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Although the potential for genomics to contribute to clinical care
has long been anticipated, the pace of defining the risks and benefits
of incorporating genomic findings into medical practice has been
relatively slow. Several institutions have recently begun genomic
medicine programs, encountering many of the same obstacles and
developing the same solutions, often independently. Recognizing
that successful early experiences can inform subsequent efforts, the
National Human Genome Research Institute brought together a
number of these groups to describe their ongoing projects and chal-
lenges, identify common infrastructure and research needs, and out-
line an implementation framework for investigating and introducing
similar programs elsewhere. Chief among the challenges were limited
evidence and consensus on which genomic variants were medically

INTRODUCTION
The potential for genomics to contribute to clinical care has
long been recognized, and many optimistic scenarios for clini-
cal use of information about a patient’s genome have been
proposed.’~* The pace of realizing this potential has appeared
slow to some,** although clinical adoption of scientific discov-
eries has been estimated to take up to 17 years® and a recent
genetic example’ required 18 years after the initial 1991 report.®
Indeed, relatively robust genotype-phenotype associations for
common, complex diseases only began to become available
around 2005.° Yet several academic medical centers and inte-
grated health systems have already begun programs for imple-
menting genomic medicine, which we define here as using an

relevant; lack of reimbursement for genomically driven interventions;
and burden to patients and clinicians of assaying, reporting, inter-
vening, and following up genomic findings. Key infrastructure needs
included an openly accessible knowledge base capturing sequence
variants and their phenotypic associations and a framework for
defining and cataloging clinically actionable variants. Multiple insti-
tutions are actively engaged in using genomic information in clinical
care. Much of this work is being done in isolation and would benefit
from more structured collaboration and sharing of best practices.
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individual patient’s genotypic information in his or her clinical
care. This definition encompasses both Mendelian and multi-
genic complex diseases, and at present probably focuses most
on single Mendelian variants of large effect, although emphasis
is expected to shift soon to assaying and using multiple vari-
ants simultaneously in clinical care. This is not only because
of an expanding knowledge base but also because the logistic
complexities and costs of assessing genomic variation on a large
scale are approaching those of one-at-a-time testing of individ-
ual variants, permitting a more holistic approach to incorporat-
ing genomic findings into clinical care.

These initial and separate forays have encountered similar
obstacles and developed many of the same nascent solutions,
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often quite independently. In expectation that sharing of les-
sons learned in these efforts can facilitate broader and more
effective implementation of genomic medicine, the National
Human Genome Research Institute in collaboration with sev-
eral leaders in this area (R.L.C., G.S.G., D.M.R., M.S.W,, and
R.Wilson) brought together about 20 groups working to imple-
ment genomic medicine for a Genomic Medicine Colloquium
in June 2011. This article summarizes the projects described
by these groups, describes challenges they have encountered
in implementation, identifies common infrastructure and
research needs, and outlines an implementation framework for
introducing similar genomic medicine programs more broadly.

BRIEF LANDSCAPE OF GENOMIC MEDICINE
PROJECTS

Participating sites reported a broad range of genomic medicine
activities, both in pilot and full implementation forms (Table 1).
These included genotyping (used here and throughout to refer
to the detection of genetic variants by single-nucleotide poly-
morphism assay, sequencing, or other technologies) of somatic
mutations in malignant tumors to guide treatment decisions.
The expanding scope and growing acceptance of such tech-
niques places tumor genotyping at the forefront of genotype-
directed care. All the participating sites (and most cancer cen-
ters nationwide) conduct tumor genotyping of cancers such as
melanoma and those of the breast, colon, and lung for the tar-
geting of therapy. Several also use genotyping to select patients
for interventional protocols, but the main focus here was on
the use of genomics outside of cancer diagnosis and treatment.

Several centers have begun targeted screening for highly
penetrant germline mutations for Lynch syndrome and in
BRCA1/2"°12 to identify genetically at-risk individuals. With
appropriate immunohistochemical or other evidence sugges-
tive of germline mutations, patients can be actively sought
and counseled regarding the importance of genomic test-
ing for their own treatment and for potential preventive care
of their relatives. Direct outreach to patients at the Cleveland
Clinic, for example, increased the uptake of germline testing
in patients with colorectal cancer by nearly sixfold—from 14%
with information provided directly to surgeons to 80% with a
genetic counselor seeing patients at follow-up examinations
(C.E., unpublished data). Highly penetrant variants such as
these provide robust, evidence-based paradigms to help move
a clinical site toward implementing broader genomic medicine

Table 1 Examples of genomic medicine projects currently
in implementation at participating sites

Tumor-based genotype-driven treatment

Risk/susceptibility testing in relatives of patients with mutation-bearing
cancer (Lynch syndrome, BRCA1/2, etc.)

Family history collection for assessment of individual risk

CYP2C19 and antiplatelet therapy

Other genotype-driven treatment decisions
Whole-genome/whole-exome sequencing for unknown disease diagnosis
Complex disease risk advice (myocardial infarction and type 2 diabetes)

GENETICS in MEDICINE | Volume 15 | Number 4 | April 2013

REVIEW

approaches. More important, perhaps, successful implemen-
tation of screening programs at early adopter sites provides
valuable lessons and refined approaches that may be adopted
elsewhere.”®

Self-reported family history information can also be used
in risk assessment for individual patients with documented
clinical validity and utility,'"*"> despite its potential weaknesses
such as incomplete or inaccurate reporting.'® Family history
is generally not difficult to collect, especially with electronic
data collection tools such as the Surgeon General’s My Family
Health Portrait,”” although integrating the information into an
independent electronic medical record (EMR) is not trivial.
Clinicians are generally familiar with family history and appre-
ciate its importance, and evidence-based guidelines are avail-
able for several conditions.'*"* A Duke University pilot proj-
ect, for example, is collecting three-generation family history
information on 48 diseases using a Web-based computerized
tool.”® Patient-entered information is integrated into the medi-
cal record and generates a pedigree, tabular family history, and
reports for the patient and clinician, as well as decision support
information for four conditions (breast, ovarian, and colorec-
tal cancer and venous thrombosis). Outcomes being assessed
include patient and clinician satisfaction and ease of use;
changes in patient behaviors such as diet and smoking; changes
in physician behaviors such as screening and referral; and esti-
mates of sensitivity, specificity, net reclassification, and cost.'®
Similarly, a Cleveland Clinic prototype collects three-genera-
tion family histories for the assessment of all inherited cancer
syndromes.” Intermountain Healthcare has also deployed a
patient-entered family tool (“Our Family Health”) in their elec-
tronic patient portal.?

Pharmacogenomics provides additional opportunities in
genomic medicine, particularly if appropriate decision sup-
port tools present relevant data to clinicians only when needed.
Patients genetically unable to activate prodrugs such as clopi-
dogrel, tamoxifen, and codeine, for example, do not need their
genetic data presented to their clinicians unless and until these
drugs are about to be prescribed. Although “reactive” genotyp-
ing for pharmacogenomic variants can be ordered at many sites,
turnaround is often slow and uptake low. To address this, the
Vanderbilt University Medical Center and St. Jude Children’s
Research Hospital have both implemented programs to con-
duct preemptive genotyping in patients very likely to receive
medications with relevant genetically based dosing algorithms.
At Vanderbilt, for example, selected patients, including those
undergoing coronary angiography for acute coronary syn-
dromes receive genotyping on a 184-variant platform that
includes CYP2CI19 alleles before being prescribed clopido-
grel,?! based on a review of available evidence of poorer out-
comes in persons with variant CYP2C19 alleles.”*** At St. Jude
Children’s Research Hospital, array-based testing for 225 genes
is performed, and results for those genes with the strongest
clinical evidence are placed in the EMR.* Clinical pharmacoge-
nomic testing is expanding to several sites affiliated with the
Pharmacogenomics Research Network (PGRN)?* with a goal of

259



REVIEW

implementing proactive genotyping of a large number of vari-
ants, such as those identified by PharmGKB* or the US Food
and Drug Administration (FDA).?

Preemptive testing, embedding this information into the
EMR with appropriate decision support, and then seamlessly
presenting it at the point of care when needed, rather than
requiring tests to be ordered each time a relevant medication
is prescribed, could help to minimize delay, cost, lack of fol-
low-through, and duplicate testing. This is a testable hypoth-
esis and one that is likely to be explored in programs such as
the Electronic Medical Records and Genomics (eMERGE)
Network.?” Preemptive pharmacogenomic information could
be even more useful were informed patients able to access it
and work proactively with their clinicians in making treatment
decisions. Putting patients in control of their genomic informa-
tion is another potential strategy for genomic medicine imple-
mentation that needs evaluation. Such implementation strat-
egies could be evaluated by measuring improvement, or lack
thereof, in efficiency, cost, and health outcomes.

Whole-exome (protein-coding exons plus other highly con-
served regions) and whole-genome sequencing are beginning to
be used for identifying genetic causes of rare, unknown condi-
tions, particularly those presenting in childhood or in strongly
affected pedigrees for which novel mutations are more easily
detected.* The recent cases of a young boy with severe, atypical,
refractory inflammatory bowel disease® and of three families
with severe arterial calcifications® demonstrate the potential
for this approach to detect novel disease-causing mutations
and point the way toward appropriate therapies. The Medical
College of Wisconsin and Children’s Hospital of Wisconsin
have implemented a genome sequencing program to which cli-
nicians can nominate patients who remain undiagnosed after
appropriate clinical evaluation and testing. Nominations are
reviewed by a multidisciplinary patient selection committee
chaired by the hospital’s chief medical officer. Patients and their
families undergo 6-8h of assessment and counseling before
enrollment. Sequencing is provided by a commercial labora-
tory certified by the College of American Pathologists (CAP)
Laboratory Accreditation Program and the Clinical Laboratory
Improvement Amendments (CLIA) Program. The detected
variants are analyzed using an in-house, validated software
package, focusing first on specific candidate genes nominated
by the referring clinicians to limit the chances of incidental,
potentially unrelated findings. Analysis is then broadened if ini-
tially nominated genes are uninformative. Potentially relevant
variants are confirmed by an independent method, and those
results are placed in the medical record. The Baylor College of
Medicine has implemented a Whole Genome Laboratory* with
“in-house” sequencing and analysis of variants in a CLIA/CAP
environment with review and sign-out by a board-certified clin-
ical molecular geneticist. A number of other centers (Geisinger
Clinic, Partners Healthcare, Washington University) and com-
mercial laboratories such as Ambry Genetics,** GeneDx,* and
SeqWright* are also now offering whole-genome sequencing
that can be used in clinical care.
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These four briefly described applications—tumor-based
screening, family history-directed decision support, pharma-
cogenomics, and diagnostic genome sequencing—demonstrate
that genomic medicine is no longer on the threshold; it has
arrived. Although much of this work is being pursued as part of
research programs, some has been adopted institutionally and
offered in a CLIA-certified laboratory environment as part of
regular clinical care.”® Evaluating the impact of such programs
and expanding their reach to diverse settings and populations
is a high priority within the National Human Genome Research
Institute’s research agenda and mission. Information from such
programs is helping to provide a needed evidence base to sup-
port more widespread implementation and reimbursement.
Consideration of the barriers encountered and strategies used
to surmount them by “early adopter” genomic medicine sites
may help speed their evaluation and facilitate their expansion
to the mainstream of clinical care.

CHALLENGES IN IMPLEMENTATION
Numerous challenges and barriers have been encountered in
launching genomic medicine projects and many common solu-
tions have emerged (Table 2). The greatest challenge may be the
lack of appreciation by clinicians, health-care institutions, and
payers of the potential for genomics to improve patient care,
as compelling evidence of clinical validity and utility is limited
at present.”” Even for genomic applications with proven valid-
ity and utility, such as family history, there is lack of adoption
and implementation, suggesting the lack of evidence is far from
being the only barrier.

Cost concerns and institutional inertia typically demand
convincing arguments and hard data before clinical practice is
changed, yet the genome-wide nature of results to be expected
by incorporating dense genotyping technologies into clini-
cal care will soon force clinicians and institutions to deal with
genomic information for which evidence may be quite limited.
Evidentiary thresholds may thus need to be aligned with the
intended use of the information, as the impact of genotype-
driven care on morbidity and mortality cannot be tested for
every variant.

Institutions have frequently relied on expert panels and local
committees to evaluate available evidence and recommend par-
ticular new initiatives in genomic medicine, such as testing for
specific pharmacogenomic variants or estimating risk to carriers.
Such panels have tended to work in isolation from institution to
institution, surveying the same evidence and often coming to
similar conclusions. Far better would be to harness the collective
knowledge of these groups in a more systematic way, distribut-
ing among them the genomic medicine issues for which evi-
dence is compiled and evaluated, such as antidepressant therapy,
coronary disease risk assessment, or risk in relatives of patients
with colorectal cancer. These groups could then use a mutually
accepted protocol for evaluation, with conclusions of each pro-
cess shared among all. This is similar to the approach taken by
the Centers for Disease Control and Prevention’s Evaluation of
Genomic Applications in Practice and Prevention (EGAPP),*
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Table 2 Challenges in implementation and potential solutions

Challenge Potential solutions

Limited Generate evidence of clinical utility of genomic medicine interventions
evidence and Tailor needs for evidence against potential benefits and risks

conflicting c t panels to develop guidelines based on best available evid
interpretation onvene expert panels to develop guidelines based on best available evidence

of benefit/value

Lack of

institutional
and clinician
acceptance

Limited access
to genomic
medicine
expertise and
testing

Lack of standards
for genomic
applications

EMR integration
of genomic
results and
clinical decision
support

Follow-up of
genotyped
patients

Outreach to
at-risk family
members

Consent

Engage nonaffiliated community-based practices, where institutional resistance may be minimal, to assist in developing evidence
Determine process outcomes of incorporating genomic information into EMRs

Widely publicize successes

Organize consortia to conduct multicenter trials of genotype-directed therapy when appropriate

Establish institutional advisory committee(s) involving senior leadership to evaluate evidence, recommend, and monitor implementation
Engage early adopters and clinical champions in demonstration efforts

Conduct pilot projects in early adopter clinical environments to develop results sufficient for follow-on funding

Obtain transinstitutional commitment at highest levels involving all relevant departments and stakeholders

Utilize internal pilot funding to catalyze initiation

Build clinician acceptance of genetics professionals by judiciously integrating genetic counselors and/or geneticists in nongenetics clinical
services throughout primary institution and affiliates

Bring fragmented expertise for advancing genomic medicine under one transinstitutional center or institute
Harness institutional quality improvement processes to assess and demonstrate value

Use research screening assays on site and confirm clinically actionable findings with rapid, cost-effective CLIA-certified testing off-site if
necessary

Establish or expand institutional CLIA-compliant genotyping to expand point-of-care testing, same-day service
Choose platform to assay multiple important genotypes simultaneously, reliably, and cheaply

Invest in new equipment and personnel to ensure research quality control is at the same level as the clinical laboratory; this requires an
institutional investment

Work with genetic counselors to establish protocol for process and parameters of data return

Develop better justification and approaches for reimbursing efforts of clinicians and genetic counselors

Assess and provide sufficient genetic counselor staff or ancillary staff

Establish institutional genomic medicine interdisciplinary clinical case conference for discussion and guidance on difficult clinical cases
Develop agreed-upon framework or standards for evaluation of genomic medicine applications

Develop standardized order sets and process modification

Develop standards for analytic validity of whole-genome and whole-exome sequencing sufficient for clinical application, and for
interpretation of the variants found by these methods

Enable access to actionable genetic information in the EMR through development of user-friendly decision support algorithms for
health-care providers

Establish “Usability Lab” to assess CDS tools and minimize alert fatigue

Allocate genomic medicine institutional funding to develop education and outreach to disseminate “best practices” incorporating family
history and genomic information

Redesign the EMR to include section dedicated to containing all relevant genotype results for a patient

Develop and link actionable drug—gene pair decision support to electronic pharmaceutical ordering software at point of care to facilitate
adoption of pharmacogenomic testing

Establish interdisciplinary workgroup with genomic medicine and EMR team to create secure tools for EMR-based genomic decision
support

Shift from relying on primary physician contact to direct contact and follow-up by genomic medicine team, with permission of physician
Analyze and address reasons for refusal to complete confirmatory testing, such as lack of coverage for testing

Clarify implications for family members and health-care providers’ responsibilities towards family members
Explore ways to improve information to at-risk family members

Ensure consents for implementation projects conducted as research studies include returning results to patients and entering results into
medical record

Conformance with standard of care and specific consent may not be needed

Consider initial implementation projects that might not require consent, such as results in established clinical pathways (tumor mutations,
CYP2C19*2)

Develop standards for informed consent for extensive sequencing, including whole-genome sequencing, and obtain it prospectively
Ensure that availability of personnel to manage consent/counseling is not rate limiting in initial implementation

CDS, clinical decision support; CLIA, Clinical Laboratory Improvement Amendments; EMR, electronic medical record.

Table 2 Continued on next page
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Table 2 Continued

Challenge Potential solutions
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Understanding
by patients,
clinicians, public

Conduct focus groups of patients, clinicians, and ancillary personnel to identify specific educational needs
Conduct genetic and genomic medicine education campaign for patients, clinicians, and ancillary personnel based on focus group input
Survey retention of educational information by patients and clinicians and modify programs as needed

Conduct genotyping and/or sequencing and interpretation exercises with medical and other health profession students

Provide specific health-care provider education on when to order test, and how to interpret and how to act on implications for family

members and provider's responsibilities

Introduce pharmacogenomic lectures into health professionals’ training and continuing education
Provide clinical supervision to clinician trainees in use of pharmacogenomic testing, other genomic point-of-care testing

Lack of access
to comparison

Combine current centers’ small patient collections of “normal” sequences and make available to all
Prioritize funding for costly and time-consuming storage of viable tissues

_control” Bank high-quality t les for confirmatory dlinical ing with patient identif

sequence data ank high-quality tumor samples for confirmatory clinical sequencing with patient identifiers

and banking High-level institutional commitment to combine and organize multiple biorepositories for efficiency and ease of access
resources

Lack of research
funding and
reimbursement

between discovery and adoption

Until evidence base is established for making genomic testing new standard of care, consider research funding for testing in interim

Gradually change culture to convince health-care community and patients of value of genomic medicine and need for reimbursement

Demonstrate cost of testing is not prohibitive and savings and impact can be substantial

Provide institutional back-up for reimbursement to avoid charges to patients

Anticipate rises in interpretive and delivery costs as technology cost drops and enthusiasm increases

CDS, clinical decision support; CLIA, Clinical Laboratory Improvement Amendments; EMR, electronic medical record.

the Clinical Pharmacogenomics Implementation Consortium,”
and by some early adopter institutions in developing commit-
tees of their own. Given the rapid spread of diagnostic sequenc-
ing and direct-to-consumer testing, it may be appropriate to
begin to identify an intermediate category of “actionable” vari-
ants, for which evidence is insufficient to establish unequivocal
clinical utility but is sufficient to determine how already avail-
able information could be used. Consideration should be given
to tailoring of required levels of evidence to the risk/benefit ratio
of the specific clinical setting at issue; development of consen-
sus on evidence needed in different scenarios would be a valu-
able contribution. Recommendations for drastic or irreversible
interventions such as genotype-driven mastectomy or salpingo-
oophorectomy, for instance, should require far stricter evidence
than should low-risk interventions such as modifying choice
between two proven, roughly equivalent medications such as
codeine and hydromorphone.*

For more modest interventions, the risks are more likely
to involve factors such as burden to clinicians and patients in
obtaining, interpreting, and managing the result, including
learning of incidental findings not sought by clinician or patient;
cost of testing; and psychological impact of the information on
patients or their families. The first two of these can be addressed
in part by improving the accessibility and lowering the costs of
obtaining genomic information suitable for clinical use, which
is occurring rapidly with expanding certification of genomic
technologies and laboratories under CLIA and CAP. Testing
fees can be substantial, especially when individual genetic vari-
ants are assayed sequentially, and indeed are soon likely to rival
the cost of obtaining an entire genome sequence." For a geneti-
cally heterogeneous condition, such as Charcot-Marie-Tooth
disease, that is potentially due to variation at one or more of
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over 40 genetic loci, for example, whole-exome sequencing can
already be performed for less than half the price of the current
clinically available “multigene panel”* Third-party reimburse-
ment of these costs is thus crucial for ensuring uptake by insti-
tutions and patients.

Integrating effective clinical decision support tools into the
EMR, to query a patient’s genomic data as care is being delivered,
will be needed to present relevant variants and recommenda-
tions only when they are indicated. Such real-time, genomically
driven clinical decision support can help avoid “alert fatigue”
and relieve the clinician of trying to sift through the massive
amount of genomic information without impeding clinical
workflow. Sharing the effort of following up actionable genetic
variants and at-risk family members with a dedicated genomic
medicine team, with the primary physician’s agreement and
in ways that do not “compete” for the patient, can also mini-
mize burden on patients and clinicians and increase efficiency.
Looking to the future, the potential to update EMRs automati-
cally as new discoveries are made and their clinical utility vali-
dated provides exciting possibilities for rapid implementation
of research advances. Growing knowledge and understanding,
however, mean that variants that are today of uncertain impor-
tance may tomorrow be found to be of great clinical relevance
and vice versa. The responsibility of the clinician to recontact
the patient with this new information is uncertain and could
pose a major burden as well as medico-legal risks.*

Psychological impact on patients and their families has tra-
ditionally been addressed by the informed consent process and
genetic counseling, but expanding genomic medicine efforts
will likely soon outstrip the available supply of genetic counsel-
ors.* Innovative models utilizing ancillary personnel or social
media tools to provide counseling and education, along with
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broad-ranging educational campaigns to increase familiarity
with genomic medicine among practitioners, patients, and pay-
ers, will have the greatest impact if they can be linked to early
successes and readily observable local efforts.

Reports of successes such as reduced hospitalization rates
following genotype-driven adjustments in warfarin dosing,*
e.g., or symptomatic improvement or reduced adverse effects
after genotype-driven selection of antidepressants,* can help
stimulate discussion of the potential for genomic medicine to
improve outcomes and shift an institution’s culture to embrace
genotype-guided care,® although even these examples need a
more complete evidence base and remain controversial.*’-°

INFRASTRUCTURE AND RESEARCH NEEDS
Genomic medicine programs share needs for basic informa-
tional and policy infrastructure as well as evidence and out-
comes produced through research (Table 3). Key infrastructure
needs include a comprehensive knowledge base that captures
sequence variants and their phenotypic associations and is

Table 3 Infrastructure and research needs

REVIEW

openly accessible to clinical groups attempting to interpret
sequence data. Such a knowledge base would have enormous
value for research as well, particularly to the degree that it
entails a careful curation and consensus process to reduce error
and promote consistency. Here again, many genomic medi-
cine groups appear to be doing this in isolation, capturing and
reviewing such information internally but finding themselves
constrained in sharing it outside their institutions. The policy
aspects of establishing such a knowledge base, ensuring the
accuracy of associations to be reported within it, and providing
wide access to it are far from trivial and involve patient privacy
and confidentiality of health information. Linking to appropri-
ate supporting evidence and providing frequent updates are also
daunting tasks, given the rapid pace of discovery, but are tasks
that could readily be distributed among collaborating groups.
Perhaps an even greater informational need addressable
by data sharing among genomic medicine groups and other
genome sequencing projects is the ability to determine whether
a newly discovered variant has been reported before. This is

Infrastructure

Continuously updated knowledge base and look-up tables of sequence variants linked to clinical phenotypes, genotype—phenotype relationships,

actionable variants, and supportive evidence

Reliable, standardized genotyping/sequencing platforms, reporting formats, and quality control

High-throughput, rapid, low-cost genotyping/sequencing in CAP/CLIA-certified environments, potentially concentrated in large service centers for

seguencing and interpretation

Evidentiary standards for various types of genomic testing in collaboration with other agencies (FDA, CMS) as needed, including standards and criteria for

reimbursement
Point-of-care educational information and clinical decision support

Genomic medicine training programs for physicians, pharmacists, nurses, and other clinicians

Slide sets, videos, seminars, and social media approaches to patient, public, and clinician education

Increased person-power: clinicians with genetics training and background, genomic medicine consultants, genetic counselors, and implementation

scientists

Expanded EMR capabilities to incorporate family history information, interface with genomic data

Research

Evidence development, such as changes following genomic medicine implementation in:

Disease severity, progression, or incidence
At-risk persons (such as family members) identified

Patients’ or family members’ anxiety, quality of life, and access to care or insurance

Cost, compliance, and patient or clinician satisfaction
Comparative effectiveness research
Identification of actionable variants

Bioinformatic/analysis tools to facilitate making associations, identifying “actionability” or impact scores for specific variants

Procedures and resources for interpreting potential clinical relevance of “variants of unknown significance,” such as clinical proteomic tests, RNA-splicing
tests, and cell-based assays, to determine experimentally whether a novel variant might cause disease

Standardized consent permitting return of results, deposition in EMR, sharing of variant tables

Collaborative projects/network to pool resources, share approaches, identify best practices, and avoid duplication

Best practices for:
Implementation and dissemination

Defining and collecting outcomes of implementation, including process outcomes

Delivering WGS information to individual providers and patients
Clearinghouse of successful implementation projects

CAP, College of American Pathologists; CLIA, Clinical Laboratory Improvement Amendments; CMS, Centers for Medicare and Medicaid Services; EMR, electronic medical

record; FDA, Food and Drug Administration; WGS, whole-genome sequencing.
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currently done by surveying available large-scale databases, such
as the 1000 Genomes Project,’* the Exome Variant Server,*” and
local institutional catalogs, on the presumption that a patient
with a very rare or undiagnosed condition likely has a private
or even unique variant. Interpretation can be difficult because
these reference databases generally lack phenotypic information.
Far better than individual small cohorts of sequenced patients
would be to aggregate cohorts and make their data widely avail-
able to qualified clinicians and researchers. Sequence variants in
these databases should also be linked to phenotypic informa-
tion, when possible, rather than forcing the assumption that all
available sequenced individuals are free of the disease under
consideration. The recently initiated Centers for Mendelian
Genomics®** will identify variants responsible for a great num-
ber of rare disorders and make this information widely available,
which should help in this regard. The nascent ClinVar database
of the National Center for Biotechnology Information® and the
International Standards for Cytogenomic Arrays database avail-
able in dbGaP and dbVar™ are two open-access databases that
can provide valuable phenotypic information associated with
rare sequence variants and structural variation.

Placing all this information in a single queryable source,
regardless of where the actual data reside, would be a substan-
tial advance in interpreting the three million or more differences
from the human reference sequence identifiable per individual.*®
Genomic sequencing, in contrast to genotyping microarray
technology, reveals rare or even unique alleles lacking scien-
tific literature support for physiological effects. Computational
approaches to predicting function may need to be incorporated
into clinical decision support methods in trying to determine
the implications of such variants for clinical care. Such analyses
would be greatly facilitated by standard formats for reporting
the data produced by individual sequencing groups rather than
expecting individual clinicians and clinical sites to handle and
interpret multiple different formats. The Centers for Disease
Control and Prevention are currently working to develop perfor-
mance specifications for next-generation sequencing.” Access to
accurate, low-cost genome sequencing in CAP/CLIA-certified
environments will remain a major limiting factor in utilizing
sequencing in clinical care across diverse settings. Provision
of genome sequencing as a commodity service in national or
regional hubs, including interpretation of potential clinical rel-
evance of identified variants, could be a major advance.

Appropriate professional organizations that can develop
genomic medicine practice guidelines, such as the American
College of Medical Genetics and Genomics, the College of
American Pathologists, and the Association of Molecular
Pathologists, as well as regulatory agencies such as the FDA
and Centers for Medicare and Medicaid Services, should be
involved in developing evidentiary standards tailored to spe-
cific interventions under consideration and criteria for reim-
bursement. Targeted education for active practitioners should
also be tailored to specific settings and delivered as succinctly
as possible at the point of care for maximum uptake and value,
whereas broader educational efforts can capture clinicians
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earlier in their training.®® Fellowships in pharmacogenomics
and genomic medicine will be needed to develop specialists
(perhaps “clinical genomicists,” akin to radiologists or patholo-
gists) capable of interpreting patients’ genomic information
and advising clinicians on appropriate actions to be taken for a
given set of variants in a given clinical setting. Given the broad
range of possible genomic medicine applications, the training
of physicians and scientists enrolled in certified programs of
the American Board of Medical Genetics and Genomics and
the American Board of Pathology in clinical genetics, molecu-
lar genetics, biochemical genetics, and cytogenetics is particu-
larly relevant. Consideration should be given to the potential
for expanding the curricula of these programs to include more
genomic medicine content or providing fellowships within
these specialties that focus on genomic medicine.

Other educational modes such as seminars, slide sets, webi-
nars, and videos need to be developed and shared across insti-
tutions doing similar types of work. Expanded EMR capabili-
ties to permit querying of sequence or other dense genomic
data, and incorporation of family history, are readily address-
able. EMRs also have the ability to deliver context-specific edu-
cational information at the point of care during an eminently
teachable moment, with a clinical conundrum at hand, as well
as more sophisticated clinical decision support to aid clinicians
in the appropriate use of genomic information.* Challenges in
implementing point-of-care tools need to be recognized, how-
ever, including the potential for overwhelming clinicians with
alertsleading to alert fatigue.®* Here again, consideration should
be given to the evidence needed for implementing such tools in
genomic medicine and for ensuring the consistent adoption of
point-of-care interventions for high priority health-care targets
with the best risk/benefit ratio and strongest evidence, whether
genomic or nongenomic.

Research is acutely needed to generate, collect, and make
widely available the evidence needed for determining which
variants are actionable, in whom, and in what clinical situa-
tions. Intermediate steps are needed that lie between genomic
discovery research and routine clinical implementation to gen-
erate the evidence base to justify implementation. Consensus
should be sought on the levels of evidence needed to justify the
introduction of genomic medicine interventions, taking into
account the degree of complexity or cost (such as family his-
tory vs. whole-genome sequencing) and risk/benefit (Lynch
syndrome screening vs. universal colonscopy) involved, and the
comparisons and outcome measures needed to answer these
questions. Generating clear evidence of benefit for genomic
interventions will remain challenging, however, in part because
the rarity of many genomic markers of risk means large samples
must be studied to accrue benefit/risk data in the small sub-
sets of patients affected. Even with large samples, there can be
controversy about the interpretation of the evidence, as shown
by the data on the relationship between CYP2C19 variants and
failure of antiplatelet efficacy of clopidogrel.®® In one meta-
analysis that included only patients with acute coronary syn-
dromes, there was strong evidence for an effect of variant alleles
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on outcomes,” whereas another analysis that included trials
with different indications (and in which the efficacy of clopido-
grel itself appears to be less) reported a much smaller effect of
genetic variation on outcome.* Thus, the evidence supporting
an effect of pharmacogenomic variants on variable drug out-
comes may also depend on indication, substantially increasing
the complexity of generating and evaluating evidence.

Research efforts should also aim to establish and validate cri-
teria for actionability. They should facilitate association analysis
and assessment of actionability and influence on outcomes from
available data. Given that it is impossible, however, to perform
prospective studies of the impact of all potentially important
variants on clinical outcomes, comprehensive strategies will be
needed to generate the necessary data. Real-world studies quan-
tifying the impact of implementing genomic medicine programs
on patient outcomes, cost and acceptability of care, and clini-
cian and patient satisfaction are needed to promote adoption
and dissemination of genomic medicine. Such studies fall under
the rubric of “implementation research,” defined as the study of
methods to promote the systematic uptake of proven interven-
tions into routine practice.®* Comparative effectiveness research
assessing the added value of genomic information, such as
genomic variants added to family history added to clinical risk
factors, and consensus on the outcomes and evidence needed to
answer such questions, would help to define priorities for col-
lecting and using such information in a cost-effective way.

Informed consents for genomic research should be broad-
ened to include return of results, where desired and appropriate,
so that lack of such consent (or indeed, consent forms declaring
“no results will ever be returned”) does not become an obstacle,
if not an excuse, for failing to report actionable findings. The
consent process should also explicitly address deposition of
data in the EMR or research databases and sharing of variant
information among researchers and clinicians.

Assembling early adopters of genomic medicine into a confed-
eration or community should facilitate addressing the many infra-
structure and research needs outlined here. Collaborative projects
such as those of the PGRN® can facilitate dissemination and test-
ing of genomic medicine approaches in diverse settings to maxi-
mize their generalizability and usefulness. Such projects can help
develop best practices for complex tasks such as implementation
and dissemination, defining and collecting outcomes of imple-
mentation, and delivering genomic information to clinicians and
patients. A clearinghouse of successful implementation projects,
with detailed protocols addressing steps needed for patients, clini-
cians, laboratories, departments, and institutions, would go a long
way toward disseminating this work beyond early adopter sites.
Indeed, a critical question to ask is whether and how approaches
developed at highly specialized and resourced tertiary care centers
can be adopted in less resource-intensive settings.

IMPLEMENTATION ROADMAP
Incorporating genomic results into clinical care is as much a
cultural and political exercise within a given institution as a
scientific one, although a firm scientific grounding is essential

GENETICS in MEDICINE | Volume 15 | Number 4 | April 2013

REVIEW

to convincing the various stakeholders to accept an imple-
mentation project, particularly the first one (Figure 1). Such
grounding can be obtained from a comprehensive review of
the available scientific literature, recommendations of expert
groups, and examination of ongoing successful projects at
other institutions. Available policy or institutional guidelines
on implementing changes to clinical care must also be consid-
ered. Critical in choosing an initial implementation project is
the pragmatic issue of identifying a group of ready adopters or
clinical champions, such as a subspecialty group or local prac-
tice, willing to try a new approach. Indeed, selection of a pilot
project among several possibilities may hinge upon the avail-
ability of an enthusiastic group of clinicians.

Identifying and engaging the myriad stakeholders within
an institution, including those needed to conduct genetic test-
ing, interpret it, integrate it with the EMR, provide results and
recommendations to the clinician, and pay for it, require that
senior leaders who are familiar with the institution and its cul-
ture be on the genomic medicine team. It also often requires
patience, persistence, and sufficient standing within the organi-
zation to convince skeptics and overcome institutional inertia.
Some programs have found it simpler to begin at smaller affili-
ated hospitals or practices rather than at dominant academic
medical centers.

Engagement and support from institutional leadership is
obviously crucial, and most successful programs have involved

Scientific evidence, Availabl
experience, unmet need Loce_il Va,'a e
champions policy or
- or ready suitable
L|ter§ture Successf_ul adopters guidelines
review external projects
Select pilot project |

Identify and engage
stakeholders

4 g

| Secure funding |

1

Publicize, educate patients,
clinicians

4

Develop, pilot clinical
workflow

1

Launch, monitor initial
cases for protocol
adherence, problems

3

Collect outcome data,
modifiy protocol as needed

4

Disseminate, expand to
partner sites

Engage institutional
leadership

Figure 1 Implementation roadmap: one approach to initial imple-
mentation at a single institution with subsequent evaluation and
ultimately dissemination.
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them directly in decision making, as chairs of committees
selecting interventions to implement, for example, or evalu-
ating their impact. Funding may be provided through local
institutional support, in anticipation perhaps of eventual reim-
bursement by major payers, or through foundation or research
funding, including National Institutes of Health-supported
projects such as the Clinical Translational Science Awards and
the PGRN. Institutional stakeholders are key in developing
practical and eflicient clinical workflows for obtaining testing
and providing results. Development and testing of streamlined
educational tools, which may be as simple as a pop-up window
with appropriate links for the clinician and letters or brochures
for patients, will be essential both for initiating a program and
encouraging its acceptance. Once launched, careful moni-
toring of initial cases for adherence to established workflows
and unanticipated barriers permits tailoring of procedures as
needed. Outcome data related to ease of use, adherence, patient
and clinician satisfaction and behaviors, cost, and, where possi-
ble, measures of morbidity and mortality can be used to modify
the program and inform design and implementation of future
efforts. Evaluation of the effectiveness of an implementation
project should focus on outcomes of the implementation itself
rather than the outcomes of treatment.®® Several conceptual
models for such evaluations are available for consideration.*”

CONCLUSION
Multiple institutions are actively engaged in using patients’
genomic information in their clinical care, either as pilot dem-
onstration and research projects or as part of clinical care as
a reimbursable service. The Genomic Medicine Colloquium
revealed that much of this work is being done in isolation and
would benefit from more structured collaboration and sharing
of approaches across groups and institutions. Implementation
of genomics in medicine would also benefit from establishing
common infrastructure, such as a catalog of variants observed
across large numbers of sequenced individuals to date, an
updatable database of actionable variants, evidentiary stan-
dards tailored to benefits and risks, common clinical decision
support tools including point-of-care educational materials,
and collaborative projects to pool resources and identify best
practices. Systematic and timely incorporation of advances in
genomic research related to somatic and germline DNA, as well
as consideration of RNA, protein, and epigenomic applications,
will also be needed. The National Human Genome Research
Institute, in collaboration with several other National Institutes
of Health institutes and in accord with its recent strategic plan,*
is currently exploring approaches for facilitating the research
needed to implement genomic medicine on an ever-widening
scale. Such efforts should also take full advantage of the extant
momentum, information, and experience of “early adopters”
across the United States, as well as the tools of implementation
science to address the cultural barriers described above.

The substantial National Institutes of Health investment in
basic genomic research has yielded and will continue to yield
new insights into the role of genetic variants in health and

266

MANOLIO et al | Implementing genomic medicine in the clinic

disease. It is now time to ensure those results are translated
and used to the maximum benefit of patients by periodically
convening relevant stakeholders and building on the vanguard
of nationwide genomic medicine implementation projects.
Bringing these groups together in this way is anticipated to
increase their diffusion, efficiency, and, ultimately, their value
to patients and health care.
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