (or the chain
of events initiated by an unexpected result that leads to unnecessary additional testing or
treatments [37]). Cascade effects may lead to unnecessary cause for concern by the patient,
potential harm to a patient due to inappropriate treatment and excessive healthcare
expenditures. In light of these concerns we foresee additional demands on already burdened
clinical geneticists and genetic counselors to assist with individualized interpretation of test
results. Such interpretation of human genomes will be complex, particularly in the face of
what has been termed the ‘incidentalome’ [38,39]. Relevant areas for TBI inquiry may
include investigating automation and tailoring of test interpretation and communication for
healthcare providers and patients to mitigate this burden. There is much enthusiasm in this
arena with events such as Boston Children’s Hospital’s 2012 CLARITY (Clinical Genome
Interpretation) Challenge involving 23 academic and commercial organizations representing
ten countries [112]. The diverse involvement of academic and commercial organizations
also illustrates growing opportunities for industry–academic partnerships in TBI research.

Other concerns related to returning results are due to the increased risk of unintended release
of identifying information, and difficulties preserving individual privacy in correlating
genetic signatures with disease. These concerns include the potential stigmatizing effects of
discovering a population or patients’ susceptibility to a disease or condition, and risks of
these data being used wrongly by insurance companies or employers. In the USA, the Health
Insurance Portability and Accountability Act of 2006 (PL-104-191) [40], the amended
Americans with Disabilities Act of 1990 (PL-110-325) [41] and the Genetic Information
Nondiscrimination Act (GINA) of 2008 (PL-110-223) [42] begin to address some of these
issues. BMI research and practice can also provide approaches to safeguard against these
concerns. The National Research Council, for example, proposes technical solutions and
data safety practices [43]. Security functions include ensuring:
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■ Availability (ensure that accurate and up-to-date information is available);

■ Accountability (ensure that users are responsible for their access to and use of
information);

■ Perimeter (control the boundaries of trusted access to an information system);

■ Role-limited access (restrict access for personnel to information that is essential
to their jobs);

■ Comprehensibility and control (ensure that record owners understand different
aspects of information control, confidentiality and access).

Specific steps to support these functions include:

■ The use of audit trails to support accountability for use of medical data;

■ The use of encryption and password protection to prevent access to information
outside of the intended audience;

■ The use of transaction-specific access codes to facilitate role-limited access.

There are examples of published methods for ensuring privacy or anonymity of biomedical
data [44,45]. Although these technical safeguards provide tools for protecting electronic
information, in order to truly participate in practices that protect the privacy and
confidentiality of individuals, standard operating procedures must be in place. Such
practices and procedures are likely to vary with biobanks given the reported diversity in the
organizational structures [46]. While the number of documented cases of discrimination on
the basis of genetic test results is currently small [113], as connecting biobanks with EHRs
become more prevalent its important to include functions such as those put forth by the
National Research Council to facilitate uncovering and documenting discriminatory use of
data.

Related to returning results, there also needs to be an infrastructure in place to facilitate
more fine-grained individual privacy preferences. PCAST recommends adopting a universal
exchange language for healthcare information to do this and to facilitate implementing
privacy rules across institutions. While there are some examples of such infrastructures (e.g.,
Private Access™, Inc. [114] and the NIH Biomedical Translational Research Information
System [47,115]), there are few formal demonstration studies of their success to date thus
providing another area for TBI inquiry. With the appropriate privacy protections and
infrastructure for selecting privacy preferences, patients will be able to benefit from better
diagnosis and treatment options that depend on their specific personal histories and clinical
data, including genetics data.

Educating patients & healthcare providers
As mentioned earlier, there are concerns regarding the demands on clinical geneticists and
genetic counselors. Education and training for the clinical care professionals outside of these
specialties is also a recognized need [116,117]. For nonspecialists, competencies of focus
may include recognizing when a genetic or genomic test is needed or how
pharmacogenomic testing can guide decisions about therapy [117]. Processes to facilitate
collaborative partnerships between disciplines [48] and with patients will be important to
implement genomics applications, although this will not be straight forward. The traditional
model is to use and communicate genetic or genomic information during ‘teachable
moments’ following diagnosis [49]. However this model may not be appropriate for
complex conditions affecting a large portion of the population with moderate or lower
increases in risk (e.g., cancer and diabetes) [117]. A collaborative model involving health
professionals, medical librarians, laboratories and the public should be explored. Areas of

Overby and Tarczy-Hornoch Page 5

Per Med. Author manuscript; available in PMC 2013 September 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



TBI inquiry to investigate such a model might include observing current workflow and
referral processes to identify areas for point-of-care decision support for collaborative
activities. In addition TBI methods might be employed to make knowledge for personalized
medicine more readily available through the design and creation of electronic knowledge
resources. There are currently freely available resources such as the Genetics Home
Reference [118] that present information about the relation between genetics and disease in
a format that may be understood by a lay audience. Knowledge resources geared more
towards a clinical audience include the Gene Tests/Gene Reviews Knowledge Base
[50,51,119] and the Genetic Testing Registry [120]. As an important caveat, such resources
should provide up-to-date and accurate information, in a form that supports the questions of
the intended audience. One way to ensure that resources are at an acceptable level of
usefulness is to involve potential users of the system in the design and evaluation processes.

Some institutions have chosen to create customized educational materials as part of their
personalized medicine programs. Two such programs include St Jude Children’s Research
Hospital Pharmacogenomics of Anticancer Agents Research 4Kids (PG4Kids) program
[121] and the Icahn School of Medicine at Mount Sinai Clinical Implementation of
Personalized Medicine through Electronic Health Records and Genomics –
Pharmacogenomics (CLIPMERGE PGx) program [52]. Both programs aim to migrate
preemptive pharmacogenetic dosing guidelines into routine patient care. The CLIPMERGE
PGx program includes an education component as part of their recruitment process. Before
enlisting in the project, providers must attend a 30-min presentation outlining the aims,
scientific justification and the clinical decision support (CDS) content to be presented if they
decide to participate. The PG4Kids project provides open access to an educational video that
provides information for families [122]. In addition, the program website lists genes they
test and that are reportable, and with links to more detailed information for clinicians. There
remain opportunities for TBI scientific inquiry to understand the influence of these
educational interventions on uptake and perceptions of genomics applications, and
downstream clinical outcomes. Another area of TBI inquiry is in the development and
maintenance of genomics knowledge bases to make educational materials available to
providers at the point of care via CDS embedded in the EHR. Given the huge amount of
genomics knowledge, curation of such knowledge bases by an individual institution will not
scale. Managing continually updated, expert-authored, peer-reviewed, computable,
evidence-based knowledge will be key to establishing scalable solutions for genomics
knowledge (including educational materials).

Establishing EHR-linked decision support tools
CDS brings relevant information, filtered or presented to clinicians at particular times, to
enable optimal care [53]. Embedding CDS in the EHR is recognized as promising to support
personalized medicine [54-56]. There are currently, however, few deployed EHRs that have
implemented genomic CDS. Some limitations are due to the lack of decision support
functionality and lack of a platform for innovative applications in EHRs [102]. Our previous
work designing and developing a prototype pharmacogenomics CDS system that builds on
existing clinical infrastructure illustrates limitations due to the maturity of genomics
knowledge and in clinical system CDS capabilities [57,58].

We used characteristics of pharmacogenomics knowledge derived from US FDA drug labels
to inform the design of a conceptual model for pharmacogenomics CDS. We also analyzed
the functional requirements and capabilities of local clinical systems to support
pharmacogenomics CDS. We found that the maturity of pharmacogenomics knowledge in
FDA drug labels varied such that there is a need for semiactive configurations, such as
context-specific links to websites, and active configurations of CDS, such as automated alert
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messages. That is, active configurations are better suited for more mature or actionable
knowledge compared with less mature knowledge. Our local clinical systems did not
directly support semiactive forms of CDS at the time this study was conducted, which also
illustrated the need for a platform for innovation. Given our use of Cerner® (Cerner
Corporation, MO, USA) products, the Cerner MPages™ (Cerner Corporation) technology
that allows for customizable development might be leveraged to overcome some barriers
[57]. The Substitutable Medical Apps Reusable Technologies (SMART) platform is another
technology for integrating with EHRs that is open source [59]. It defines an application
programming interface and provides software to facilitate access to data in a standardized
format. Such technologies might provide a venue for incorporating new approaches as well
as previously developed approaches (e.g., LifeLines [60]) to visualize biomedical data in
EHRs.

Another limitation for personalized medicine in particular, is that much of the data for
executing decision support may not be available currently in the EHR. CDS is ‘triggered’ by
events such as storing a laboratory result or entering an order. Our study indicated that
sufficient clinical data existed in our local EHR to support, or trigger, 50% of genomics
decision support rules derived from FDA drug labels [58]. An EHR infrastructure that
provides appropriate access to discrete data for CDS implementation is required.
Information extracted from the notes using parsing and natural language processing
techniques may also contribute to CDS systems in the EHR [61]. On the policy level, there
are recent initiatives by the Office of the National Coordinator for Health Information
Technology (ONC) to promote the adoption of EHR technologies (including CDS
technologies) connected through a national health information network. The ONC specifies
criteria for ‘meaningful use’ of EHRs to be eligible for the Health Information Technology
for Economic and Clinical Health (HITECH) Act incentive payments through Medicare and
Medicaid. Demonstrating use of decision support tools is a prominent requirement for
meaningful use:

■ Stage 1, which took effect in 2011, specified implementation of CDS;

■ Stage 2, taking effect in 2013, specifies use of CDS to improve performance;

■ Stage 3, taking effect in 2015, will require demonstrated use of CDS in ways
that improve the outcomes of care.

Of particular relevance to personalized medicine are the Stage 2 criteria to record patient
family health history as structured data, and to adopt the Health Level Seven (HL7) Context
Aware Knowledge Retrieval Standard that supports integration of Infobuttons for semiactive
CDS [62].

The Infobutton Manager is a technology for managing biomedical content [63]. It is
accessed through a clinical information system, anticipates clinician’s questions and
provides links to relevant electronic resources [64]. OpenInfobutton is an open source
platform for Infobutton that is compatible with the HL7 standard [65,123]. In addition to
OpenInfobutton, another open source platform that may be used for sharing genomics
content is the OpenCDS tools and resources project [124]. OpenCDS interfaces with
WarfarinDosing.org [125], for example, to provide content relevant for personalized
medicine. Content includes patient-specific warfarin dosing recommendations given both
clinical and genetics data [66]. As mentioned in the previous section, managing genomics
knowledge is particularly challenging. Technologies such as OpenInfobutton and OpenCDS
illustrate progress toward establishing scalable solutions. While CDS is a promising
approach to facilitate personalized medicine, there are few studies to date investigating
design, implementation and evaluation of CDS for personalized medicine indicating great
opportunities for TBI research [67]. Of particular importance in evaluations is use of
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surveillance approaches to assess the clinical impact of CDS on an ongoing basis. TBI
investigators might draw from ‘Phase IV’ clinical trials, or postapproval, study designs to
assess whether CDS interventions for personalized medicine are improving care. Like with
Phase IV clinical trials, we cannot assume based on preliminary data that the impact of an
intervention will be positive once it is put into use.

Future perspective
There is a need for new clinical care delivery models for personalized and genomic
medicine, and translational research has the potential to facilitate such models. There are
estimates, however, suggesting no more than 3% of translational research efforts aim to
validate genomic discoveries for use in practice (T2–T4 research) [6]. TBI is a growing
domain of BMI that shows great promise to fill these gaps. As we move to more
personalized health care, TBI research will be necessary to address challenges to validating
genetic marker–disease correlations and identifying actionability, returning study results to
patients, insuring privacy of patient data, educating patients and healthcare providers on the
use and limitations of personalized medicine, and incorporating decision support tools in
EHRs to support personalized medicine. Throughout this article we have provided examples
of TBI areas of inquiry to help understand and address these challenges.

In the coming years we expect the TBI workforce to expand in the US given the growing
number of institutional awards supported by the NIH National Center for Advancing
Translational Sciences (NCATS)clinical and translational science award (CTSA) program,
and growing emphasis in TBI training among NIH National Library of Medicine University-
based Biomedical Informatics Research Training Programs. The CTSA program recognizes
that investigators from diverse disciplines, BMI among them, are required for effective
translational research [68,69]. As such, institutional CTSAs are beginning to provide support
for TBI training (e.g., Boston University Clinical and Translational Science Institute TBI
Program [126]). National Library of Medicine training programs also support TBI training
with 18 of the 20 funded programs that list TBI as an area of emphasis [127]. We also
expect more balanced contributions along the translational research continuum due to TBI
contributions as research funding for TBI continues to increase. Between 1995 and 2007 the
number of NIH-issued request for applications and program announcements with the word
‘informatics’ trended upward with 136 mentions in 2007 [11]. Last, we believe that TBI will
help fuel the disruptive innovation needed to advance personalized medicine to standard of
care. There are, for example, several medications with bio-marker-associated risks that are
not considered in standard care practices but are described in the FDA labeling.
Manufacturers compose drug labeling to market their product and to inform consumers of
the associated risks, thus, information in its current form may not be appropriate or
accessible for use by prescribing physicians. TBI research can help facilitate personalized
medicine practices such as biomarker-informed prescribing by designing, implementing and
evaluating new and creative techniques and technologies.
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Executive summary

Background

■ The US President’s Council of Advisors on Science and Technology
published two reports highlighting challenges for personalized medicine (in
2008) and challenges for use of health information technology (in 2010).

■ Translational bioinformatics (TBI) is a domain of biomedical informatics that
can help address challenges reported by the President’s Council of Advisors
on Science and Technology.

Validating genetic correlations & identifying actionability

■ Clinical validation of candidate genetic markers is proceeding at a slow pace.

■ Actionability of specific gene variants changes over time and sometimes is
not clear cut.

■ Relevant areas for TBI inquiry to address challenges and concerns include
investigating approaches to support reproducible and reusable data and
computational analyses; and to provide more automated approaches to
evaluate scientific evidence and assist with the review process.

Addressing concerns over return of results & privacy

■ The collection, processing and analysis of biospecimen raises ethical, legal
and social issues regarding accessibility.

■ There are concerns regarding privacy in clinical correlation of genetic
variation with disease.

■ Relevant areas for TBI inquiry to address challenges and concerns include
investigating approaches to automate and tailor test interpretation and
communication for healthcare providers and patients; insuring privacy with
use of technology; and demonstrating the value of infrastructures to facilitate
individual privacy preferences.

Educating patients & healthcare providers

■ There are concerns regarding the high demand for assistance with individual
interpretation of test results.

■ Relevant areas for TBI inquiry to address challenges and concerns include
investigating current workflow and referral processes to identify areas for
point-of-care decision support for collaborative activities; making knowledge
for personalized medicine more readily available through the design and
creation of knowledge resources; and investigating the influence of
educational interventions on uptake and perceptions of genomics
applications, and downstream clinical outcomes.

Establishing electronic health record-linked decision support tools

■ Few deployed electronic health records to date have implemented genomic
clinical decision support.

■ Relevant areas for TBI inquiry to address challenges and concerns include
investigating design, implementation and evaluation of clinical decision
support for personalized medicine; and establishing scalable solutions for
managing clinical decision support knowledge for personalized medicine.
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Future perspective

■ We expect the TBI workforce to expand in the USA given the growth in
training programs.

■ We expect more balanced contributions along the translational research
continuum due to TBI contributions.

■ We believe TBI will help fuel the disruptive innovation needed to advance
personalized medicine to standard of care.
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