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Abstract
Introduction
Over the past 20 years, 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 even preemptive, application of the technology (PMID: 28212969, 25292429, 29377064, 26469045)   Similar to other advances being implemented into health care, a lack of standardization across the field represents an ongoing challenge. For pharmacogenomics successful integration into routine practice, standardization is essential across each step of the implementation process, including laboratory processes, genetic test ordering,, and finally reporting results to the clinician and patient.
Organizations such as the PharmGKB (pharmgkb.org) and the Clinical Pharmacogenetics Implementation Consortium (cpicpgx.org) have been working towards the ultimate goal of translating complex genomic information into actionable phenotypes that are useful for patient care (24479687, 22992668). Standardization of pharmacogenomics in the clinical care environment must be approached on two fronts: the electronic health record (EHR) and clinician education. The first is vitally important because of the point-of-care actionability that it provides to the patient. As clinical records continue the steady transition to the EHR, the standardization of the information presented therein is crucial for consistent clinical decision making and educating current and future prescribers and fillers of these medications.
 Recent efforts to improve standardization include published results of  a Centers for Disease Control and Prevention (CDC) working group that provides recommendations to improve pharmacogenomic implementation by standardizing the allele and variant nomenclature of test results (PMID:26479518).  While progress is being made to standardize pharmacogenetics in practice, additional standardization opportunities remain.  The lack of standards affects the reliability of the genetic test result, and the exchange of structured interpretations between laboratories and the continuity of genetic information being delivered through electronic health records (EHRs). Ultimately, the lack of standardization hinders the development of coherent reimbursement policies that drive patient access and facilitate increased adoption. 
In this paper 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: those within the clinical laboratory, those associated with the ordering of the test, and finally the reporting of test results. Ongoing efforts and the remaining gaps in each of these processes will be highlighted and discussed.
Standardization in clinical laboratory processes (Table 1)
Genetic testing platform	
	Advancements in genetic testing technology can make decisions on which genetic test to order complex. The use of microarrays to detect single nucleotide polymorphism (SNP) and copy number variation (CNV) have been the industry standard for decades. However, improving accuracy and declining costs have accelerated the use of next generation or massively parallel sequencing technologies, especially in the research setting; however, pharmacogenomic implementers mostly are still using array-based platforms. 	Comment by Hoffman, James: Sort of an obvious point –point to streamline writing more? 	Comment by Hoffman, James: Do we want to say that we are setting aside sequencing for now?  Say something that of course it is possible to use sequencing data (can cite St Jude paper) but pragramtically implementers still use arrays so focused there? 	Comment by Caudle, Kelly: Yea, can mention. Edited accordingly. Please add PMID of St. Jude paper most appropriate. There are a few right?
Manufacturers of testing platforms add 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. 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.  The CDC’s Genetic Testing Reference Materials Coordination Program (https://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 required to rigorously validate a platform like clinical laboratories. Standardization of platforms can occur if there is FDA-approval or clearance of devices. The FDA in the past has not approved certain variants on devices (e.g., Roche Amplichip) that are not well-characterized. Since FDA-cleared or approved platforms are often frozen in time as the cost-benefit ratio for improvements to a platform is not in the financial interest to manufacturers. Newer platforms on the market will often have more variants than previous cleared platforms in hopes of an arms race where more is better. For pharmacogenomics, where information is rapidly evolving, older platforms are often obsolete.  	Comment by Pratt, Victoria: I can add references	Comment by Caudle, Kelly: Yes, please provide the PMIDs!	Comment by Hoffman, James: References here?
But how much does FDA approval really matter?  I guess sometimes it doesn’t but often it doesn’t since can go down lab developed test pathway?? 
Seems like this is missing something….	Comment by Caudle, Kelly: Vicky-can you address? Thanks!
Genetic variants tested
Different laboratories and genetic tests interrogate different genes and variants, which can lead to meaningful differences in results. Currently, standards do not exist for variants that must be tested (PMID: 20889555).The  CDC’s Genetic Testing Reference Material Coordination Program (GeT-RM) conducted a study where 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 (SNV) genotyping, copy number variant (CNV) assessment, and DNA sequence analysis) (PMID: 20889555).. 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. The implications of these findings are clinically critical as it can cause an incorrect assignment of phenotype and ultimately result in a different recommended clinical action. 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) (1, 2).  If rs28399504, which defines the CYP2C19*4 haplotype, is not tested, CYP2C19 intermediate metabolizer could be misclassified as an ultra-rapid or normal metabolizer (PMID:26479518). 
Currently, the Association for Medical Pathology (AMP) has an effort underway to create recommendations for a minimum set of alleles to include in clinical each 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. In addition, alleles that do not currently meet one or more of the criteria for inclusion in Tier 1 and are thus considered optional for clinical testing (Tier 2). These recommendations are intended to facilitate testing by laboratories and to improve genotyping concordance across laboratories.  (Pratt VM, Del Tredici AL, Hachad H, Ji Y, Kalman LV, Scott SA, Weck KE.  CYP2C19 Genotyping Recommendations: A Report of the Association for Molecular Pathology.  J Mol Diag (in press).	Comment by Hoffman, James: Can we make a closing comment on likelihood of adoption – is this something labs would pick up quickly or will they need to be pushed to use?  A sentence or two of context/commentary would help close out this section 

We mention sequencing above – do we need to go into how these recommendations would relate in a sequencing scenario? 	Comment by Caudle, Kelly: Vicky-can you address? How would these become standard? Who regulates this? 
Standardizing the reporting of pharmacogenomic results (Table 1)
Reporting pharmacogenomic results to clinicians and patients has many steps, from the initial laboratory results reporting to the transfer of the laboratory report to the EHR to the information presented to the prescribing clinician at the point of care. Standardizing all these processes, while ensuring communication, is crucial to consistent and effective implementations of pharmacogenomics in clinical practice. The CDC working group describes areas of the laboratory report that are not standardized and summarizes the lack of standardization for nomenclature for sequence variants and alleles. (PMID:26479518) In all, nine recommendations for standardization are outlined including four addressing the naming of sequence variants, one for naming variants and four recommendations for the test report. However, Tthe CDC 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. 
Sequence Variant and Allele Nomenclature 
Sequence variant naming uses the Human Genome Variation Society (HGVS) nomenclature. However, because the HGVS nomenclature does not denote a reference sequence, the same variant could be named using various reference sequences. The CDC workgroup did recommend naming sequence variants by using HGVS nomenclature but also recommended which reference sequences should be utilized (i.e. Locus Reference Genomic (LRG), RefSeqGene and/or Human Genome Reference Assembly (HGRA). 
The star (*) allele nomenclature is the most common nomenclature for naming alleles for pharmacogenomics. However, some genes, such as VKORC1, are reported using a variety of nomenclature systems. Furthermore, the naming of the star (*) alleles is generally maintained by specific nomenclature committees (i.e, TPMT, UGT, NAT, HLA), but not always updated in a systematic and efficient way. For example, the UGT nomenclature database has not been updated since 2007 (https://www.pharmacogenomics.pha.ulaval.ca/wp-content/uploads/2015/04/UGT1A1-allele-nomenclature.html). For some genes, such as SLCO1B1 and DPYD, formal nomenclature committees do not exist and naming of alleles is not managed. However, the Human Cytochrome P450 Allele Nomenclature Database has provided systematically classified CYP allele variants, and has named star (*) alleles for the past 15 years.	Comment by Hoffman, James: I would move up the CYP/PharmVar first and say hey if it is CYP it gets kept up pretty well but then there are these others… so recommend reordering 	Comment by Caudle, Kelly: I am not sure that is even true! Not sure how to say that though as this database was pretty outdated too! So I just deleted sentence
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 the global pharmacogenomics community, but will expand to other genes such as SLCO1B1 and DPYD (PMID: 29134625). 
Variants tested
The CDC working group also provided four recommendations for the test result including a recommendation for how to report the variants observed as well as listing all variants that can be detected by the test. As discussed above, not all laboratories and/or genetic tests interrogate the same genes and variants within those genes. Because of this, it is critical that the genetic test laboratory reports list variants that can be detected by the assay. By default, if no variant is detected, patients with variants not tested will be assigned a “wild-type” genotype (e.g., *1). Thus, knowledge of the all variants tested is needed to interpret the genetic test result. 
The uptake of CDC working group recommendations has been slow. Bousman et al.  compared the coverage and results reporting of CYP2D6 and CYP2C19 for pharmacogenomic testing in psychiatry (PMID:28777243). 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 plus one other included one from CPIC. 	Comment by Caudle, Kelly: This paragraph sums up the recommendation from the CDC which is all the above. Below are not included in the CDC recommendations. Trying to figure best way to break this up.	Comment by Hoffman, James: Move to discussion towards end to give a bit of the current landscape and prospects for future – use this as an example 
Allele function and phenotype nomenclature 
Laboratories report a variety of different terms to describe allele function and the corresponding phenotypes (e.g., Normal metabolizer vs. extensive metabolizers). Not only are the various terms used to describe phenotype confusing to patients and clinicians, but this also impedes best use in the EHR with clinical decision support and sharing of pharmacogenomic data across different platforms. 
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. Shortly after in 2015, AMP formally endorsed as set of standardized terms describing clinical significance that are being used in ClinGen, ClinVar, and PharmGKB. 	Comment by Hoffman, James: Reference? 	Comment by Caudle, Kelly: Vicky?	Comment by Hoffman, James: Reference?	Comment by Caudle, Kelly: Vicky?
Additionally, CPIC recently led an effort to standardize terms for clinical pharmacogenomic tests. 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 (PMID: 27441996). 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 clinical decision support by obtaining LOINC identifies 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 (PMID: 27441996).  	Comment by Hoffman, James: Do we need a sentence about here summarizing what we did?  Or just assume will read the paper? 	Comment by Caudle, Kelly: Not sure we have room or that it will add anything???
Continuing work in this area, led by the CPIC Informatics Working Group, aims to standardize another widely used medical terminology particularly important to clinical decision support, the Systematized Nomenclature of Medicine – Clinical Terms (SNOMED CT). The working group identified 39 concepts in need or replacement or updating and 18 to be removed from the current SNOMED CT library. A formal request was submitted and subsequently approved and the new concepts were implemented in January 2018 (www.snomed.org/snomed-ct).
Genotype to phenotype translation 
The process of translating genotype to phenotype is critical for implementation. CPIC publishes dedicated tables in their guidelines that provide a comprehensive translation from diplotype to interpreted phenotype. The process of translating genotype to phenotype is critical for implementation,However, this translation is  but not standardized for all genesacross laboratories or even pharmacogenomic guidelines. For example, reporting of CYP2D6 phenotype based on genotype is not standardized across clinical laboratories and even in pharmacogenetics clinical guidelines, such as the CPIC and the Dutch Pharmacogenetics Working Group (DPWG) guidelines. Ssome laboratories and the Dutch Pharmacogenetic Working Group (DPWG)PWG guidelines consider an activity score (AS) of 1.0 (e.g. combination of a normal and no function allele or two decreased function alleles) as a CYP2D6 intermediate metabolizer, while the package insert of the Amplichip and CPIC guideline categorizes this score as an CYP2D6 normal metabolizer (3-5). CPIC is in the process of conducting a project to determine consensus among CYP2D6 experts as to the definitions used to assign CYP2D6 phenotype based on genotype. Furthermore, CPIC publishes dedicated tables in their guidelines that provide a comprehensive translation from diplotype to interpreted phenotype and is used by many pharmacogenomic tests in clinical care. 	Comment by Hoffman, James: Would put this earlier – why bury it – say CPIC does this and sets a standard – cite JAMIA paper but then there are still challenges… 	Comment by Hoffman, James: Discussed summarized later 
Other discrepancies exist between pharmacogenomic guidelines with regards to phenotype assignment and clinical recommendations. To resolve these issues, a recent collaborative paper between CPIC and the Dutch Pharmacogenetics Working Group (DPWG) highlighted differences between variant calls,  associated clinical recommendations, and the underlying methodologies (PMID:28994452). Although highly similar, discordances were found for approximately 20% gene-drug pairs in terminology for both allele function and phenotypes, and more concerning, the differences in clinical classification for specific variants. For example, individuals with the CYP2C19 *1/*17 variants genotype are classified as rapid metabolizers by CPIC and normal metabolizers by DPWG. Since recommendations are based on phenotype, the assignment of phenotype based on genotype is an important aspect to clinical implementation and reporting of different inferred phenotypes across laboratories and guidelines has created a lot of confusion and inconsistencies in recommendations. To maximize the utility of pharmacogenomic test results, it is desirable to standardize these definitions. CPIC and the DPWG are working together to establish more unified translation of genotype to phenotype as guidelines are updated and new guidelines created.	Comment by Hoffman, James: Of course but what is the way forward?  Does it take gene experts? Some other group? We should try to do more than state the problem… 	Comment by Caudle, Kelly: Added sentence but might need to make wording not so strong as the DPWG say they are working with us but not sure how true this is. Need to run by Mary.
Standardizing the pharmacogenomic test ordering and coverage policy processes (Table 2)
Pharmacogenomic test selection
As the number of pharmacogenomic tests available to clinicians continues 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. The issue of standardizing which genes are included on the panels brings forward financial and market dynamics. As labs 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.   . Tests are offered by many different laboratories specifying different gene panels based on the highly curated work of CPIC and PharmGKB, while others extend their reach into more questionable 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 (27864205).  
The ideal state for pharmacogenomic test ordering is one where the clinician responsibility is minimized and genetic results are available to the clinician at the first point of prescribing through preemptive testing. Carefully selected and intuitively designed alerts in the clinical decision support (CDS) systems will provide the most advanced use of this data. Until this state is realized the most optimal situation would be one where clinicians are tacitly aware of the utility behind the pharmacogenomic tests most applicable to their care responsibilities. Institutions interested in implementing pharmacogenomic protocols should be prepared to invest in updated informatics to design CDS systems with both active and passive alerts for drugs ordered that have pharmacogenomic associations. This, coupled with new, more specific 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.	Comment by Nick Keeling: Is there a paper we could reference that shows how SJ does this?	Comment by Hoffman, James: Yes several 
https://academic.oup.com/jamia/article/21/e1/e93/2909254 

https://academic.oup.com/jamia/article/21/e1/e93/2909254 

http://www.ajhp.org/content/73/23/1967.short?sso-checked=true&ct=fb2b44611c9a090d5d8cedbc67d157c634363992ec22e9e5482698e8574b5abde5b05868ba056598d40e5e122e0ec517932e4abf824343d8b59cdce20eb1eeec 

http://onlinelibrary.wiley.com/doi/10.1002/psp4.12173/full 
Several academic institutions and consortiums have been working on integrating pharmacogenomic information into the EHR and following the actionability of this data. 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 when clinicians feel compelled to advocate for reimbursement on behalf of their patients. 
Pharmacogenomic testing reimbursement 
Health insurance reimbursement for pharmacogenetics is limited, especially the preemptive approach. Opportunities for standardization exist from at least two perspectives  that has a direct bearing on coverage of pharmacogenomic testing. 
First, payer perspectives on the clinical utility of pharmacogenomics by organization. Few organizations are appropriately equipped to lead standardization in reimbursement, although the CMS national coverage decisions are seen by the industry as a potential benchmark to model (PMID:29261180). CMS has thus far been skeptical of the utility of pharmacogenomic testing, going as far as actually pulling back and tightening reimbursement criteria for several drug-gene pairs (www.cms.gov/medicare-coverage-database).	Comment by Hoffman, James: Nick ist here more here to summarize this vs. website? 
Recall the GIM paper where the number of CMS codes was quite impressive…. Should that be cited 
Second, the lack of more specific CPT codes for panel testing that cover a multitude of genes and variants. Due to this insufficiency, claims for multi-gene panels that are currently reimbursed by CMS and some commercial payers are filed under an “unlisted molecular pathology procedure” CPT code (81479). Most other germline pharmacogenetic testing CPT codes currently available are limited to variants in single enzymes or genes (CYP…2C19, 2D6, 2C9. and VKORC1, UGT1A1). Use of a generic CPT code for multi-gene panels precludes efficient implementation of multi-gene panel testing. Payers are unable to track the appropriate use of tests ordered under this current structure, and this likely leads to additional inefficiencies, as well as an inability to track these patients and their subsequent outcomes to improve the discussion on clinical utility. While some payers will only accept CPT code 81479 for panel reimbursement, others allow gene code stacking to account for panel ordering. With approximately 10 new CPT Tier 1 codes for pharmacogenetic genes becoming usable in 2018, the use of stacked coding looks to be the best way to currently track associated outcomes, while remaining cumbersome.
 The importance of more rational reimbursement in this space cannot be understated, and additionally, it’s influence on test ordering. 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. As reimbursement remains rather elusive, benefits from pharmacogenetic testing will only be available to those individuals who are able and willing to pay the full out-of-pocket costs.	Comment by Hoffman, James: Cite this recent study	Comment by Hoffman, James: Nick wrote – need reference from him!
Discussion – Impacts on Clinical Practice and Patient Care
	The proliferation of pharmacogenomic testing in the health care system is a complex undertaking highlighted by the aforementioned areas that need a higher degree of standardization for efficient implementation to take place. Figure 1 summarizes these processes and how standardization will impact clinical practice and patient care. Ultimately, standardization impacts the transfer of information….	Comment by Caudle, Kelly: I think we need a nice strong sentence here pulling it all together in a meaningful way.	Comment by Hoffman, James: Let me think about this more 
	Advances in clinical informatics underpin one of the most crucial aspects of effective implementation of pharmacogenomics in practice, and that is the reporting of understandable and actionable pharmacogenetic results. Several large academic health centers and national consortia have dedicated considerable resources to understand how best to achieve integration into clinical care. (PMIDs: 29295340, 28639489). This is a dynamic process that touches all three of the major standardization processes described in this review. For clinical informatics staff to effectively implement and update new gene/drug pairs into a decision support system there must be consistencies in which genetic tests are performed and reported particularly using standard nomenclature. 
	The decision to make a dosage or medication change based on a particular phenotype is first based on the genotype to phenotype conversion, and standardization of this information, as noted above, remains incomplete. The rigorous efforts of CPIC to curate the extensive pharmacogenomic information into actionable clinical decisions, and also push for standardization of phenotype terms, could serve as a useful model moving forward on similar initiatives outlined above (PMID: 27441996). 
More here on how reported – both in what they say (specificity of star allele and interpretation content) and how info travels from lab to clinical site (e.g. usually an evil PDF)	Comment by Caudle, Kelly: Need to work this into conclusion: “enable information transfer, etc.

· Training materials and competencies
· PharmD and MD curriculums

I think this is also chance to assess how optimisitic/pessimistic we are some of this will happen – for example, I’m most concerned reimbursement/economics will take longest – maybe this is last point before conclusion 
Conclusion
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