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Abstract
Routine integration of genotype data into drug decision-making could improve patient safety,
particularly if many relevant genetic variants can be assayed simultaneously before target drug
prescribing. The frequency of pharmacogenetic prescribing opportunities and the potential adverse
events (AE) mitigated are unknown. We examined the frequency with which 56 medications with
known outcomes influenced by variant alleles were prescribed in a cohort of 52,942 medical home
patients at Vanderbilt University Medical Center. Within a five-year window, we estimated that
64.8% (95% CI: 64.4%-65.2%) of individuals were exposed to at least one medication with an
established pharmacogenetic association. Using previously published results for six medications
with well-characterized, severe genetically-linked AEs, we estimated that 398 events (95% CI,
225 - 583) could have been prevented with an effective preemptive genotyping program. Our
results suggest that multiplexed, preemptive genotyping may represent an efficient alternative
approach to current single use (“reactive”) methods and may improve safety.

Introduction
Pharmacogenetics encompasses an increasing body of knowledge that links genetic variation
to clinically important drug responses.(1,2) Although the US Food and Drug Administration
(FDA) began incorporating this information into drug labels in 2007, including the listing of
some as “black box warnings,”(3,4) a clear path towards applying pharmacogenetics to
routine healthcare practice remains unknown.(5) Currently, pharmacogenetic testing is
typically ordered at the point of care when initiating a treatment regimen. This one-at-a-
time, reactive approach has several drawbacks. For example, the correct test must be
ordered, retrieved, and interpreted by the physician, after which the patient must be

Correspondence information: Joshua C. Denny, MD, MS, Eskind Biomedical Library, Room 448, 2209 Garland Ave, Nashville, TN
37232, USA, phone (615) 322-2959, fax (615) 343-2325.
*co-first authors.

Conflicts of interest
The authors have no conflicts of interest to disclose.

NIH Public Access
Author Manuscript
Clin Pharmacol Ther. Author manuscript; available in PMC 2013 September 27.

Published in final edited form as:
Clin Pharmacol Ther. 2012 August ; 92(2): 235–242. doi:10.1038/clpt.2012.66.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



recontacted if changes are needed. Such an approach is especially problematic when
treatment cannot be deferred. A delay in obtaining genetic results to guide drug selection or
dosing may render the information obsolete as interim decisions are required and providers
may not effectively respond to genetic results returned beyond the typical time frame of a
clinical encounter. Further, single tests of individual genes are likely to be expensive relative
to the potential benefit for guiding a single therapeutic decision.(6,7)

An alternate vision is to prospectively collect and embed data on multiple pharmacogenetic
variants into the electronic health record (EHR).(5,8) The routine application of genotyping
to drug decision making is enabled by a rapid decrease in per genotype cost and the
development of EHR systems with advanced point of care decision support capabilities. In
this paradigm, generation of a prescription would automatically trigger a search for genetic
variant information in the patient’s EHR; if variants that affect the drug are identified, the
system guides the practitioner to the most appropriate individualized therapy. An especially
appealing feature of this preemptive approach is that testing can be multiplexed, assaying
hundreds to thousands of relevant genetic variants in a single genotyping assay. In this way,
the genetic testing results can be reused as multiple drugs linked to different genetic variants
are prescribed over time and as the knowledge base of variant effects grows.

We present an analysis of drug therapies with known pharmacogenetic effects in a
population receiving primary care at Vanderbilt University Medical Center (VUMC). We
combined medication exposure information from VUMC with variant allele frequencies,
overall adverse event (AE) rates, and excess risk estimates from published data, to estimate
the number of AEs (including both drug toxicities and efficacy failures) that might have
been prevented using an effective, preemptive pharmacogenetic genotyping strategy for six
well-characterized medications with severe AEs. Our findings support the development and
further evaluation of incorporating preemptive genotyping into standard care.

Results
Pharmacogenetic medication exposure

We identified 52,942 medical home individuals eligible for inclusion in our study from the
Synthetic Derivative (SD), a de-identified version of the Vanderbilt EHR. Table 1 shows
demographic characteristics and clinical experiences during the time they were observed
from January 2005 to June 2010. The gender distribution was 58% female, and the ancestry
distribution was 73% European American (EA), 13% African American (AA), 3% other,
and 11% unspecified ancestries. We have found that those of unspecified ancestries tend to
distribute proportionately into the EA, AA, and other ancestry groups.(9) We therefore
estimate the medical home population is composed of 82% EA, 14% AA, and 4% other
ancestries. The median age of all individuals was 54 years at the medical home date
[interdecile (10th-90th percentile) range (IDR): 31-75]. The median follow-up time was 3.1
years (IDR: 0.6-5.4). Over the course of follow-up, 64.7% of individuals were prescribed at
least one of the 56 medications with drug labels indicating known pharmacogenetic
variation in response, and 12.0% of individuals were prescribed four or more of them.

Figure 1 shows the cumulative incidence of medication exposures over five years following
the medical home date. According to the upper left panel, 54.0% (95% CI: 53.5%-54.4%),
62.3% (61.8%-62.7%), and 64.8% (64.4%-65.2%) of individuals were exposed to at least
one PG medication within one, three, and five years, respectively. The exposure rate to at
least two, three, four and five medications by the end of year five was 40.0%
(39.6%-40.4%), 22.9% (22.5%- 23.3%), 11.9% (11.6%-12.1%), and 5.9% (5.7%-6.1%),
respectively. In the medical home population, this corresponds to 3123 (3018 – 3229)
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patients exposed to at least five PG medications. Figure 1 also shows the cumulative
incidence of exposure to the twelve most commonly prescribed medications in our list.

Table 2 shows five-year exposure rates (per 1000 individuals) to the 25 most commonly
prescribed PG medications included in our list. The estimated exposure probability was
more than 10% for each of the top six most commonly prescribed medications (simvastatin,
metoprolol, esomeprazole, warfarin, atorvastatin, clopidogrel), and was more than 5% for
each of the top twelve. The five-year exposure rates for the less commonly prescribed PG
medications are shown in the Appendix (see Table A1).

Estimated preventable adverse events
Table 3 shows the results of the number of possible AEs prevented assuming a highly
effective intervention based on available genotypic data for a select group of medications.
Details regarding the specific calculations and the data used from each study are provided in
the Methods section and in the online Supplementary Material. As an example of how this
table should be interpreted, consider the tamoxifen row. The probability of a recurrence
within nine years that was estimated from a prior study (10) was 0.186. Using this event
probability, the probabilities of being an extensive, intermediate and poor metabolizer of
CYP2D6 (i.e. 0.62, 0.33, and 0.05, respectively), the hazard ratio of breast cancer recurrence
for each genotype, and the number of expected exposures to tamoxifen in the VUMC sample

, we calculated that with an effective mitigation strategy we might have the
opportunity to prevent 11 (95% CI: 1-22) breast cancer recurrences among intermediate
metabolizers and 4 (0-9) recurrences among poor metabolizers. We estimated prevention of
172 (34-316) and 93 (8-193) CYP2C9*2 and CYP2C9*3 attributable bleeds for those on
warfarin, respectively. It should be noted that both tamoxifen and warfarin have relatively
narrow therapeutic indices. However, even with simvastatin, a drug with a very wide
therapeutic index and a correspondingly low event rate, assuming patients receive 40 mg
doses, (11) we estimated the potential prevention of 19 (8-30) cases of true myopathy (>10-
fold elevation in creatine kinase level) attributable to the SLC01B1 C allele. It should be
noted that the number of preventable AEs is directly proportional to and therefore highly
influenced by the assumed event probabilities. In the Appendix, we report a sensitivity
analysis that calculates numbers of preventable AEs over a range of event probabilities (see
Table A2).

Across the medication-AE combinations studied here, we estimated that an effective
preemptive, multiplexed genotyping program could have prevented a total of 398 (225-583)
adverse events among 52,942 individuals, while only considering six severe adverse drug
events. We refer readers to a web application (http://data.vanderbilt.edu/rapache/Case4PG)
that calculates the number of preventable AEs from user defined data inputs and to the
Appendix that provides a contour plot of the number of preventable AEs for a broad range
of population features (variant allele frequencies and odds ratios of AEs associated with
variant alleles).

Discussion
To our knowledge we report the first assessment of the potential benefits of prospective
measurement of pharmacogenetic variants across multiple genes simultaneously to guide
future drug therapy. Our analysis suggests that a significant portion of a large, real-world
medical home population is exposed to PG medications, with 65% of VUMC individuals
expected to receive at least one and more than ten percent expected to receive at least four
PG medications within five years from the established medical home date. Each of these
exposures represents an additional opportunity to utilize preemptively captured genetic data
to guide therapy. Assuming adverse drug outcomes (including side effects and therapeutic
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failure) attributable to genetic variation are averted, we estimated that the effective use of
pharmacogenetic information potentially could have prevented 398 (95%CI: 225-583)
serious adverse events in this population. Thus, we believe that our results suggest that the
use of prospective collection of genotype data might present an efficient alternative
approach to current methods.

In estimating the number of AEs prevented, we have only included six AEs that are
clinically serious, and only those genetic variants for which reliable outcome data have been
reported. Indeed, other variants such as VKORC1 are likely to have important effects on the
incidence of warfarin-related bleeding.(12) A preemptive genotyping program could also
lead to the prevention of less serious and more common adverse events and more efficient
dosing and selection of medications. For example, the number of patients needed to
genotype to prevent a 20% over or under dosing of warfarin was estimated to be
approximately 13.3.(12) Thus, we could have improved warfarin dosing on approximately
500 individuals in the medical home population. For less severe cases of simvastatin-
induced muscle toxicity, that may occur in approximately 3% of patients, we estimated that
we might have been able to prevent approximately 190 cases. Genotyping technology that
enables the simultaneous capture of information about multiple variants in multiple genes
makes a preemptive genotyping program feasible.

It is beyond the scope of this study to conduct a full-scale economic analysis; however, we
believe that with effective mitigation strategies, and relative to the likely program costs, the
savings to a health care system are potentially large. For example, some estimated costs (in
2010 US$, including professional and institution services) include: warfarin-related
bleeding, $11,542;(13) breast cancer recurrence, $24,400-56,521 (in the first year); (14) and
abacavir hypersensitivities, $121-$36,850, depending on severity.(15) According to these
analyses, the utilization of prospective genotype data might have prevented 265 warfarin
related bleeds due to two common CYP2C9 variants alone. With the plummeting costs of
genomic testing, which could soon reach $100 for sets of common PG variants, such a
program could prove to be highly cost-effective in addition to benefiting patients.

The potential utility of this approach is underscored by the recent Patient Protection and
Affordable Care Act of 2010, through which federal legislators have established an
aggressive timeline to encourage widespread implementation of EHRs, and to provide
incentives if the application is determined to fulfill pre-specified “meaningful use”
objectives. The implementation of clinical decision support rules related to high priority
conditions like preventable AEs may typify “meaningful use.” Growth in EHR adoption
provides the foundation to rapidly implement decision support rules for genetic prescribing
across many healthcare systems nationally.

While the results of this research point towards a beneficial impact of preemptive,
multiplexed genotyping, it is important to recognize several limitations. First, only
medication exposures that were observed at VUMC were recorded, and so medications
obtained elsewhere were not included in our calculations. Second, since the medical home
date occurred at a single point in time, our estimates of medication exposure rates are only
directly applicable at that time-point and may not be applicable to all patients, dynamically
over time. Third, the medical home requirement (i.e., three clinic visits in two years
occurring after January 1, 2005) may lead to a sample that differs from the general
population of adults due to selecting patients who are seeking healthcare multiple times.
Likely they would be older and sicker than the general population. We do not believe the
population is fundamentally different than that seen in other medical home populations,
though application of these results to other populations minimally would require careful
consider consideration and likely will require further research. Fourth, for calculating AEs
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prevented, we used AE rates derived from research cohorts; we expect real-world rates are
likely to be similar or higher given compliance issues and other barriers to optimal care, as
has been demonstrated recently with major cardiovascular events during clopidogrel
therapy.(16) Future studies could use carefully defined EMR algorithms based on natural
language processing (such as developed previously) (17) or patient observation to determine
actual AE rates. Fifth, the overall impact of a preemptive genotyping program would vary
depending on the demographic and ancestral makeup of the population to which it is
applied. Sixth, in our calculation of number of AEs prevented, we did not incorporate all
sources of uncertainty. For example, we assumed genotype probabilities and overall adverse
event rates were known quantities. Lastly, in many cases, we do not know how well a PG-
based intervention, if used, would perform for those in the high-risk genetic strata and how it
would alter adverse event risk profiles. In this manuscript, we assumed a highly effective
mitigation strategy that reduced the higher risk genetic strata to the baseline risk. We point
the reader to a web application that performs calculations for individual AEs and that
features inputs such as mitigation strategy effectiveness (see http://data.vanderbilt.edu/
rapache/Case4PG). Ideally, future studies will seek to examine pharmacogenetic effects in
the presence of alternative strategies as was done in one study,(18) that examined the
interaction between CYP2C19 polymorphisms and clopidogrel versus prasugrel treatment.
Factors such as the cost and efficacy of alternative therapies, compliance with medication
regimens, delivery of complex PG-based decision support to providers, and insurance
coverage would each impact PG-based mitigation strategies.

In summary, we present a study of a medical home population for possible exposures to
medications with FDA-listed pharmacogenetic variants. The widespread exposure of this
population supports the development of systems that incorporate prospective genotyping and
that thus will allow examination of the extent of applicability to other populations, and
evaluation of the logistics, patient understanding, costs, and outcomes of this approach.

Methods
Identifying individuals using VUMC as their Medical Home

To identify individuals followed by physicians at VUMC, we selected the subset that had
completed three outpatient visits in a two-year time frame within primary care, nephrology,
cardiology, or diabetes clinics. These individuals were considered to have their primary
“medical home” at VUMC. To be included, individuals had to meet the medical home
definition after January 1, 2005, the date after which the current EHR system at VUMC was
used uniformly throughout all inpatient and outpatient facilities.

Measurement of drug exposure
Once the medical home date was established, we obtained prescription records from that
date through June 30, 2010 by combining all inpatient and outpatient electronic prescription
records with medication records extracted from clinical documentation using a validated
natural language processing (NLP) tool.(19) Records scanned included outpatient
medication lists and all electronic clinical documentation, such as clinic notes, discharge
summaries, and provider-staff communication. This approach has been shown to produce
drug-exposure records with high specificity.(20,21) All NLP references to medication
prescriptions were dated, and we required mention of a tablet strength, medication dose,
route, or frequency. From these data, we calculated the rates at which individuals were
prescribed each of the target medications. We used the SD, a de-identified copy of the EHR,
for this study.(22) Race and ethnicity were derived from patient registration within the SD;
we have previously observed that this ethnicity and race designation agrees closely with
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genetic ancestry determined by ancestry informative markers for individuals of European
and African descent.(23)

Generation of a set of study medications
We generated a list of medications for which existing studies indicate that genetic variation
modulates response; we refer to these as PG medications. We considered only germline
variants (excluding somatic mutations such EGFR with cetuximab) in this analysis, and we
included all medications listed as having pharmacogenetic biomarkers by the FDA (http://
www.fda.gov/Drugs/ScienceResearch/ResearchAreas/Pharmacogenetics/ucm083378.htm)
or were found in searches of FDA package inserts using DailyMed (http://
dailymed.nlm.nih.gov/dailymed/about.cfm) as of January 2011. We also included
simvastatin because of the association of myotoxicity with SLC01B1 variants,(11) that has
been the subject of new guidance from the FDA.(24)

Ascertainment of Effect Sizes and Allele Frequencies
We searched PubMed to obtain estimates of effect sizes and allele frequencies for PG
medications. The search included articles written in English published through December
31, 2010. For each medication-AE combination, meta-analyses that included recent, relevant
literature were selected, if available. If not available, a single, high quality article was
selected. When more than one article was available, the following criteria were applied to
select a single study (in order of application): cohort size, date of study, and journal impact
factor. Three authors (E.B., J.D., J.S.) extracted and reviewed data from studies retained for
review. We focused on medications shown to have an effect in patients of European or
African ancestries, the two predominant ancestry groups seen at VUMC. The articles
reviewed and the results used for the present analysis are described in the Supplementary
Material.

Medication Exposure Estimation
To calculate the rates at which individuals at VUMC were exposed to individual and
multiple target medications, we used the Kaplan-Meier product limit estimator of
cumulative incidence (25) beginning with the medical home date while remaining agnostic
to prior exposure. This allowed us to estimate the probability of medication exposure within
a fixed time period from the medical home date, and we focused on a five-year time horizon.
By multiplying initial risk set sample size (N) by the five year medication med exposure
probability [pr(med))], we estimated the expected number of med exposures, i.e.,

. For medications with glucose-6-phosphate dehydrogenase (G6PD)
deficiency indications, we considered only the medication exposures occurring in African
Americans, given the very low incidence of G6PD deficiency in European Americans.
(26-28)

Adverse Events Prevented Calculations
We selected six medications with well-established AEs influenced by pharmacogenetic
variants; they included abacavir skin/mucosal hypersensitivity, azathioprine
myelosuppression, clopidogrel lack of efficacy to prevent major cardiovascular events
(myocardial infarction, stroke, or death), simvastatin myopathy, tamoxifen and breast cancer
recurrence, and warfarin-related bleeding. We combined the number of medication
exposures Nmed with literature based estimates of 1) PG effects (e.g., odds ratio, risk ratio,
risk difference), 2) overall AE prevalences associated with medications, and 3) prevalences
of genetic risk strata (e.g., homozygote or heterozygote for a given variant), to estimate the
number of AEs that might have been prevented had an effective genotyping and mitigation
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strategy program been in place. Detailed descriptions of the calculations are provided in the
Appendix, and a brief summary is provided here.

Let G=g(g=0, 1, or 2)) denote the genetic risk stratum where  denotes the common allele
(usually lower risk) stratum and  and 2 denote variant allele strata (usually higher risk).
This assumes the lower frequency variants confer higher risk. While often the case, such an
assumption may not hold across all race/ancestry groups. This structure permits three risk
stratum models (0, 1, and 2 copies of risk alleles), although many studies report two stratum
models (e.g., with allelic tests of association) in which case there is no  stratum. Let

 and pr(AE∣G=g, med) denote the stratum g prevalence and the AE probability
(i.e., risk)) in stratum g for those receiving medication med, respectively. Then, if we
assume we are able to lower the AE risk in the high risk strata  percent of the way
towards the common allele stratum (e.g., with a  percent effective mitigation strategy,

, the number of AEs prevented (NPmed,g,p) for those in stratum  on
medication med is given by,

where ARDmed,g=pr(AE∣G=g, med))-pr(AE∣G=0, med)) is the absolute risk difference of
experiencing an AE between risk stratum  and . For the sake of this research, we
will assume that  (and report NPmed,g,1) indicating the ideal situation of a highly
effective mitigation strategy. We note that such an assumption is strong since p is often
unknown; however, for a  percent mitigation strategy, , and
so calculations for less effective mitigation strategies from the results we report are
straightforward. Since many pharmacogenetic studies are retrospective, case-control studies,
they report relative effect measures such as the odds ratio (OR) or the relative risk (RR). The
calculation of ARDmed,g, from ORs and RRs is detailed in the Appendix.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Cumulative incidence of medication exposures as a function of time since medical home
was established.
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