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ABSTRACT

Objective: This paper outlines the implementation of a comprehensive clinical pharmacogenomics (PGx) ser-

vice within a pediatric teaching hospital and the integration of clinical decision support in the electronic health

record (EHR).

Materials and Methods: An approach to clinical decision support for medication ordering and dispensing driven

by documented PGx variant status in an EHR is described. A web-based platform was created to automatically

generate a clinical report from either raw assay results or specified diplotypes, able to parse and combine hap-

lotypes into an interpretation for each individual and compared to the reference lab call for accuracy.

Results: Clinical decision support rules built within an EHR provided guidance to providers for 31 patients

(100%) who had actionable PGx variants and were written for interacting medications. A breakdown of the PGx

alerts by practitioner service, and alert response for the initial cohort of patients tested is described. In 90%

(355/394) of the cases, thiopurine methyltranferase genotyping was ordered pre-emptively.

Discussion: This paper outlines one approach to implementing a clinical PGx service in a pediatric teaching hos-

pital that cares for a heterogeneous patient population. There is a focus on incorporation of PGx clinical deci-

sion support rules and a program to standardize report text within the electronic health record with subsequent

exploration of clinician behavior in response to the alerts.

Conclusion: The incorporation of PGx data at the time of prescribing and dispensing, if done correctly, has the

potential to impact the incidence of adverse drug events, a significant cause of morbidity and mortality.
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OBJECTIVE

This paper outlines the development and implementation of a com-

prehensive clinical pharmacogenomics service within a pediatric ter-

tiary care urban teaching hospital and the integration of related

results with clinical decision support in the electronic health record

(EHR).

BACKGROUND AND SIGNIFICANCE

The clinical application of pharmacogenomic (PGx) principles has

consistently been cited as a major opportunity for improving patient

care. In multiple well-conducted research studies, the results of PGx

testing have been shown to guide therapy choice and dosing modifi-

cations to expedite and improve treatment efficacy and reduce the

incidence of adverse drug reactions (harm not related to medication

error).1,2

There are over 100 US Food and Drug Administration drug labels

containing PGx marker information and several medications that re-

quire the use of pharmacogenetic testing prior to drug initiation, in-

cluding ivacaftor, trastuzumab, maraviroc, dasatinib, and eliglustat.3

Established peer-reviewed guidelines from the Clinical

Pharmacogenomics Implementation Consortium (CPIC) and

Royal Dutch Association for the Advancement of Pharmacy’s

Pharmacogenetics Working Group guide application of genotype re-

sults in the clinical realm.3–5 Nonetheless, application has been limited

and PGx has yet to be fully implemented into routine clinical prac-

tice.6 In 2011 the Pharmacogenomics Research Network established

the Translational Pharmacogenetics Program to understand real-

world barriers to PGx adoption within six diverse healthcare systems

(see Supplementary materials).6

A clinical PGx service has been launched and incorporated into

routine patient care at Boston Children’s Hospital (BCH). Whereas

previously published PGx translational studies were performed un-

der research protocols with constraints on result return and selection

bias, the BCH Clinical Pharmacogenomic Service (CPS) serves all

BCH patients, independent of a research protocol.2 To date, the pri-

mary focus has been on patients with significant adverse drug reac-

tions or extended periods of nonresponse to medications. However

all patients are eligible for consult or referral at the discretion of

their provider, regardless of medical service, medication ordered or

diagnosis.

In many cases for PGx genes of interest, the enzyme name is the

same as the gene responsible for encoding. Some of the more com-

mon terms that will be discussed in this paper include thiopurine

methyltransferase (TPMT), the cytochrome P450 enzymes such as

CYP2C19 and CYP2C9, the vitamin K epoxide reductase complex,

subunit 1 (VKORC1) and the major histocompatatibility complexes

(HLAs). At the time of the study, BCH offered clinical single gene

sequencing for TPMT genotyping for thiopurine dosing and

CYP2C9/VKORC1 genotyping for warfarin dosing with full clinical

decision support in the EHR. Additionally a more comprehensive

225 gene single nucleotide polymorphism-based PGx panel is avail-

able for patients with more complicated histories of multiple adverse

drug reactions and/or nonresponse to various therapies (AffyMetrix

DMET Plus with three additional CYP2D6 probes) as well as an

HLA panel (HLA-A*31:01, HLA-B*15:02, HLA-B*57:01, and

HLA-B*58:01) performed by Medical College of Wisconsin.

Clinical decision support is currently available for TPMT, CYP2C9,

VKORC1, and CYP2C19 and is linked to over 30 medications based

on the CPIC guidelines.7–9 The HLA variant build is currently un-

derway and is supporting ordering and dispensing of carbamaze-

pine, phenytoin/fosphenytoin, abacavir, and allopurinol.

The CPS has focused on the following: (i) acquiring accurate ge-

notype information in an acceptable time frame allowing for clinical

application; (ii) completing an EHR build that allows for easily ac-

cessible displays of genotype results leveraging the gracious help and

extensive knowledge of the previous work done by the team at St

Jude Children’s Research Hospital; (iii) choosing drug-gene pairs

with conclusive support in the literature; (iv) providing discipline-

based education to providers and clinicians in both meeting-based

and computer-based learning formats; (v) encouraging the various

services in the hospital to assess, analyze, and determine when PGx

testing makes the most sense for their patients and subsequently

building algorithms to support those practices; (vi) leveraging and

expanding upon the previous work of the PGx community, unique

clinical reporting infrastructures and customized EHR alerts and

data fields were developed; and (vii) interacting with payers, build-

ing the mechanisms for clinical service reimbursement through col-

laborative drug therapy management practice.

A key requirement for clinical use of PGx data is development of

an appropriate clinical decision support (CDS) system within the

EHR. CDS may be implemented in either an active or passive man-

ner. Passive systems make information available should the practi-

tioner seek it, but generally provide little guidance as to how such

information may be applied to a particular clinical scenario. In this

case, it is not only the responsibility of the clinician to know how

and when to access the information, but also then to deduce if action

should be taken. Additionally, documentation may be text heavy

and difficult to interpret or navigate at the point of care. Active

CDS, in contrast, involves the automatic, interruptive displaying of

dynamic alerts, messages, or reminders based on specified rules or

logic. The display typically requires some action on the part of the

user, such as a manual override or closing of a text box. The general

benefits of active versus passive CDS have been documented and in-

clude a more natural integration into computerized prescriber order

entry workflow and increased physician adherence to recommenda-

tions and clinical practice guidelines.10,11 These advantages are par-

ticularly valuable within the realm of PGx, where it has been shown

that many practitioners lack confidence in applying genomic results

and would find an active system providing guidance and additional

resources useful in practice.12,13 Active alerts at the point of care re-

quiring acknowledgement and providing both clinical insight and re-

sources for further guidance have the potential to enrich the

prescribing process, improving the safety and effectiveness of thera-

pies. In the absence of an active alert system, it is possible that ge-

netic results would sit dormant as scanned PDF documents and may

be forgotten or lost within the EHR over the course of a patient’s

lifetime.

Even with the most robust of systems the question remains as to

which genes to include within the CDS framework. This can be chal-

lenging as PGx evidence is rapidly evolving and literature is being

generated daily with varying levels of clinical strength. To address

this, the CPIC was established by the National Institutes of Health’s

Pharmacogenomics Research Network and the Pharmacogenomics

Knowledge Base to publish guidelines providing insight in identify-

ing which drug–gene pairs have sufficient evidence to implement

clinically actionable recommendations into practice.14 These publi-

cations are peer reviewed, regularly updated, and primarily focus on

a particular drug or gene. Articles include grading levels of evidence
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linking genotypes to phenotypes, strategies for determining pheno-

type based on genotype, and prescribing algorithms by genotype and

phenotype. These guidelines help institutions to determine which

drugs and genes may be eligible for CDS within the EHR, and what

recommendations to include within the alert.

CPIC guidelines are useful in directing CDS with existing PGx

results, however they do not address the question of when to pre-

emptively complete PGx testing.13 This decision is in some cases

determined by drug labeling recommendations but more is often left

up to institutional policies, which can vary even among different de-

partments. Published data suggests that pre-emptive testing may

provide clinical benefit and is the most effective way to utilize phar-

macogenetic data in practice with results readily available at the

time of prescribing.2 In a study published by St Jude Children’s

Research Hospital, 78% of patients tested were found to have at

least one genotype eligible to be entered into the EHR as clinically

actionable. With this and other mounting evidence, the case for pre-

emptive standardized screening for clinical variants holds promise

for the future of PGx in practice. Additionally as PGx testing moves

rapidly into the next generation sequencing realm as part of the nat-

ural progression of personalized medicine, the necessity for clear

policies around security and privacy of a large amount of genomic

data together with return of secondary findings is paramount.

MATERIALS AND METHODS

In January 2012, BCH implemented a new comprehensive clinical ser-

vice for PGx testing to improve patient care. Importantly, clinical

PGx is now considered to be part of standard care for defined indica-

tions at BCH such as prior to the initiation of 6-mercaptopurine in pa-

tients with inflammatory bowel disease. Initially the infrastructure

was designed to support genetic testing for TPMT and thiopurines

(azathioprine, thioguanine, and mercaptopurine). The clinical service

was then expanded to support reflexive and pre-emptive genetic test-

ing using the Affymetrix DMET Plus array (225 genes) supplemented

with CYP2D6 copy number assay, and now are implementing an

HLA panel to support the safe prescribing and dispensing of four tar-

get medications (carbamazepine, phenytoin/fosphenytoin, abacavir,

and allopurinol). All tests are performed in Clinical Laboratory

Improvement Amendments certified laboratories. All results are re-

corded in the EHR and a subset of approved relevant variant statuses

are placed in the patient’s problem list to trigger CDS alerts.

This study was determined to be exempt by the institutional IRB

at BCH.

Prior to implementing the service, BCH established a Clinical

Pharmacogenomics Oversight Committee to provide formal gover-

nance of clinical pharmacogenomics at BCH and provide necessary

oversight to the CPS. The committee is comprised of experts in ge-

netics, clinical pharmacy, pharmacology, research, bioinformatics,

clinical informatics, and various specialties. The Clinical

Pharmacogenomics Oversight Committee is a subcommittee of the

Pharmacy and Therapeutics Committee, which reports to the

Medical Executive Committee. The CPS Oversight Committee

guides the decisions around implementation of pre-emptive testing

alerts, the display of information and approval of the final content

of alert messages.

When adequate evidence is available through publication of

CPIC guidelines or evaluation of primary literature using criteria

outlined by CPIC, decisions to migrate gene–drug pairs into the

EHR and the corresponding use of clinical decision support rules

and reports are made by the CPS Oversight Committee. To ensure

consistent evaluation and patient safety, we developed a scoring sys-

tem to rate gene–drug pairs based on 16 different criteria, such as

benefit to patient, cost, and actionability and may be found in the

Supplementary Materials. By using the scoring system, the

Oversight Committee is able to prioritize EHR build that competes

for Informatics Service Department resources with other hospital

initiatives.

The clinical alerts used at BCH are modeled after the approach

designed by St Jude Children’s Hospital and implemented on the

Cerner EHR platform.1 However, the use cases at BCH in a clinical

setting are substantially different and alerts were therefore adapted

accordingly.

In order to support the laboratory process of reporting results to

the EHR in a usable manner, the team designed an automated sys-

tem to interpret individual nucleotide base calls and determine pa-

tient diplotypes which are then added to a clinical report that is

input directly into the EHR. A web-based platform (written in

Python using the Django Framework and powered by a MySQL

database) was created to automatically generate a clinical report

from either raw assay results or specified diplotypes. The platform is

able to parse and translate TaqMan, Sanger sequencing and

Affymetrix DMET Plus software outputs into star allele nomencla-

ture by extracting reference and alternate nucleotides and corre-

sponding rsID numbers to compute star allele haplotypes. rsID

numbers represent unique single nucleotide polymorphisms and are

important for accurate interpretation. The star allele nomenclature

is unique to PGx and requires careful implementation in the EHR,

as the asterisk symbol is often used as a wild card in proprietary sys-

tems. The haplotypes are then combined into a diplotype call for

each individual and compared to the reference lab call. If any dis-

crepancy is found, an error is created and a report cannot be gener-

ated without further manual review.

The reporting framework is based on pre-defined templates that

can be combined computationally to generate a final clinical report;

thus, a small number of templates can result in a large number of

unique reports. Templates include report header, patient informa-

tion (laboratory accession number, medical record number, patient

name, specimen type), test ordered, genotype reported, interpreta-

tion, gene-specific information, general information, test methods,

regulatory information, and references. Within each template, dy-

namic variables are used as placeholders that are filled in with the

appropriate information in real-time when generating the report.

Variables include genes, haplotypes, diplotypes, phenotypes, and

some special case results where additional information is required.

The language in all the report templates was carefully crafted to en-

sure proper grammar including pluralization. For the TPMT

gene test, three primary report templates were created – wild type

(*1/*1), heterozygous variant and homozygous variant – that can

handle any of the 29 current diplotype combinations (note that dip-

lotypes *1/*3A and *1/*8 have some unique text and require addi-

tional report modification). In the preliminary work done for the

Affymetrix DMET Plus output for CYP2C9/VKORC1 warfarin re-

ports, 8 report templates were created to return results for any of

the 18 possible genotype combinations (note that the report tem-

plates were more complex as compared to TPMT due to variants

called in 2 genes). In some cases, there is not enough information

available to uniquely identify a haplotype. The software is able to

recognize these situations and return the more common haplotype

(or diplotype) with an appropriate rationale based on recommenda-

tions from the clinical PGx oversight committee. For each patient, a

brief provider-friendly summary report is also created that details all
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of the genotypes reported in an easy to read, color-coded table (ie,

yellow for heterozygous variants, red for homozygous variants,

green for gain of function variants), and an interpretation highlight-

ing any recommendations.

The CPS has designed daily reports that are automatically

emailed to the specially trained PGx pharmacists to alert them

when results are posted in the EHR. The alerts have been built to

compare identified genetic variant problems in the patient problem

list when affected medications are ordered. The choice to use the

problem list presented the most flexibility in light of the varied

way genetic data is currently entered into the EHR. The pharma-

cist is responsible for updating the patient problem list with any

clinically relevant variants (see Supplementary Materials) within

24 h. Additional reports run weekly alerting the pharmacist to any

changes to problem lists – either a change or deletion of a CPS en-

tered (verified) problem, and entry of non-coded problems that

look similar in the Systematized Nomenclature of Medicine

(SNOMED) terms but are not coded in the CDS rules. This allows

the CPS to correct any changes that would adversely affect the trig-

gering of CDS alerts. As can be seen below, the SNOMED codes

are often not granular enough to describe the genotype adequately.

This challenge is currently overcome with workarounds and re-

quires advocacy with the National Library of Medicine to adopt

SNOMED codes that are adequate for clinical PGx use.

Once the problem has been listed in the problem list of the pa-

tient’s chart an alert will fire if a prescriber orders a related medica-

tion, recommending action to incorporate the genotype

information into their prescribing decision. The subsequent actions

range from 90% dosing modification as seen with a homozygous

variant status *3B/*3C for TPMT and a thiopurine drug to recom-

mending increased monitoring for effect in the case of a CYP2C19

*1/*17 genotype and sertraline.15,16 The language used in the alerts

to both prescribers and the pharmacists has been carefully crafted.

As pharmacogenetics is only one part of a much larger picture, we

refrained from using words such as “should” or “must.” Multiple

variables are considered when choosing a drug and dose, and some

carry more weight than others. For instance, in the case of warfarin,

clinical factors such as diet play a much larger role in INR dispar-

ities than does the CYP2C9 variant status.17 By design, the BCH

alerts do not dictate exact dosing adjustment recommendations.

Other institutions have opted to include the percent increase or de-

crease in dosage, or even a firm number, in the alert text when ap-

plicable. BCH alerts instead refers the recipient of the alert to either

consult the CPS or refer to their departmental algorithms as the

clinical situations can be significantly different and require dosing

alterations on the opposite ends of the spectrum. For example, con-

sider TPMT dose reduction recommendations for two patients, one

with Crohn’s disease and one status post a renal transplant, both of

whom returned a variant status of *1/*2 (CPIC recommendation

decrease dose of the thiopurine by 30–70%).3 In this case, the pre-

scriber for the patient with Crohn’s disease is likely to use the con-

servative end of the dosing recommendations and decrease the dose

of 6-mercaptopurine by 70%, minimizing the chance of leukopenia

and initiating a slower taper up to a tolerated dose that also con-

trols the symptoms. Meanwhile the transplant prescriber faced with

the possibility of a patient losing a graft, may choose to dose reduce

azathioprine only by 30% to insure maximum therapeutic benefit,

while monitoring closely for adverse effects. The alerts are only ac-

tivated on medications that have been determined by the Oversight

Committee to be significantly affected by the genotype status in or-

der to reduce alert fatigue. The BCH formulary medications and

possible combination drugs that could be prescribed for outpatient

use that are currently coded for a CDS alert can be found in

Supplementary Materials.

The action a clinician performs when presented with an alert

(also referred to as alert behavior) is reviewed on a quarterly basis.

An automated report is generated listing the name of the rule, the

rule event ID code, the name of the patient, the primary name of the

drug (eg, generic name) that triggered the alert, the date and time

the alert fired, the clinician name, the clinician position (House

Figure 1. Alert display to a prescriber ordering warfarin for a patient > 18 years old with a relevant VKORC1 variant status.
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Officer, Pharmacist, etc.), the order ID code, the name of the medi-

cation as typed into the order (includes drug formulation), the order

details including dose, route and frequency, the override default ac-

tion (did the practitioner override the alert or not), the override rea-

son chosen, and override free text reasons if listed. The override

reasons are chosen by the prescriber from a pre-defined list that are

essentially the same with some slight modifications based on drug

and level of actionability associated with the variant status. For ex-

ample, in the case of the HLA-B*57:01 and abacavir, the choices are

“Cancel abacavir” or “Alert acknowledged AND/OR continuing es-

tablished therapy.” For the example of a patient with either a

CYP2C9 variant and/or a VKORC1 variant combined with warfa-

rin, the override choices are “Cancel warfarin” or “Anticoagulation

Service involved AND/OR continuing established dose” for patients

under 18 years of age. For patients over the age of 18 years, the

choices change to “Cancel warfarin” or www.warfarindosing.org

already reviewed OR continuing established dose with an active hy-

perlink to the website (Figure 1). In the case of TPMT and the thio-

purines, the choices are “Cancel order,” “Acknowledge and

Override,” and “Modify.” The modify option was added to allow

for dose modification without creating an override and the subse-

quent documentation of a reason (including free text reasons).

The Oversight Committee is ultimately responsible for deciding the

language used in each alert and solicits input from the clinician

stakeholders. The actions are reviewed for consistency of response

to ensure that the alerts are not consistently overridden with no ac-

tion and thus are only contributing to alert fatigue. The doses of the

medications are pulled out of the clinical display line and charted

against all other dose changes, drug levels, and other lab values of

interest to monitor outcome.

RESULTS

During the study period that is reflective of the first 2 years of opera-

tion (August 2012 to August 2014), 394 patients had TPMT single

gene sequencing and 15 patients with Affymetrix DMET Plus testing

performed and resulted to the EHR. During the study timeframe, no

isolated CYP2C9/VKORC1 assays were performed. HLA testing was

not added until 2015. For the TPMT patients we achieved an average

turnaround time of 7.9 days and reported a clinically actionable vari-

ant incidence of 9.6%, consistent with the literature.15 The

Affymetrix DMET Plus assay results are also listed below, however

no alerts fired during the study timeframe. The patient demographics

are as outlined in Table 1.

The analysis of the TPMT genotypes is as follows: *1/*1

(n¼356), *1/*3A (n¼26), *1/*3C (n¼7), *1/*2 (n¼2), a rare *1/

*8 (n¼1), *3A/*3A (n¼1), and *8/*33 (n¼1), which follow the

expected population allele frequencies (Table 2). Initially the infra-

structure was designed to support genetic testing for TPMT and thi-

opurines (azathioprine, thioguanine, and 6-mercaptopurine) using a

TaqMan assay. Support for Sanger sequencing was subsequently

added (Mutation Surveyor format).

When the patient result was a non-wild type genotype, a problem

of “TPMT enzyme deficiency” was added to the patient problem list

in EHR. For patients with TPMT testing ordered from August 1,

2012 to August 1, 2014, a total of 160 alerts fired for 31 unique pa-

tients and 131 unique orders (Table 3). Seven patients who had

TPMT deficiency recorded in the problem list subsequently never

had an order or prescription written for a thiopurine, thus only 31

of the 38 patients qualified for the alert to fire. The primary practi-

tioners who received the alert were physicians 36 (53%) followed by

pharmacists 15 (22%), nursing with physician co-signature 12

(18%), and nurse practitioners 5 (7%). The majority (89%) of or-

ders were written as outpatient prescriptions. Currently the institu-

tional pharmacists do not review prescriptions and therefore only

the prescriber would receive the alert and not the pharmacist.

Table 1. TPMT and AffyMetrix DMET Plus assay sequencing demographics

TPMT

Patient characteristics N¼ 400 patients, 394 results (6 patients had cancelled tests)

Gender Male¼ 197 Female¼ 203

Race Caucasian¼ 264 African American¼ 18 Asian¼ 4 American Indian¼ 1 Declined to answer

or Other¼ 113

Ethnicity White¼ 177 Hispanic or Latino¼ 17 Declined to answer or

Other¼ 206

Age Average¼ 13.6 years Median¼ 14.6 years Range¼ 0.6–25.7 years

AffyMetrix DMET Plus

Patient characteristics N¼ 15 patients

Gender Male¼ 8 Female¼ 7

Race Caucasian¼ 15 African American¼ 0 Asian¼ 0 American Indian¼ 0 Declined to answer

or Other¼ 0

Ethnicity American¼ 7 Hispanic or Latino¼ 0 Declined to answer

or Other¼ 8

Age Average¼ 23 years Median¼ 17 years Range¼ 11–58 years

Table 2. TPMT results and population frequency

Reported Genotype Expected Enzyme

Activity

BCH

Population

(%)

General

Population

(%)

*1/*1 High/Normal 90.4 89

*1/*3A Intermediate 6.6 11

*1/*2 0.5

*1/*3C 1.8

*1/*8 0.25

*3A/*3A Low/Deficient 0.25 0.3

*8/*33 Likely Low/Deficient4 0.25

Adapted from18 Ford LT et al. 2010,19 Kornbluth A. et al. 2010,20

Sanderson J. et al. 2004 and 13Whirl-Carrillo M. et al. 2012.
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Although the average number of alerts per practitioner was 2.3,

most received three or less (Table 3).

The Gastroenterology service uses pre-emptive testing as stan-

dard of care prior to ordering a thiopurine (97% of gastroenterology

patients were tested) and thus were responsible for 317 of the 355

pre-emptive tests ordered. The other pre-emptive tests were ordered

by various services including hematology, pulmonary, oncology, re-

nal, and rheumatology. Among these groups, renal and oncology

had the highest percentage of reactive testing following an unex-

plained adverse reaction at 100 and 60%, respectively (see Table 4).

In these cases, TPMT testing was ordered in the setting of neutrope-

nia while the patient was actively receiving a thiopurine drug.

The timing of the TPMT genotyping test order in relation to a

prescription for 6-mercaptopurine was analyzed. In 90% (355/394)

of the cases, the test was ordered pre-emptively and the drug was

not ordered prior to result return in the medical record. In 26 cases,

prescriptions for the thiopurine drug were ordered either in conjunc-

tion with the ordering of the TPMT test or during the interim period

between the ordering of the test and result return. Reactive genotyp-

ing was done in 10 cases in light of toxicity manifesting as neutrope-

nia. In 3 cases, the reason for testing was unable to be determined

from the EHR and 6 tests were canceled after ordering without a

reason specified. Pre-emptive testing alerts that would instruct the

prescriber to order testing where feasible prior to starting the

medication have been submitted to our informatics department and

are under review. As there usually is no need to repeat testing for an

individual patient, the ideal behavior for these alerts would look

back across all encounters and direct the prescriber to the result

when there was a previous test available. There is concern that this

will slow system performance to unacceptable levels and requires

significant testing.

All patients undergoing PGx screening with the AffyMetrix

DMET plus panel were referred for testing due to significant or mul-

tiple adverse drug reactions or a history of nonresponse. Actionable

variants in the genotypes approved for return to the medical record

with CDS were found in 100% of patients and recorded in the prob-

lem list of the medical record. For the study timeframe, the CDS

alerts were active for TPMT, CYP2C9, VKORC1, and CYP2C19.

The CDS rules for CYP2C9 and CYP2C19 were activated in

January 2014 and July 2014, respectively. Unfortunately none of the

15 patients were ordered for medications that would be affected by

the CYP2C9, VKORC1, or CYP2C19 variants in the timeframe of

the study, therefore there is no resultant alert data.

DISCUSSION

The above results demonstrate the utility of TPMT genotypes in

clinical practice. In 6 months, the CPS went from planning to pro-

duction for thiopurine/TPMT testing hospital-wide. Future reports

will contain clinical utility data for CYP2C9, CYP2C19, and

VKORC1 as well as the HLA markers as they are implemented.

Bringing the knowledge to the bedside necessitates interruptive

point of care alerts, ie, the right information to the right provider at

the right time. However that must be tempered with the real phe-

nomena of alert fatigue. In order to balance this in our design, the

alerts have been built only to fire if there is an action that is recom-

mended to be taken by the provider, such as a dose alteration, a

monitoring parameter to follow, or an alternative drug selection.

Therefore the wild-type variant statuses do not trigger alerts to the

provider. It could be argued that with this model, the provider does

not know if a drug has been screened against available genetic data.

While that is true, it is far less common for that data to be available

in the general population at this point in time. Additionally if a pro-

vider attempts to order a duplicate PGx test, the system will fire an

alert, displaying the date when the order was last placed and re-

sulted. In the future it is likely the provider will need to know that

no genetic data was available for screening as it will come to be ex-

pected, similar to allergy/adverse effect screening today. Our auto-

mated reporting saves genetic counselor time by calculating

diplotypes and assembling report content, while also ensuring con-

sistent and reproducible reporting. Documentation of code

Table 3. Alert data and provider actions (8 January 2012 to 8 January 2014)

Number of
Patients with

TPMT defi-
ciency added

to the prob-
lem list

Number of
TPMT

alerts that
fired

Number of
patients that

the TPMT
alert fired

Average num-
ber of TPMT

alerts firing per
patient (for

prescribers and
pharmacists)

Number of
unique practi-

tioners for
whom the

TPMT alert
fired

Average num-
ber of TPMT

alerts firing
per

practitioner

Percentage of
prescribers who

cancelled the or-
der in response

to the TPMT
alert (%)

Percentage of pre-
scribers who initiated a

modified dose after re-
ceiving the alert for the

initial prescription
(does not include subse-
quent alerts on refills)

Ratio of inpa-
tient orders

to outpatient
prescriptions

38 160 31 5 (range 1–21) 69 2.3 (range 1–

18)

23 71% (5/7) 15:116

Table 4. Characterization of timing of PGx testing by service (8

January 2012 to 8 January 2014)

Service Pre-

emptive

Reactive Simul

taneous

Unknown Cancelled Total

Allergy 1 1

Ambulatory

Transfer

Treatment

1 1

Gen Peds 1 1

General

Pediatrics

1 1

General

Surgery

2 2

GI 317 11 4 332

Hematology 10 1 8 19

Hepatology 1 1

ICP 2 2

Immunology 2 1 3

Neurology 1 1

Oncology 2 3 5

Ophthalmology 1 1

Outpatient Lab 7 1 8

Pulmonary 4 1 2 7

Renal 3 3

Rheumatology 5 2 3 2 12

Total 355 10 26 3 6 400
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versioning allows for historical transparency of changes over time to

the context of the report. We expect these methods are generalizable

enough that they can be transferred to other EHR systems.

The field is continually evolving and it will become more com-

monplace for patients to have pre-emptive genetic test results.

Therefore it is incumbent upon health care entities to facilitate a pro-

cess for assigning patient specific pharmacogenetic markers. It is im-

portant for hospitals, primary care and specialty practices, and

pharmacies to consider other data sources, in addition to their stan-

dard lab result and screening fields. For example, we have success-

fully prototyped linking our report generation to 23andMe’s

application program interface (API) and could create a report directly

if and when that data is deemed clinically actionable. We recommend

that any future tools have the capability to read in data from any

Clinical Laboratory Improvement Amendments lab. For this to be

acceptable, labs will need to agree on standards for genomic data for-

matting and transmission.

CONCLUSION

Clinical implementation of PGx data into the medication use cycle

poses a significant challenge for healthcare entities. As the field pro-

gresses and the knowledge base expands, healthcare providers will

be expected to consider PGx implications at the individual patient

level. This paper describes the successful implementation and evolu-

tion of a PGx service, focusing on EHR integration for both inpa-

tient orders and outpatient prescriptions. This paper also outlines

key focus areas to consider when implementing clinical PGx in a

healthcare setting. The incorporation of PGx data at the time of pre-

scribing and dispensing, if done correctly, has the potential to im-

pact the incidence of adverse drug events, a significant cause of

morbidity and mortality. Avoidance of these events will improve

lives and save healthcare dollars.
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