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Successfully implementing pharmacogenomics into routine clinical practice requires an efficient process
to order genetic tests and report the results to clinicians and patients. Lack of standardized approaches
and terminology in clinical laboratory processes, ordering of the test and reporting of test results all
impede this workflow. Expert groups such as the Association for Molecular Pathology and the Clinical
Pharmacogenetics Implementation Consortium have published recommendations for standardizing labo-
ratory genetic testing, reporting and terminology. Other resources such as PharmGKB, ClinVar, ClinGen and
PharmVar have established databases of nomenclature for pharmacogenetic alleles and variants. Oppor-
tunities remain to develop new standards and further disseminate existing standards which will accelerate
the implementation of pharmacogenomics.
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Over the past two decades, implementation of pharmacogenomics into routine clinical practice has been steadily
increasing and moving beyond the limits of a few select genes into a broader and preemptive application of
the technology [1–4]. Similar to other advances in healthcare, a lack of standardization across the field represents
an ongoing challenge. For successful integration of pharmacogenomics into routine practice, standardization is
essential across all implementation steps, including laboratory processes, genetic test ordering and reporting results
to clinicians and patients.

Resources such as PharmGKB (pharmgkb.org) and the Clinical Pharmacogenetics Implementation Consortium
(cpicpgx.org) have been advancing the goal of translating complex genomic information into actionable phenotypes
that are useful for patient care [5–7]. Standardization across all areas of the implementation process will enable
and accelerate the use of pharmacogenomics in patient care. The electronic health record (EHR) is vital to
implementing pharmacogenomics as it enables consistent use of genetic information at the point of care (e.g., for
medication prescribing or dispensing) [8,9]. Standardization allows for efficient development and use of the EHR for
pharmacogenomics through consistent clinical decision making, portability, scalability, durability of information
and clinician education [10].

Recent efforts to improve standardization include published results from the Centers for Disease Control and
Prevention (CDC) PGx workgroup that provided recommendations to improve pharmacogenomic implementation
by standardizing the allele and variant nomenclature of test results [11]. Also, CPIC generated consensus for standard
phenotype terms through the CPIC term standardization project [12]. Although progress is being made to standardize
pharmacogenomics in practice, additional standardization opportunities remain. Limited standards may cause
confusion related to the genetic test result, the exchange of structured interpretations between laboratories, and the
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Figure 1. Pharmacogenomic implementation processes and impact on clinical practice and patient care.
AMP: Association for Molecular Pathology; CPIC: Clinical Pharmacogenetics Implementation Consortium; EHR: Electronic health record;
HGVS: Human Genome Variation Society; LOINC: Logical Observation Identifier Names and Code.

continuity of genetic information delivered through EHRs. Ultimately, the lack of standardization may hinder the
development of coherent reimbursement policies that drive patient access and facilitate increased adoption.

In this selective review, we summarize the state of current standardization efforts in pharmacogenomics. We focus
on three processes that impact the eventual use of pharmacogenomics in clinical practice: the clinical laboratory,
genetic test ordering and finally reporting test results (Tables 1 & 2 & Figure 1). Ongoing efforts and the remaining
gaps in each process are highlighted and discussed.

Standardization in clinical laboratory processes
Genetic testing platform
Current state

Advancements in genetic testing technology can make decisions on which genetic test to order complex. The use of
targeted technologies to detect single nucleotide polymorphism and copy number variation has been the industry
standard for decades. The declining costs of next generation or massively parallel sequencing technologies have
accelerated their use, especially in the research setting [13]. However, targeted platforms are primarily used in clinical
practice [14] as there can be technical difficulties such as with pseudogenes and gene conversions in pharmacogenes
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that are still challenging by massively parallel sequencing. Additionally, determining functionality of novel variants
identified by massively parallel sequencing is still evolving.

Manufacturers of testing platforms include many pharmacogenes and variants. Depending on whether the
platform is used clinically or as a discovery tool can determine the variants included on the platform. Clinical
Laboratory Improvement Amendments of 1988 (CLIA; 42 CFR 493) is intended to ensure that laboratory results
used in patient care are accurate. As required by regulatory agencies, during the analytical validation process for
clinical testing, laboratories must validate that each variant tested is accurate and precise and that the test platform has
appropriate analytical sensitivity and analytical specificity. There are many guidelines for analytical validation [15,16].
The CDC’s Genetic Testing Reference Materials Coordination Program (wwwn.cdc.gov/clia/Resources/GetRM/)
uses consensus verification to characterize DNA samples for test development and validation as well as for proficiency
testing and quality control.

Research laboratories are not regulated in this manner and thus are not required to rigorously validate a
platform, which allows flexibility to allow for innovation and creative exploration. Additionally, non-CLIA research
laboratories are not permitted under law to provide clinical results. If results generated in a non-CLIA environment
are returned to patients, they should be counseled that these results are not for treatment purposes and additional
testing through their regular healthcare providers at CLIA-certified laboratories should be sought. Following this
process, the researcher would not be giving results for diagnosis or treatment purposes and therefore would not
violate the applicable CLIA regulations [17].

Preferred state & ongoing initiatives

Regardless of the laboratory, there should be adequate quality control in place to ensure accurate clinical and
research testing. Due to biological diversity in the human genome, there will probably never be one assay that
accurately tests for all types of genomic variation (e.g., from the genome to the metabolome). Reference materials
that span the scope of genomic variants can help ensure that any platform accurately detects what it says it can
detect.

Genetic variants tested
Current state

Clinical laboratories and genetic test assays interrogate various genes and variants, which can lead to meaningful
differences in results. Currently, standards do not exist that define which variants must be tested [18]. The CDC’s
Genetic Testing Reference Material Coordination Program conducted a study in which nine volunteer clinical,
research and commercial laboratories were provided with blinded genomic DNA samples for genotyping for a
number of pharmacogenes using a variety of different methods (i.e., single nucleotide variant genotyping, copy
number variant assessment and DNA sequence analysis) [18]. None of the laboratories interrogated the same
set of variants for any of the pharmacogenes analyzed; therefore, different haplotype calls were reported for the
same allele. Though all of the results were consistent among the laboratories based on the variants tested, the
implications of these findings are clinically important as it could cause an incorrect assignment of phenotype and
ultimately result in different recommended clinical actions. For example, the no function CYP2C19*4 allele has
been identified in linkage disequilibrium with the increased function CYP2C19*17 (c.-806C>T) allele in certain
ethnic subpopulations (CYP2C19*4B) [19,20]. If rs28399504, which defines the CYP2C19*4 haplotype, is not
tested, a CYP2C19 intermediate metabolizer could be misclassified as an ultrarapid or normal metabolizer [11].

Preferred state & current initiatives

Variants reported and alleles tested should meet a minimum standard (e.g., recommended alleles for inclusion
in all tests). The Association for Molecular Pathology (AMP) has an effort underway to create recommendations
for a minimum set of alleles to include in each clinical pharmacogene genotyping panel. These recommendations
are intended to inform clinical laboratory professionals when designing and validating clinical pharmacogenomic
assays, to promote standardization of pharmacogenomic testing across different laboratories, and to complement
other clinical guidelines such as CPIC. Using criteria such as allele function, population frequency and availability
of reference materials, the AMP Pharmacogenomics Working Group has proposed a recommended minimum
set of alleles and their defining variants (Tier 1) that should be included in clinical pharmacogenomic tests for
CYP2C19 [14]. In addition, alleles that do not currently meet one or more of the criteria for inclusion in Tier
1 are considered optional for clinical testing (Tier 2). These recommendations are intended to facilitate testing
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by laboratories and to improve genotyping concordance across laboratories. AMP plans to address additional
pharmacogenes. Efforts such as those from the AMP to standardize clinical tests allows for comparison of results
from different institutions or studies and further provides evidence of the clinical and analytic validity. The
Ubiquitous Pharmacogenomics PREPARE (Preemptive Pharmacogenomic Testing for Preventing Adverse Drug
Reactions) is one such clinical study where the Ubiquitous Pharmacogenomics consortium is implementing a single
standardized platform to evaluate the impact of pharmacogenomic testing on therapy outcomes in seven European
clinical centers [21].

Standardizing the reporting of pharmacogenomic results
Reporting pharmacogenomic results to clinicians and patients has many steps, from the initial laboratory results,
to the transfer of the laboratory report to the EHR, and to the information presented to the prescribing clinician at
the point of care (Table 1 & Figure 1). Standardizing all these processes, while facilitating communication, is crucial
to consistent and effective implementation of pharmacogenomics in clinical practice. The CDC PGx workgroup
described areas of the laboratory report that are not standardized and summarizes the lack of standardization for
nomenclature for sequence variants and alleles [11]. In all, nine recommendations for standardization are outlined
including four addressing the naming of sequence variants, one for naming alleles and four recommendations for
the test report. However, the CDC PGx workgroup did not provide recommendations for other areas of reporting
of pharmacogenomic results such as the translation of genotype to phenotype and nomenclature used to describe
allele function and phenotype, but this is addressed by CPIC, PharmGKB and PharmVar [12,22].

Sequence variant & allele nomenclature
Current state

Sequence variant naming uses the Human Genome Variation Society (HGVS) nomenclature. However, because
the HGVS nomenclature can be used with any of a number of reference sequences, the same variant could be
named using various reference sequences.

The star (*) allele nomenclature is the most common nomenclature for naming alleles for pharmacogenomics.
However, some genes, such as VKORC1, have been reported using a variety of nomenclature systems. Furthermore,
the naming of the star (*) alleles is generally maintained by a specific nomenclature committee for the specific gene
(e.g., TPMT, UGT, NAT, HLA), but each one is not always updated in a systematic and efficient way. For example,
the UGT nomenclature database has not been updated since 2007 [23]. For some genes, such as SLCO1B1 and
DPYD, formal nomenclature committees do not exist and naming of alleles is not systematically managed.

Preferred state & ongoing initiatives

The CDC workgroup did recommend naming sequence variants by using HGVS nomenclature but also recom-
mended which reference sequences should be utilized (i.e., Locus Reference Genomic, RefSeqGene and/or Human
Genome Reference Assembly [11]). Efforts are underway to address the allele nomenclature issues. PharmVar, a
rebranding and expansion of the Human Cytochrome P450 Allele Nomenclature Database, aims to improve
pharmacogenomics nomenclature by serving as a "centralized ‘Next-Generation’ Pharmacogene Variation data
repository" (pharmvar.org). The major focus of PharmVar is to continue the mission of serving as the official and
unified allele designation system for CYP450 genes and will expand to other pharmacogenes such as SLCO1B1 and
DPYD [22].

Reporting variants tested
Current state

As genotype test vary between laboratories, genotypes (i.e., * alleles) are called based on different variants. Currently,
College of American Pathology (CAP) requires a laboratory to list all genotypes tested in the laboratory report;
however, they might list only the * allele tested (e.g., CYP2D6*2) but not the defining variants for that allele.

Preferred state & ongoing initiatives

Knowledge of the all variants tested is needed to interpret the genetic test result. Therefore, the CDC workgroup
also provided a recommendation for how to report the variants observed as well as listing all variants that can be
detected by the test.
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Allele function & phenotype nomenclature
Current state

Laboratories report a variety of different terms to describe allele function and the corresponding phenotypes
(e.g., normal metabolizer vs extensive metabolizer). Not only are the various terms used to describe phenotype
confusing to patients and clinicians, but this also impedes best use practice in the EHR with clinical decision
support (CDS) and sharing of pharmacogenomic data across different platforms.

Preferred state & current initiatives

Standardization of allele function and phenotype nomenclature is critical for proper implementation of pharmacoge-
nomics into the EHR and for use in clinical practice. In 2013, the Health Level Seven International (HL7) released
an implementation guide for clinical genomics that details how genetic test results should be implemented into the
EHR for both sequencing and genotyping-based tests and includes both disease causing and pharmacogenomic
variants [24].

In 2014, CPIC led a consensus effort to standardize terms for clinical pharmacogenomic alleles and phenotypes.
The goal of the project was to create standardized terms to be used in CPIC guidelines and to have these standardized
pharmacogenomic terms adopted broadly by clinical genetic testing laboratories and relevant professional societies
and organizations [12]. The Logical Observation Identifier Names and Codes (LOINC) terminology system has
become standard for the reporting of laboratory test results and interpretations. CPIC has worked to further
facilitate improvements in CDS by obtaining LOINC identifiers for pharmacogenomic interpretation codes, which
specify the gene product and its role (metabolize vs function vs risk), and the answer list specifying the level of
each interpretation code [12]. CPIC guidelines and PharmGKB now use these standardized terms and are included
with pharmacogenomic data submissions to ClinVar. Shortly after in 2015, AMP and CAP (clinical laboratory
proficiency testing program; CAP-PGx) formally endorsed the set of standardized terms describing allele function
and phenotype [25].

Continuing work in this area, led by the CPIC Informatics Working Group, aims to standardize another widely
used medical terminology particularly important to CDS, the Systematized Nomenclature of Medicine – Clinical
Terms (SNOMED CT). The working group identified 39 concepts in need of replacement or updating and 18 to
be removed from the current SNOMED CT library. A formal request was submitted and subsequently approved.
The new concepts are available as of January 2018 (www.snomed.org/snomed-ct).

Genotype to phenotype translation
Current state

The process of translating genotype to phenotype is critical for implementation [8,26]. CPIC and PharmGKB create
dedicated tables that provide a comprehensive translation from diplotype to interpreted phenotype. However, this
translation is not standardized across laboratories or even pharmacogenomic guidelines. For example, some labora-
tories and the Dutch Pharmacogenetic Working Group (DPWG) guidelines consider a CYP2D6 activity score of
1.0 (e.g., combination of a normal and no function allele or two decreased function alleles) as a CYP2D6 interme-
diate metabolizer while the package insert of the obsolete Roche AmpliChip™ and CPIC guideline categorizes this
score as an CYP2D6 normal metabolizer [27–29].

Other discrepancies exist between pharmacogenomic guidelines with regards to phenotype assignment and clini-
cal recommendations. A recent collaborative paper between CPIC and the DPWG highlighted differences between
variant calls, associated clinical recommendations and the underlying methodologies [30]. Although highly similar,
discordances were found for approximately 20% gene–drug pairs in terminology for both allele function and phe-
notypes, and more concerning, the differences in clinical classification for specific variants. For example, individuals
with the CYP2C19 *1/*17 genotype are classified as rapid metabolizers by CPIC and normal metabolizers by
DPWG.

Preferred state & current initiatives

Since most pharmacogenomic recommendations are based on phenotype groupings, the assignment of phenotype
based on genotype is an important aspect to clinical implementation. Reporting of different inferred phenotypes
across laboratories and guidelines has created confusion and inconsistencies in recommendations. To maximize
the utility of pharmacogenomic test results, it is desirable to standardize these definitions. PharmGKB, CPIC,
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American College of Medical Genetics (ACMG) and other groups including representation from ClinVar/ClinGen
are working together to establish more unified translation of genotype to phenotype in the future, similar to a
system used for disease risk (e.g., benign, pathogenic, etc.) [31]. Furthermore, CPIC and the DPWG are conducting
a consensus project among CYP2D6 experts for the definitions used to assign CYP2D6 phenotype based on
genotype. Once complete, both the CPIC and DPWG will adopt these definitions. Other discrepancies between
guidelines are also being addressed through ongoing collaboration [30].

Standardizing the pharmacogenomic test ordering & coverage policy processes
Pharmacogenomic test selection
Current state

As the number of pharmacogenomic tests available to clinicians continue to increase, ordering the most appropriate
and cost–effective test is paramount. Standardized clinical language across various gene panels so that clinicians can
easily move between different types of tests will aid adoption (Table 2). The issue of standardizing which genes are
included on the panels brings forward financial and market issues. As laboratories vie for market position, more
genes with potential clinical utility and gene/drug associations can be included, but this inclusion may not be
consistent with the latest evidence such as guidance from CPIC. Some tests offered by different laboratories specify
gene panels based on the highly curated work of CPIC and PharmGKB while others extend their reach into lower
levels of actionability. CPIC provides a list of gene–drug pairs assigning levels A, B, C and D based on actionability
with CPIC level A being the highest level (strong to moderate recommendations) to CPIC level D being the
lowest level with no actionability [7]. If whole genome and whole exome sequencing (WGS and WES) testing
becomes more common, the focus will shift from a selection of genes for individual panels to one of interpreting
the relevant pharmacogenes and actionable variants [13]. Greater availability of sequencing data would disrupt the
current reimbursement structure which rewards individual pharmacogenes over broader panel approaches.

Preferred state & ongoing initiatives

The ideal state for pharmacogenomic test ordering is one where genetic results are available to the clinician at
the first point of prescribing through preemptive testing (Table 2). Preemptive testing using multigene panels has
been shown to be feasible based on experiences at multiple institutions before WGS or WES data are more widely
used [9,32,33]. Carefully selected and intuitively designed alerts in the CDS systems will provide the most advanced
use of these data. Until this state is realized the most optimal situation would be one where clinicians are aware of the
utility behind the pharmacogenomic tests most applicable to their care responsibilities. Institutions implementing
pharmacogenomics into practice must invest in informatics resources to design CDS systems with both active
and passive alerts for drugs ordered that have pharmacogenomic associations [8,9,33–38]. This, coupled with new,
more specific current procedural terminology (CPT) codes, should allow for greater clarity on reimbursement and
cost-sharing discussions between patient and provider, as well as budget impact projections for the organization.

Several academic institutions and consortiums have been working on integrating pharmacogenomic information
into the EHR and following the actionability of this data [8,9,32,33,36,39]. It is these types of projects that should
facilitate research and the subsequent education of clinicians from general practice to more specialized fields on
the utility and appropriate application of the variety of tests that are available. A greater understanding of when
testing should be applied will also improve the conversations with payers and enable clinicians to advocate for
reimbursement on behalf of their patients [38].

Pharmacogenomic testing reimbursement
Establishing consistent reimbursement for new health technologies may serve to make innovations more available
to patients. The reimbursement landscape can also dictate the level of investment and guide decision making of
laboratories and others relevant to pharmacogenomics implementation. As discussed, some laboratories may pursue
larger panels, sacrificing high levels of utility to attract self-pay patients while others depend largely on the work of
CPIC to guide gene selection. Payers’ perspectives and future plans can have a significant impact on a laboratories
decision to pursue diagnostic development testing beyond what they know is currently reimbursed. Standardization
across the pharmacogenomics research community can serve as a strong signal to payers to those that ultimately
influence accessibility to pharmacogenomic testing.
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Current state

Health insurance reimbursement for pharmacogenomics is limited, especially the preemptive approach [12,40,41].
Opportunities for standardization exist from at least two perspectives that have direct bearing on coverage of phar-
macogenomic testing. Payer perspectives on the clinical utility of pharmacogenomics differ between organizations,
and few organizations are equipped to lead a standardization in reimbursement. However, a Centers for Medicare
and Medicaid Services (CMS) national coverage decision is seen as a potential benchmark for the commercial
industry [42]. Thus far, CMS appears skeptical of the utility of pharmacogenomic testing, and in mid-2015 im-
plemented restrictive changes in reimbursement for several drug–gene pairs [43,44]. Although a hierarchy of quality
evidence at least informally exists for payers, there is clear variability in how different types of payers make these
decisions, especially for pharmacogenomics [42,45].

The other key challenge in reimbursement standardization is more technical. Unique CPT codes for panel testing
need to be developed as more codes move from Tier 2 to Tier 1 classifications with Human Genome Organization
approved gene symbols through the Coding Change Application system. The lack of more specific CPT codes for
panel testing that cover multiple genes and variants leads to claims for multigene panels that are currently filed and
reimbursed by CMS and some commercial payers under an ‘unlisted molecular pathology procedure’ CPT code
(81479). Most other germline pharmacogenomic testing CPT codes currently available are limited to variants in
single enzymes or genes (CYP2C19, 2D6, 2C9 and VKORC1, UGT1A1). Although some payers will only accept
CPT code 81479 for panel reimbursement, others allow gene code stacking to account for panel ordering. Use of
a generic CPT code for multigene panels precludes efficient implementation of multigene panel testing. Payers are
unable to track the appropriate use of tests ordered under this current structure, and this likely leads to additional
inefficiencies. Further, CPT codes can be used track healthcare services subsequent outcomes to inform clinical
utility, and this is not possible with generic CPT codes.

Preferred state & ongoing initiatives

A deeper understanding of how pharmacogenomics fits into payers evidence hierarchies, and how this evidence
should be developed, is needed. Private and public payers should work alongside the pharmacogenomics community
to define the acceptable level and type of evidence, from study design to clinical guidelines, which will lead to
efficiencies in the mechanisms of this process while remaining economically sustainable.

Notable progress has been made in moving codes to Tier 1, as well as developing new codes for genes such
as G6PD. With approximately ten new CPT Tier 1 codes for pharmacogenetic genes becoming usable in 2018,
the use of stacked coding, submitting individual, reimbursable codes for multiple genes on a panel test may be a
possible, yet cumbersome, way to recoup at least part of the cost. Ultimately, the hope would be that WGS or WES
becomes widely accessible and that coding practice follows suit to enable large scale economic studies on the health
system and population impacts of certain pharmacogene variants.

Reimbursement procedures for pharmacogenomics must accommodate both physician fee schedules and clinical
laboratory fee schedules, which adds complexity. Separate Healthcare Common Procedure Coding System codes
have been developed specifically for the interpretation and reporting of results in the clinical setting by the
physician. More standardized reimbursement policy from an authoritative source such as a National Coverage
Determinations for pharmacogenomics from CMS would provide a benchmark. A reference point like this may
adjudicate differences across the Local Coverage Determinations made by Medicare Administrative Contractors
throughout the country, as well as among the coverage policies for numerous other payers.

Discussion: impacts on clinical practice & patient care
We have highlighted the current state of standardization in the clinical laboratory, result reporting and test ordering.
As standardization develops further, implementation of pharmacogenomics into routine care will become more
efficient across healthcare settings. Figure 1 summarizes these processes and how standardization will impact clinical
practice and patient care. Ultimately, standardization impacts the transfer of information to and between the EHR,
the use of the information to make clinical recommendations, the type and complexity of education of clinicians
and the reasonable reimbursement so patients can receive the test in the first place.

Integration into the EHR
Reporting understandable and actionable pharmacogenomics results to clinicians is an essential aspect of effectively
implementing pharmacogenomics in practice which makes advances in clinical informatics crucial [8]. Several
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large academic health centers and national consortia have dedicated considerable resources to learning how best to
integrate pharmacogenomics into the EHR for clinical care [2,4,32,33,35,36,39,46–48]. Different models are emerging and
the lack of standardization of clinical laboratory processes and reporting complicates many aspects of implementing
pharmacogenomics into the EHR, including transferring the initial laboratory results to the EHR as well as
alerts presented to the clinician [26]. As pharmacogenomic results can have lifetime implications, results must be
standardized to facilitate the exchange of information among different EHRs over time. To effectively implement
and maintain new gene/drug pairs into a decision-support system there must consistency of genetic testing
performance and reporting using standard nomenclature.

Standard vocabularies and other standardization efforts will support emerging strategies such as Substi-
tutable Medical Applications and Reusable Technologies (SMART) on Fast Health Interoperability Resources
(FHIR) which is a promising strategy to provide flexibility and support informatics needs for pharmacogenomics
across different EHRs [49–51]. As more software applications per these standards are developed, it is likely fewer local
informatics resources will be needed to implement pharmacogenomics into the EHR.

The CDC PGx workgroup, CPIC, PharmGKB and AMP have published projects addressing standardization
issues (i.e., test reporting, allele/phenotype terms and variants tested, respectively). However, the uptake of CDC
PGx workgroup recommendations has been slow. Bousman et al. compared the coverage and results reporting of
CYP2D6 and CYP2C19 for pharmacogenomic testing in psychiatry [52]. They found that most test panels included
the major alleles for CYP2D6 (*2, *4, *5, *10, *17) and CYP2C19 (*2, *3, *17), but no two panels contained the
same combination and none fulfilled the nine recommendations laid out in the CDC recommendations [52]. The
terms developed as part of the CPIC term standardization project have been more widely accepted and included as
LOINC identifiers and SNOMED codes. Furthermore, these terms have been adopted by ClinGen and ClinVar
and are being used by the CAP proficiency testing programs [12]. Until accrediting organizations like CAP adopts
these standards, the recommendations from professional organizations will remain best practices.

Clinical recommendations
Pharmacogenomic recommendations are based on the assigned or inferred phenotype; therefore, consistent in-
terpretation of the genotype result to a phenotype is critical for accurate pharmacogenomic-based prescribing.
Inconsistencies in naming sequence variants and alleles, variants tested and diplotype to phenotype translation
make interpreting genotype data very difficult and additional expertise is generally needed. Although CPIC and
PharmGKB provide gene definition tables and comprehensive genotype to phenotype tables for each guideline to
aid in consistent reporting and interpretation of genetic results [12,26], it is ultimately up to the laboratories and
implementation leaders to ensure the correct phenotype assignment is made. The clinician, in most cases, is not
trained to interpret these results and depends on these interpretations to guide prescribing [8].

Clinician training & competencies
Because initial clinical training does not provide the depth of expertise to interpret pharmacogenomics and
interpreting genetic test results can be complex, leaders in implementing pharmacogenomics dedicate trained
personnel to interpret genetic test results and educate clinicians [53,54]. Competencies, resources, and models are
emerging to train clinicians in pharmacogenomics [55,56]. As genotype interpretation is standardized, clinician
education can increasingly focus on how to use the patient’s phenotype to optimize medication use instead of the
details of interpreting results. It will remain useful for clinicians to understand genotype interpretation, but they can
also trust the underlying processes to confidently use pharmacogenomic information. Projects from NHGRI like
the Genetics/Genomics Competency Center (G2C2) and Inter-Society Coordinating Committee for Practitioner
Education in Genomics (ISCC) provide leadership and educational resources to educate clinicians on genomics,
including pharmacogenomics. Better defining expert interpretation roles and clinician roles will simplify clinical
implementation and facilitate the uptake of pharmacogenomics into routine clinical practice.

Reimbursement effects
Limited reimbursement in pharmacogenomics will have direct impacts on test development and test ordering. The
standardization of coverage policies across public and private payers in the USA remains a challenge. A recent
study showed that the ‘absence of out-of-pocket costs to the patient’ was the second most important factor to
clinicians when deciding to order a pharmacogenomic test [57]. Overall coverage policy development for genomics
is stymied by the staggering number of nearly 75,000 genetic testing units (any orderable combination of analytes)
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currently being produced by US-based CLIA-certified labs and available on the market [58]. Newly developed
pharmacogenomic tests represent are a minority of these tests (just over 10% of net new tests), with more attention
and reimbursement focused on other types of genomic testing. The pharmacogenomics community must continue
to pursue standardization in pharmacogenomics reimbursement – both the policy decisions and technical coding
process. Without changes in the reimbursement structure, the benefits from pharmacogenomic testing may remain
available only to patients who are able and willing to pay the full out-of-pocket costs.

Future perspective
Many of the efforts highlighted here are projects funded over a defined period through grant or other support.
Currently, NHGRI funds ClinGen, ClinVar and CPIC. Professional organizations such as AMP and ACMG have
made important contributions to pool resources to evaluate and share information that also provides standards. If
government funding is no longer available, hopefully the pharmacogenomics community will identify other means
of support for these critical resources together to support these critical endeavors.

Standardization across the implementation process will enable efficient and successful integration of pharma-
cogenomics into routine clinical care at a larger scale. Resources and working groups such as PharmGKB, CPIC,
the CDC PGx workgroup and others have been working toward this goal [5–7]. Existing standards should be further
disseminated. Opportunities remain to develop new standards and facilitate dissemination of existing standards to
enable the implementation of pharmacogenomics.

Executive summary

Importance of standardization across the implementation process
• Standardization across the implementation process (i.e., clinical laboratory, genetic test ordering and reporting)

will enable efficient and successful integration of pharmacogenomics into routine clinical care and the electronic
health record at a larger scale.

Standardization in clinical laboratory processes
• Standardization in the genetic testing platform and genetic variants tested will ensure adequate quality control

and consistent interpretation of genetic information.

• Efforts are underway to create recommendations for a minimum set of alleles to include in each genotyping
panels [14].

Standardizing the reporting of pharmacogenomic results
• The CDC PGx workgroup addressed many of the key issues of lack of standardization in laboratory reporting but

uptake of these recommendations has been slow [11].

• Lack of standardized terms to describe allele and phenotypes impedes implementation of pharmacogenetics into
the electronic health record and sharing of pharmacogenetic data across platforms. Pharmacogenetic phenotype
LOINC and Systematized Nomenclature of Medicine terms have been created based on the CPIC term
standardization project [12].

• Differences exist between translating genotype to phenotype translation between clinical laboratories and
pharmacogenetic clinical guidelines. Projects are underway to standardize these processes.

Standardizing the pharmacogenomic test ordering & coverage policy processes
• Lack of consistent coverage policies across public and private payers impedes genetic test development and

ordering and remains a challenge.
Clinician education & training
• Initial clinical training in pharmacogenetics is inconsistent and impedes use of pharmacogenetics in clinical

practice.

• As genotype interpretation is standardized, clinician education can be streamlined and focus to optimize
medication use using genetic information instead of the details of interpreting results.
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