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Abstract
Objective: The objective of this publication is to describe how pharmacogenomic testing can help reduce the incidence of ADEs.

Summary: Pharmacogenomic testing identifies genetic variants that help clinicians determine an individual’s expected response to medications.
Results from pharmacogenomic testing may provide valuable information on the expected response to a drug while on the other hand, results may
also help explain adverse drug events (ADEs), identify patients who may require closer monitoring to avoid ADEs, and avoid specific drugs that
are expected to cause ADEs in certain individuals. Many ADEs are believed to have a genetic component. Drugs administered at normal doses may
interact with a gene that has a genetic variant affecting the drug’s response. Pharmacogenomic testing can identify genetic variants that encode
specific CYP enzymes (e.g., CYP2C9, CYP2C19, CYP2D6, and CYP3As). It is estimated that drug-gene and drug-drug-gene interactions contribute
to about one-third of potential major or substantial drug interactions that occur in patients. Pharmacogenomic testing can predict about 20 to 30
percent of ADEs and significantly reduce ADE associated deaths.
Conclusion: The field of pharmacogenomics is ever expanding, and evidence demonstrates that testing can help detect and prevent ADEs,
including those with life-threatening clinical consequences. Given the tremendous financial humanistic costs associated with ADEs, healthcare
providers should consider pharmacogenomic testing for their patients.
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Introduction
Pharmacogenomics (PGx) refers to a spectrum of genes
that determine drug behavior and sensitivity [1]. PGx testing
is used to predict how individual patients may respond to drugs
based on their unique genetic profile [2]. Not only is PGx testing
valuable in optimizing treatment efficacy, but the results can also
aid in predicting and explaining adverse drug events (ADEs),
identifying patients who may require closer monitoring to avoid
ADEs, and avoiding specific drugs that are expected to cause

ADEs in certain individuals [3]. Currently, more than 200 drugs
have PGx information on their U.S. Food and Drug Administration
(FDA) approved labels [4]. This number will inevitably continue to
grow as evidence surrounding the clinical impact of PGx becomes
increasingly apparent.
The United States Department of Health and Human Services
and the National Academy of Medicine define an ADE as “an injury
resulting from medical intervention related to a drug” [5,6]. Based
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on this definition, an ADE encompasses adverse drug reactions,
allergic reactions, overdoses, and medication errors [5]. ADEs are
highly prevalent and costly but are often both predictable and
preventable (up to 80 percent) [3]. Approximately five percent
of all hospitalizations in the United States can be attributed to
ADEs, and between 10 and 20 percent of patients experience ADEs
while hospitalized [7]. The annual cost of ADEs is estimated to be
$4 billion in the United States [3]. Thus, it is no surprise that the
FDA classifies ADEs as one of the major causes of morbidity and
mortality and an important driver of healthcare costs [7-9]. While
the majority of these statistics are reflective of the United States
population, ADEs are pervasive worldwide, and older adults are
more susceptible to ADEs [10].

Many ADEs are believed to have a genetic component [11].
A multitude of drugs interact with proteins coded from a gene
that possesses non-synonymous genetic variants; the resulting
variable expression of these proteins may affect a drug’s response.
This scenario is referred to as a drug-gene interaction (DGI), and
it often goes unrecognized as a causative or contributive factor
to ADEs [3,12]. A drug-drug-gene interaction (DDGI) involves
a drug-drug interaction (DDI) superimposed on a DGI that can
result in a process known as phenoconversion [12-14]. When
phenoconversion occurs, a patient’s genetically derived phenotype
changes (e.g., normal metabolizer to poor metabolizer), which may
also change the drug’s response. It is estimated that DGIs and DDGIs
contribute to about one-third of potential major or substantial drug
interactions that occur in patients [14]. Evidence shows that the
use of PGx test results can prevent about 20 to 30 percent of ADEs
and considerably reduce ADE-associated deaths [9].

Many drugs are metabolized via the cytochrome P450 (CYP)
enzymatic system [15]. PGx testing can identify genetic variants that
encode specific CYP enzymes (e.g., CYP2C9, CYP2C19, and CYP2D6).
Variants, or polymorphisms, in the CYP450 family of enzymes can
significantly affect the pharmacokinetics and pharmacodynamics
of medications and can perpetuate ADEs. For example, a study of
patients taking clopidogrel found that those who are a CYP2C19
intermediate or poor metabolizer (individuals who express a
reduced function variant of CYP2C19) or were concomitantly
taking other drugs metabolized by this enzyme, had lower active
metabolite levels, resulting in lower platelet inhibition. In patients
taking clopidogrel who are rapid or ultra-rapid metabolizers
(individuals who express an increased function variant of CYP2C19),
higher active metabolite levels were noted, resulting in increased
bleeding risk. It was determined that individuals with a non-normal
metabolizer phenotype for the CYP2C19 enzyme or those who were
concomitantly taking other drugs metabolized by this enzyme,
required dosage adjustments in order to achieve a therapeutic
response or to avoid ADEs with clopidogrel [16].

The effects of PGx testing has also been measured in
patients taking abacavir [17,18]. The package insert for abacavir
recommends that clinicians conduct PGx testing for variants of
HLA-B and avoid prescribing abacavir to individuals who carry
the HLA-B*5701 variant [19]. Clinical practice guidelines by the
Clinical Pharmacogenetics Implementation Consortium (CPIC) [20]
and the Dutch Pharmacogenetics Working Group (DPWG) also are
available to help healthcare practitioners use PGx testing results to
prevent hypersensitivity reactions (HSRs) with abacavir. A recently
published study found that the incidence of abacavir-related HSRs
decreased from 1.3 percent, on average, between 1999 and 2008 to
0.2 percent in 2015 due, in part, to genotyping for HLA-B*5701 [17].
The significance of this has been previously demonstrated, in which
prospective PGx testing avoids 537 abacavir-related HSRs per
10,000 patients, while only costing an additional $17 per patient
[18]. These results suggest that prospective HLA-B*5701 screening,
prior to abacavir initiation, avoids serious ADEs and produces cost
savings.

While several factors affect patient response to warfarin,
studies show that PGx testing may provide significant benefit [2123]. Knowledge about individual patient CYP2C9 gene variants, as
well as other gene variants (i.e., VKORC1 and CYP4F2) can explain
and, more importantly, help mitigate ADEs associated with warfarin
use [21-23]. For example, genotype guided warfarin dosing in
the Genetics Information Trial (GIFT) reduced the combined risk
of major bleeding, International Normalized Ratio (INR) of 4 or
greater, venous thromboembolism, or death [23]. Several evidencebased algorithms and dosing calculators use genetic information,
in addition to other factors (e.g., gender, race, indication, smoker
status), to guide warfarin dosing. While genetic information is
important per se, phenoconversion and predictability of PGx results
on warfarin effects may be altered in patients with polypharmacy
due to DGI and DDGI [24]. A clinical practice guideline to help
healthcare practitioners use PGx testing results to safely and
accurately prescribe warfarin has been available since 2011, and
was most recently updated in 2017 [25,26].
Though dosing guidelines and algorithms are publicly available
for healthcare practitioners, PGx testing is woefully underused in
clinical practice [27]. One of the contributing factors is that most
clinical decision support systems (CDSS) do not have the capability
of detecting DGIs, even when PGx test results are available [13,28].
In addition, testing is covered, in part or full, by some insurance
providers, but coverage determinations vary substantially [29].
The out-of-pocket cost of PGx testing typically ranges from $200
to $2,000 ($300 average), depending on the genes included in the
PGx test panel and technology used for testing [30]. A pivotal study
conducted more than 20 years ago estimated the cost per ADE
experienced in the inpatient setting to be $2,262 [31]; a 2012 study
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indicated that ADEs cost more than $3,000 and increases based on
level of severity [32]. A recent study investigated the cost savings of
PGx testing for depression and found that even at a cost of $2,000,
patients would save $3,962 per year if PGx tests were used to
guide depression treatment [30]. Among 44 economic evaluations
conducted of the FDA’s Table of Pharmacogenomic Biomarkers in
Drug Labeling, 57 percent drew conclusions that the use of PGx
testing showed cost savings and/or cost effectiveness [33]. Other
research shows that PGx testing for abacavir, carbamazepine,
clopidogrel, and warfarin is cost effective, largely attributable
to preventing significant ADEs, such as HSRs with abacavir and
bleeding events from clopidogrel [3,34-36]. Lastly, a study that
included 205 individuals, ≥ 65 years of age with polypharmacy,
showed that results obtained from PGx testing helped guide
prescribing, which reduced hospitalization rates from 19.1 percent
to 9.8 percent; this reduction completely offset the cost of the test
and yielded net cost savings of $218 per patient [37]. The potential
cost savings of PGx testing is expected to increase over time given
the one-time expense of testing and the potential to avoid lifetime
ADEs.
In conclusion, researchers are constantly discovering genetic
variants and their relation to drug response. The field of PGx is
ever expanding, and evidence demonstrates that PGx testing can
help detect and avoid ADEs, including life-threatening clinical
consequences. Considering the potential cost savings associated
with preventing ADEs, healthcare providers should consider PGx
testing for their patients. Future research should continue to
demonstrate cost savings associated with the use of PGx testing.
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