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ABSTRACT
Background Active clinical decision support (CDS)
delivered through an electronic health record (EHR)
facilitates gene-based drug prescribing and other
applications of genomics to patient care.
Objective We describe the development,
implementation, and evaluation of active CDS for
multiple pharmacogenetic test results reported
preemptively.
Materials and methods Clinical pharmacogenetic
test results accompanied by clinical interpretations are
placed into the patient’s EHR, typically before a relevant
drug is prescribed. Problem list entries created for high-
risk phenotypes provide an unambiguous trigger for
delivery of post-test alerts to clinicians when high-risk
drugs are prescribed. In addition, pre-test alerts are
issued if a very-high risk medication is prescribed (eg, a
thiopurine), prior to the appropriate pharmacogenetic
test result being entered into the EHR. Our CDS can be
readily modified to incorporate new genes or high-risk
drugs as they emerge.
Results Through November 2012, 35 customized
pharmacogenetic rules have been implemented,
including rules for TPMT with azathioprine, thioguanine,
and mercaptopurine, and for CYP2D6 with codeine,
tramadol, amitriptyline, fluoxetine, and paroxetine.
Between May 2011 and November 2012, the pre-test
alerts were electronically issued 1106 times (76 for
thiopurines and 1030 for drugs metabolized by
CYP2D6), and the post-test alerts were issued 1552
times (1521 for TPMT and 31 for CYP2D6). Analysis of
alert outcomes revealed that the interruptive CDS
appropriately guided prescribing in 95% of patients for
whom they were issued.
Conclusions Our experience illustrates the feasibility of
developing computational systems that provide clinicians
with actionable alerts for gene-based drug prescribing at
the point of care.

BACKGROUND AND SIGNIFICANCE
As implementation of pharmacogenetics into
routine clinical practice progresses, the use of com-
putational clinical decision support (CDS) delivered
through the electronic health record (EHR) will be
essential for effective application of pharmacoge-
netic data to patient care. CDS provides clinicians,
patients, or others with knowledge and person-
specific information, intelligently filtered and pre-
sented at appropriate times to enhance health and
health care.1 There are many ways to implement
CDS within a clinical environment, which can be

classified on the basis of their effect on clinical
workflow. Passive CDS includes order sets, patient
data reports, and documentation templates while
active CDS includes rules and alerts usually deliv-
ered through computerized provider order entry
(CPOE) or other functions of the EHR.2–4 Active
rules and alerts are among the most recognized and
widely used types of CDS.5 CDS has been shown to
improve healthcare processes and provider perform-
ance but its implementation can be challenging.6 7

Unique aspects of pharmacogenetic data make the
ability to actively deliver information through deci-
sion support warnings to clinicians at the point of
care crucial.8 Genetic test results differ from other
laboratory test results because they remain relevant
over a patient’s entire lifetime. Without effective
CDS, pharmacogenetic results collected in the
remote past could easily be forgotten or lost within
a patient’s medical record by the time a patient with
a high-risk phenotype is prescribed a high-risk drug
affected by that phenotype. Additionally, consensus
guidelines detailing the use of pharmacogenetic data
to guide prescribing are now available from the
Clinical Pharmacogenetics Implementation
Consortium (CPIC) of the National Institutes of
Health’s Pharmacogenomics Research Network
(PGRN) and the Pharmacogenomics Knowledge
Base (PharmGKB).9 As additional clinically relevant
genes are discovered and incorporated into clinical
practice guidelines, it will become increasingly diffi-
cult, even impossible, for clinicians to remember all
high-risk genes and associated drugs and to apply
this information to a specific patient’s genetic data
and drug therapy. Clearly, computational support
will be needed to help guide clinical decisions.
CDS that enables use of pharmacogenetic data

each time a relevant medication is prescribed is
especially important as preemptive pharmacoge-
netic testing is embraced. With the preemptive
approach, genotyping is performed and results are
placed in the patient’s EHR before a relevant high-
risk drug is prescribed. This approach is also advan-
tageous as therapy does not have to be delayed
while clinicians are awaiting the return of test
results. The preemptive approach to implementing
pharmacogenetics is compelling because over half
of all primary care patients are exposed to pharma-
cogenetically relevant drugs10 and the approach is
increasingly feasible with the availability of cost-
effective array-based genotyping of hundreds of
pharmacogenes from a single sample.11 Because the
intent of preemptive pharmacogenetics is to
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perform the test once and use the results repeatedly to improve
drug therapy over a patient’s lifetime, active CDS can also play a
role in making certain that pharmacogenetic tests have been per-
formed before a drug is prescribed and that genetic tests are not
unnecessarily duplicated.

There is relatively little published information about the
development and implementation of active CDS for pharmaco-
genetics. A recent systematic review of CDS for personalized
medicine identified only six primary research articles on CDS
for pharmacogenomics.12 Three of these focused on CDS that
was not implemented within the primary EHR, and one ana-
lyzed the feasibility of the computerized use of existing pharma-
cogenomic knowledge for CDS. In 2008, the Dutch
Pharmacogenetics Working Group published their experience in
developing computerized pharmacogenetic CDS that is access-
ible during electronic prescribing and automated medication sur-
veillance throughout the nation.13 One recent article outlined a
pilot study of the feasibility of incorporating preemptive
pharmacogenetics into clinical care by creating a separate,
genomics-based prescribing system used to report test results
and related consultations and to provide links to additional
information.14 Additionally, the Pharmacogenomic Resource for
Enhanced Decisions in Care and Treatment (PREDICT) project
at Vanderbilt University Medical Center provides another
example of preemptive implementation of pharmacogenetics.15

As part of an overall illustration of the implementation process,
they describe their active CDS at the point of care to guide clo-
pidogrel prescribing in cardiac patients genotyped for
CYP2C19.

Objective
Here we describe the development, implementation, and evalu-
ation of active CDS for multiple pharmacogenetic test results
reported preemptively at St. Jude Children’s Research Hospital
(St. Jude).

METHODS
Setting
The comprehensive pharmaceutical services at St. Jude
Children’s Research Hospital provide all medications to
approximately 4200 patients per year, serving inpatients, the
outpatient clinic, and patients requiring prescriptions at home;
most patients are seen on an outpatient basis. While we have
extensive clinical experience with single-gene pharmacogenetic
tests,16 in May 2011 we implemented array-based pre-emptive
genotyping through a clinical research protocol, St. Jude
PG4KDS (http://www.stjude.org/pg4kds). In this protocol, geno-
typing for 225 genes is performed in a Clinical Laboratory
Improvement Amendments (CLIA) certified laboratory using the
Affymetrix DMET Plus array supplemented with a CYP2D6
copy number assay.17 A subset of those 225 results are placed in
the EHR, only after clear recommendations can be made for a
gene–drug pair, such as through the CPIC guidelines.9 We
designed an automated system to incorporate genetic results and
their clinical interpretations directly into the EHR.18

Test results for each gene are reported as diplotypes using the
nomenclature conventions for each gene, and these diplotypes
are translated into probable phenotypes as defined by published
CPIC guidelines (see online supplemental table S1). Each
genotypically-determined phenotype is characterized as either
routine or high-risk. High-risk phenotypes are defined as pheno-
types that would require a change in drug therapy, such as dose
modification or use of an alternate drug. As described below,

specific CDS rules were written to link each high-risk phenotype
with specific prescribing instructions for each affected drug.

Clinical decision support development and design
In 1997, St. Jude committed to transitioning to an EHR with
CPOE (Millennium system, Cerner Corporation, Kansas City,
Missouri, USA).19 As of 2011, St. Jude has fully implemented
the EHR for all aspects of inpatient and outpatient care, includ-
ing orders, documentation, laboratory, and pharmacy. CDS is
used for multiple purposes throughout our EHR. Our focus has
been to both optimize vendor-provided CDS, such as refining
active CDS to limit alert fatigue,20 and to design and implement
customized advanced passive and active decision support to
prevent harm and improve care for St. Jude patients.

Passive CDS in the form of concise clinical pharmacogenetic
test interpretations (or consultations) that are present statically
in the EHR has been previously described.18 All pharmacoge-
netic tests at St. Jude are accompanied by a written consultation
that provides a diplotype-specific interpretation, communicates
the predicted phenotype, and offers general gene-based pre-
scribing recommendations. Active CDS utilizes automated alerts
to intercept the clinician at the point of care and includes both
pre- and post-test alerts. Pre-test alerts are presented to clini-
cians when an order is placed for a high-risk drug (eg, a medica-
tion that is the subject of a published or planned CPIC
guideline), but the patient does not yet have the appropriate
pharmacogenetic test result in the EHR (figure 1). The wording
and recommendations contained in the pre-test alerts, as well as
the pre-test alert recipients, were customized depending on the
medication (see online supplemental table S2). For example,
pre-test alerts for thiopurines are presented on-screen to the
prescriber and via email to clinical pharmacists strongly recom-
mending testing prior to prescribing. For codeine, no on-screen
pre-test alerts are delivered to prescribers to reduce alert fatigue.
Instead, the CYP2D6 pre-test alert sends an email to a clinician
who can order a CYP2D6 genetic test. Additionally, a pharmaco-
genetics pharmacist reviews all of the CYP2D6 pre-test alerts
and follows up with the clinician as needed. At St. Jude, email is
used for numerous other CDS alerts.

Post-test alerts interrupt clinicians with prescribing authority
to prompt a change in prescribing only when a high-risk drug is
ordered for a patient with a high-risk phenotype (figure 1).
These on-screen alerts are also presented to pharmacists on veri-
fication of the prescription. Post-test alerts are specific to each
medication and provide concise pharmacotherapy recommenda-
tions for the phenotype and refer the prescriber to the consult-
ation in the EHR or clinical pharmacist for additional
information.

The text of interruptive alerts is drafted by the PG4KDS
team, drawing from CPIC guidelines and other sources. The
alert language is crafted to be concise and include only the most
important information needed to make the clinical decision at
hand. The resulting alert language is reviewed extensively by the
PG4KDS team before final approval by the Pharmacogenetics
Oversight Committee (see Clinical oversight and governance
section below). This committee approves standard operating
procedures to move a new gene–drug pair into the EHR and
create CDS, and a checklist provides documentation ensuring
that all steps are completed.

High-risk phenotypes are automatically posted as discrete
entries in the EHR problem list based on the posting of a high-
risk diplotype test result in the EHR (see online supplemental
table S1). The problem list entry is the unambiguous trigger that
drives the post-test alerts when high-risk drugs are prescribed.
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Because clinicians at our hospital can order single-gene tests for
selected genes outside the PG4KDS protocol, the CDS is config-
ured to apply to all clinical genetic test results and intercept pos-
sible duplicate genetic tests. Due to the lack of readily available
Systematized Nomenclature of Medicine (SNOMED) or ICD-9
codes for pharmacogenetic test results, we developed custom
problem list entries using a standardized naming convention.
Our convention in building these custom codes was to list the
gene (Human Genome Organization nomenclature)21 followed
by the assigned phenotype (eg, CYP2D6 poor metabolizer;
online supplemental table S1). Wherever possible, phenotype
designation is consistent with CPIC guidelines.22–29 Automated
emails are sent to each affected patient’s primary physician and
nurse practitioner when high-risk phenotypes are added to the
problem list.

Clinical oversight and governance
To provide formal governance of pharmacogenetic CDS and
other aspects of clinical pharmacogenetics at St. Jude, a multi-
disciplinary pharmacogenetics oversight committee was estab-
lished in 2011. The committee comprises physicians of different
specialties, clinical pharmacists, pathology representatives

including lab personnel responsible for much of the genotyping,
clinical informatics personnel, and an external advisor. The
Pharmacogenetics Oversight Committee is a subcommittee of
the hospital’s Pharmacy and Therapeutics Committee, which
reports to the Medical Executive Committee. To date, imple-
mentation of pharmacogenetic CDS has progressed without
controversy, but this reporting structure ensures notification of
the hospital’s top committee for patient care policy (the
Medical Executive Committee).

When adequate evidence is available through publication of
CPIC guidelines or evaluation of primary literature using the
criteria outlined by CPIC,9 decisions to migrate gene–drug pairs
into the EHR and the corresponding use of CDS are made by
the Pharmacogenetics Oversight Committee.

Alert process outcomes
Our CDS system provides event logging of each alert occurrence
for prescribing or dispensing attempts. Custom retrievals for all
alerts during the 18-month period of May 19, 2011 to
November 25, 2012 were written to assemble the alert event
data and the following corresponding data elements: alert
timing (pre-test vs post-test), problem list entry, high-risk

Figure 1 Example of pre-test (top) and post-test (bottom) on-screen clinical decision-support alerts for TPMT.
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medication, role of the personnel to whom the alert was pre-
sented, and the patient’s medical service. The data were exam-
ined to detect patterns in alert firing and handling, describe the
volume of alerts, and assess alert effectiveness. Additionally, the
data were used to identify prescribing attempts per patient in
relation to the first post-test alert for TPMT and thiopurines and
for CYP2D6 and codeine. Medical records were subsequently
reviewed to determine whether the dose was modified or the
medication was changed in compliance with on-screen alert
recommendations.

RESULTS
As of November 2012, 35 customized rules had been built and
activated for two genes and eight drugs: TPMT and thiopurines
(azathioprine, thioguanine, and mercaptopurine) and CYP2D6
and codeine, tramadol, amitriptyline, fluoxetine, and paroxetine
(see online supplemental tables S2–S6). These drugs are com-
monly used in our patients, especially codeine and mercaptopur-
ine. For example, in 2011, 18% of the 4245 patients who received
medications at St. Jude received codeine and 7.5% of patients
received a thiopurine. As of November 2012, 885 patients had
TPMT genetic test results in the EHR (99 of whom had high-risk
results, and 609 patients had CYP2D6 results (67 of whom had
high-risk results). Between May 2011 and November 2012, 2658
alerts were presented to clinical personnel through either
on-screen alerts or email (table 1).

Of those 2658 total alerts, 1628 were presented on-screen to
providers during prescribing or to pharmacists when the orders
were processed for dispensing. The pre-test alerts were issued
1106 times (76 times for thiopurines and 1030 times for

various drugs affected by CYP2D6), and the post-test alerts
were issued 1552 times (1521 times for TPMT and 31 times for
CYP2D6). Most pre-test alerts for CYP2D6 involved orders for
codeine (93%) and almost all post-test alerts (99%) for TPMT
were prompted by prescription of mercaptopurine. Most
on-screen post-test alerts were viewed by attending physicians
(n=651 alerts), followed by pharmacists (n=459) and nurse
practitioners and physician assistants (n=454 alerts) (table 2).

Most alerts (n=1732, 65%) were electronically issued to clin-
icians of patients on the leukemia/lymphoma service, likely
related to the heavy use of mercaptopurine as a backbone for
the treatment of acute lymphoblastic leukemia (table 3).30–33

Fifteen patients had a TPMT post-alert issued at the first pre-
scription of a thiopurine during the evaluation period (figure 2).
All of the patients were being treated for either leukemia or
lymphoma and had a high-risk phenotype of intermediate
TPMT activity. Of those, 14 received the appropriate change in
thiopurine therapy. The one patient who did not have a thiopur-
ine dose reduction after the first interruptive alert was on a
non-St. Jude protocol in which a thiopurine was used for a very
short duration (thioguanine 50 mg/m2 per dose twice a day for
4 days). For the codeine post-test alerts, none of the six patients
who were reported as either poor or ultrarapid metabolizers for
CYP2D6 received codeine after the post-test alert (figure 3).
When the alert outcome data for codeine and thiopurines were
combined, 19 out of 20 (95%) patients who had a post-test
alert at the time of the first prescription received the appropriate
change in therapy as guided by the on-screen alert.

DISCUSSION
Although it is crucial to include pharmacogenetic test interpret-
ation in the EHR as passive CDS,18 interruptive point-of-care
alerts are necessary to ensure that high-risk pharmacogenetic

Table 1 Number of alerts presented to clinical personnel

No. of alerts No. of alerts

Pre-test alerts 1106 Post-test Alerts 1552
CYP2D6 1030 CYP2D6 31
Amitriptyline 40 Amitriptyline 6
Codeine 953 Codeine 9
Fluoxetine 14 Fluoxetine 0
Paroxetine 1 Paroxetine 16
Tramadol 8 Tramadol 0
Unknown CYP2D6* 14 Other CYP2D6 0

TPMT 76 TPMT 1521
Azathioprine 2 Azathioprine 0
Mercaptopurine 64 Mercaptopurine 1517
Thioguanine 10 Thioguanine 4

Evaluation period: May 19, 2011 to Nov 25, 2012.
*Pre-test alerts where the specific triggering drug (amitriptyline, codeine, fluoxetine,
paroxetine, or tramadol) could not be recorded by the alert logging system. These
cases were evaluated manually.

Table 2 Type of provider presented with on-screen clinical decision support (CDS) alerts

Type of Provider No. of Alerts No. of Providers Mean no. of Alerts per Provider Median no. of Alerts per Provider

Attending physician 651 17 38.3 37
Oncology fellow/medical resident 62 13 4.8 3
Dentist 2 2 1 1
Nurse practitioner/physician assistant 454 16 28.4 10.5
Pharmacist 459 34 13.5 6.5

Evaluation period: May 19, 2011 to Nov 25, 2012.

Table 3 Clinical decision support (CDS) alerts categorized by
patient medical service at time of alert

Service Pre-Test Post-Test Total (% of total)

Hematology 76 0 76 (2.9)
Leukemia/lymphoma 223 1509 1732 (65.2)
Neuro-oncology 298 15 313 (11.8)
Radiation oncology 90 0 90 (3.4)
Solid tumor 119 0 119 (4.5)
Surgery 113 27 140 (5.3)
Transplant 164 0 164 (6.2)
Other* 23 1 24 (0.9)
Total 1106 1552 2658

Evaluation period: May 19, 2011 to Nov 25, 2012.
*Comprising after-completion-of-therapy, immunology, and infectious disease
services.
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patient characteristics are not overlooked when high-risk medi-
cations are prescribed or dispensed.34 Our experience illustrates
the feasibility of developing computation-based systems that
provide clinicians with actionable, real-time alerts for gene-
based drug prescribing at the point of care. Alert language is
designed to provide guidance on drug dosing or choice of drugs
and the content reflects evidence-based CPIC guidelines that
provide specific, peer-reviewed recommendations for drug–gene
pairs. Each alert also refers clinicians to other resources: add-
itional consultation with pharmacists, the Pharmacogenetics
Tab in the EHR, or the PG4KDS web page (http://www.stjude.
org/pg4kds), so that clinicians can learn more about the rele-
vance of pharmacogenetic results for high-risk patients at the
time of prescribing. Additionally, because our approach relies on
core CDS functions from a widely used commercial EHR

(Cerner), our methods to implement pharmacogenetic CDS can
be transferred to other institutions using an EHR.

Alert fatigue is a well recognized dilemma with computerized
medical systems, especially associated with active CDS.20 35 36

When too many alerts are presented to clinicians, alerts may be
ignored or overridden, subsequently diminishing the patient safety
benefits of CDS. In a review of 17 published studies, 49–96%
of medical alerts were overridden, leading to inefficiency and
frustration.20 In an effort to prevent alert fatigue, we targeted
alerts only for the relatively rare event of prescribing a high-risk
drug to a patient with a high-priority phenotype and we designed
the alerts to present only the most crucial information (with
concise dosing recommendations and links to additional educa-
tional resources). We created alerts that were very specific for each
high-risk phenotype and associated high-risk drugs. For example,
for TPMT, only approximately 10% of patients have a diplotype
that triggers an interruptive alert if thiopurines are prescribed;
without tailoring alerts to diplotype, the number of patients who
would theoretically prompt an alert is increased 10-fold.

Also, instead of creating a single, generic warning for thiopur-
ine dosing in patients with intermediate or low TPMT activity
(as in the SNOMED diagnostic code of ‘TPMT deficiency’), we
created different post-test alerts for each of the three thiopur-
ines, offering dosing information specific for the drug and the
predicted TPMT activity (intermediate, possible intermediate,
and deficient (low) TPMT activity)—thus creating nine different
alerts. This is more work for the informatics team, but less work
for clinicians at the point of care who must process multiple
alerts every day. While we carefully considered limiting the
number of patient-specific alerts for high-risk TPMT pheno-
types by individual prescriber to one per patient per specified
time period (eg, one per day or per week), feedback from pre-
scribers indicated a desire to continue receiving alerts with each
prescribing attempt for these high-risk patients, and that these
targeted warnings associated with high-risk pharmacogenetic
results were considered the most highly valued of all CDS
warnings.

We translated high-risk diplotypes into problem list entries
and linked interruptive CDS to the problem list entry, rather
than to the diplotype results themselves. This approach creates a
high-risk diagnosis that serves as ‘shorthand’ to remind clini-
cians that the patient is at high risk of undesired drug effects
with at least some medications. Second, it provides a logical way
of summarizing multi-gene high-risk pharmacogenetic diagnoses

Figure 2 Thiopurine prescribing outcomes after interruptive clinical
decision support alerts during an 18-month period (May 2011 to
November 2012).

Figure 3 Codeine prescribing
outcomes after interruptive clinical
decision support alerts during an
18-month period (May 2011 to
November 2012). UM, ultrarapid
metabolizer; PM, poor metabolizer.
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(eg, the combination of CYP2C9 and VKORC1 inactivating var-
iants could be summarized as ‘warfarin high sensitivity’ without
having to deduce this from the raw genetic test results). Third,
it will become more common for patients to have genetic test
results generated from multiple laboratories, perhaps even from
direct-to-consumer laboratories, as well as from phenotypic
tests, and thus there must be a method for assigning pharmaco-
genetic diagnoses manually (if necessary) that synthesizes data
from a variety of sources. It should be noted that this approach
highlights the need for standardized pharmacogenetic diagnostic
codes, and the time to develop such terms is now. In this
regard, Logical Observation Identifiers Names and Codes
(LOINC) codes have been developed (table 4) that should be
considered as modifiers for relevant genes to create useful diag-
nostic codes using a standardized system.37–39

Because the field of pharmacogenetics is constantly evolving,
the scalability of active CDS is important. In our system, CDS
can easily be added for new drugs affected by already imple-
mented genes. For example, we first implemented the gene–
drug pair of CYP2D6 and codeine. After more evidence became
available for amitriptyline, paroxetine, and fluoxetine with
CYP2D6 genotype, we implemented CDS for those medications
prospectively as well as retrospectively for patients who already
had pharmacogenetic results in the EHR for CYP2D6. In the
latter case, we performed CDS retrievals to assess whether any
patient with high-risk CYP2D6 phenotypes had been prescribed
one of the ‘new’ high-risk medications and notified physicians
of any potential problems. We also have the ability to update
any CDS language as new evidence or safety warnings evolve,
such as the new Food and Drug Administration boxed warning
for codeine in children.40 Due to this boxed warning, we also
anticipate modifying our existing CYP2D6 pre-test alerts to
include additional on-screen alerts to prescribers in the future
for codeine and other opioids. Our approach is to implement
new gene–drug pairs based on the level of evidence (generally
as supported by CPIC guidelines), regardless of the frequency of
the high-risk diplotype or the frequency of use of affected
drugs. The strategies we developed for pharmacogenetic CDS
could be readily applied at many institutions. As further data
emerge in the future, our approach will also accommodate more
complex pharmacogenetic CDS, such as alerts that incorporate
multiple genes or drug interactions.41

CONCLUSION
We have implemented an extensible CDS system for delivering
interruptive point-of-care pharmacogenetic alerts based on clas-
sifying genotype results into phenotypic diagnoses. The system
is designed to minimize alert fatigue and to prevent inappropri-
ate prescribing and dispensing decisions. Analysis of alert inter-
vention outcomes revealed that the interruptive CDS
appropriately changed prescribing per the alert recommendation
in 95% of patients for whom they were issued during our
18-month review period.
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