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Summary

Pharmacogenetic/pharmacogenomic (PGx) testing is currently available for a wide range of health problems
including cardiovascular disease, cancer, diabetes, autoimmune disorders, mental health disorders and infec-
tious diseases. PGx contributes important information to the field of precision medicine by clarifying appro-
priate treatments for specific disease subtypes. Tangible benefits to patients including improved outcomes and
reduced total health care costs have been observed. However, PGx-guided therapy faces many barriers to full
integration into clinical practice and acceptance by stakeholders, whether practitioner, patient or payer. Each
stakeholder has a unique perspective on the role of PGx testing, although all are similarly challenged with
demonstrating or appraising its cost-to-benefit value. Coverage by insurers is a critical step in achieving wide-
spread adoption of PGx testing. The acceleration of adoption of precision medicine in general and for PGx
testing in particular will be determined by how quickly robust evidence can be accumulated that shows a re-
turn on investment for payers in terms of real dollars, for clinicians in terms of patient clinical responses, and
for patients in terms of economic, health and quality of life outcomes. Trends in PGx testing utilization and
uptake by payers in real-world practice are discussed; the role of pharmacoeconomics in assessing cost-effect-
iveness is highlighted using a case study in psychiatric care, and several issues that will affect adoption of
PGx testing in the United States (US) over the next few years are reviewed.

1. Introduction

Pharmacogenomic and pharmacogenetic testing,
which identify genetic variants that can help predict
drug efficacy and/or toxicity, are important contribu-
tors to the field of precision medicine by clarifying ap-
propriate treatments for specific disease subtypes.
Recognizing potential differences in terminology, de-
pending on whether single drug–gene interactions or
drug responses from multiple genes are referred to,

we will use PGx as an abbreviation inclusive of both
pharmacogenomic and pharmacogenetic approaches
in this review.

Response rates of patients to medications ranges
widely by therapeutic class, from ∼80% for analgesics
to ∼25% for oncology therapeutics (Spear et al.,
2001). In addition to the varied response rates, adverse
drug reactions (ADRs) also vary widely and are of
significant clinical concern. ADRs are estimated to
occur in excess of 2 million events in the US each
year and result in over 100 000 deaths annually
(Lazarou et al., 1998). Although genetic variation sel-
dom accounts for all of the differences seen in patient
treatment responses and ADRs, the objectives of PGx
testing are to utilize genomic information to tailor
pharmacotherapy to the patient’s predicted treatment
response in order to improve drug efficacy, real-world
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effectiveness and safety. Genetic information (such as
DNA sequence, gene expression and copy number) is
used to explain inter-individual differences in drug me-
tabolism (pharmacokinetics) and responses (pharma-
codynamics). Expectations are that PGx testing will
target drug therapies to the appropriate patients in
order to maximize benefits and to minimize harms,
as well as costs. The use of PGx testing has already
begun for many drugs in development, and the mar-
keting of drugs currently available may soon suggest
or require that PGx testing is done before a patient
ever begins a treatment regimen.

PGx testing is currently available for a wide range
of health problems including cardiovascular disease,
cancer, diabetes, autoimmune disorders, mental
health disorders and infectious diseases. Tangible ben-
efits to patients are currently being observed on a daily
basis, including improved outcomes and reduced total
health care costs. However, PGx-guided therapy faces
many barriers to full integration into clinical practice
and acceptance by stakeholders, whether practitioner,
patient or payer.

2. Purpose of this review

Each stakeholder has a unique perspective on the role
of PGx testing, although all are similarly challenged
with demonstrating or appraising its cost-to-benefit
value. Coverage by insurers is a critical step in achiev-
ing widespread adoption of PGx testing, and the cur-
rent and future landscape relative to reimbursement is
a focus throughout this review. In the following
sections, trends in PGx testing utilization and uptake
by payers in real-world practice are discussed, the
role of pharmacoeconomics in assessing cost-
effectiveness is highlighted using a case study in
psychiatric care, and several issues that will affect
adoption of PGx testing in the US over the next few
years are reviewed. The purpose of this review is to in-
crease the understanding of the current state of PGx
testing, discuss key factors impacting its acceptance,
and to foster additional research and evidence gener-
ation in the field.

3. Current real-world PGx-testing practice

Over 140 US Food and Drug Administration
(FDA)-approved drugs have PGx information in
their labelling (FDA, 2014 b) that refers to pharmaco-
dynamic relationships, such as identification of a
specific gene that correlates with a drug mechanism
of action, and/or pharmacokinetic mechanisms that
describe drug metabolism effects on efficacy and
ADRs. For a limited number of drugs, labelling man-
dates PGx testing and specific actions are taken based
on the PGx information (examples, primarily

highlighting the area of oncology, are provided in
Table 1(a)). Where PGx testing has been identified
as necessary for the safe and effective use of the corre-
sponding therapy, companion diagnostic tests have
been approved (premarket approval) or cleared
(equivalent to marketed device) by the FDA (FDA,
2014 a) (examples provided in Table 1(a)). In these
situations, the cost for testing indicated by the FDA
is generally reimbursed by most insurance plans
(Hresko & Haga, 2012; Graf et al., 2013). This is
well illustrated in the field of oncology. Since many
cancers are not viewed as a single disease, but rather
as a group of several subtypes, each with a distinct
molecular signature, identifying the genomes of the
malignancy and of the patient can aid in effective
and safe treatment.

Other drugs have labelling with PGx specific guide-
lines for a patient subtype but don’t have a required
companion PGx diagnostic. For example, ivacaftor
is approved for cystic fibrosis therapy specifically for
patients with the G551D mutation, which occurs in
4% of patients (Clancy et al., 2014). The majority of
cystic fibrosis patients have a mutation panel per-
formed at the time of diagnosis as an existing standard
of care; labelling guidelines require an FDA approved
mutation test in cases where the genotype is not
known (Vertex, 2014). In either case, costs are typical-
ly reimbursed (Hresko & Haga, 2012; Graf et al.,
2013). Examples of other drugs with recommended,
but not mandated, PGx guidelines are shown in
Table 1(b). While these examples are not comprehen-
sive, they illustrate the diversity of drugs and thera-
peutic areas where the FDA has approved or cleared
PGx tests, but the companion testing is not required
prior to prescribing. Coverage for testing in these
cases varies widely by insurers.

However, PGx-specific labelling for many drugs is
informational only, and testing is neither mandated
nor recommended prior to prescribing. Table 1(c) pro-
vides examples of two such cases (rovustatin and war-
farin). In these cases, PGx testing has generally not
been endorsed by expert committees since the support-
ing evidence has been judged statistically insufficient,
and consequently, insurers will not pay for it
(Hresko & Haga, 2012; Graf et al., 2013). This is par-
ticularly relevant for tests related to genotyping for
metabolizing enzyme polymorphisms for use with
drugs having narrow therapeutic ratios and/or serious
toxic effects. Figure 1 illustrates the growth of PGx
testing in this area between 2011 and 2013 using
data available from a private practitioner medical
claims database (Symphony Health Solutions). FDA
approval or clearance is not a requirement, so many
are laboratory developed tests (i.e. offered and used
within a single laboratory) that do not undergo
FDA review. However, there is currently new FDA
draft guidance in review that may change the
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Table 1. Examples of drugs with PGx biomarker and use, labelling status, companion PGx test, and payer coverage.

Drug (FDA,
2014 b)

Therapeutic
area (FDA,
2014 b)

PGx Biomarker/allele
(FDA, 2014 b) Use (FDA, 2014 b) Labelling status (FDA)

Companion Diagnostic Test (FDA,
2014 a)

Payer coverage
(Epstein et al.,
2009)

A. Labelling mandates PGx testing

Cetuximab,
panitumumab

Oncology EGRF, KRAS Efficacy Mandatory testing required by
the FDA to confirm patients
have EGFR-positive colorectal
cancer with wild-type KRAS.
Drugs may be ineffective in
patients with tumors expressing
KRAS mutation (Bristol-Myers
Squibb, 2013 a; Amgen, 2014)

therascreen KRAS RGQ PCR Kit
(Qiagen Manchester Ltd.)
DAKO EGFR PharmDx Kit (Dako
North America, Inc.)

Generally
covered and
reimbursed

Vemurafenib,
plaparib

Oncology BRAF V600E Efficacy Mandatory testing required by
the FDA for the mutation prior
to drug use for melanoma
(vemurafenib) or ovarian cancer
(plaparib) (Astra Zeneca, 2015;
Genentech, 2015)

BRACAnalysisCDx™ (Myriad
Benetic Lab., Inc.)
COBAS 4800 BRAF V600 Mutation
Test (RocheMolecular Systems, Inc.)

Generally
covered and
reimbursed

Imatinib Oncology BCR-ABL
translocation
c-KIT
(CD117)-positive
unresectable tumors

Efficacy Mandatory testing required by
the FDA for confirmation of
disease and selection of patients
for which the drug is indicated
(Novartis, 2014)

DAKO C-KIT PharmDx (Dako
North America, Inc.)

Generally
covered and
reimbursed

Trastuzumab Oncology HER2 Efficacy Mandatory testing required by
the FDA for
HER2-over-expressing cancers
prior to treatment (Genentech,
2014)

INFORM HER-2/NEU (Ventana
Medical Systems, Inc.)
PATHVYSION HER-2 DNA Probe
Kit (Abbott Molecular Inc.)
PATHWAY ANTI-HER-2/NEU
(4B5) Rabbit Monoclonal Primary
Antibody (VentanaMedical Systems,
Inc.)
NSITE HER-2/NEU KIT (Biogenex
Laboratories, Inc.)
SPOT-LIGHT HER2 CISH Kit (Life
Technologies, Inc.)
Bond Oracle Her2 IHC System (Leica
Biosystems)
HER2 CISH PharmDx Kit (Dako
Denmark A/S)
NFORM HER2 DUAL ISH DNA
Probe Cocktail (Ventana Medical
Systems, Inc.)
HERCEPTEST (Dako Denmark A/S)
HER2 FISH PharmDx Kit (Dako
Denmark A/S)

Generally
covered and
reimbursed
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Table 1. (Cont.)

Drug (FDA,
2014 b)

Therapeutic
area (FDA,
2014 b)

PGx Biomarker/allele
(FDA, 2014 b)

Use (FDA, 2014 b) Labelling status (FDA) Companion Diagnostic Test (FDA,
2014 a)

Payer coverage
(Epstein et al.,
2009)

Crizotinib Oncology ALK Efficacy Mandatory testing required by
the FDA to confirm the presence
of lymphoma kinase (ALK)
mutation prior to drug use
(Pfizer, 2014)

VYSIS ALKBreak Apart FISH Probe
Kit (Abbott Molecular Inc.)

Generally
covered and
reimbursed

Ivacaftor Pulmonary CFTR G551D
variant

Efficacy If the patient’s genotype is
unknown, FDA requires an
FDA-cleared mutation test to
detect the presence of the G551D
mutation (Vertex, 2014)

Not required since most patients have
genotyping performed at diagnosis

Generally
covered and
reimbursed

B. Labelling recommends PGx testing

Abacavir Infections
disease (HIV)

HLA-B*5701 Hypersensitivity
reactions

Boxed warning of increased risk
in patients with HLA-B*5701.
Prior to initiating therapy with
abacavir, screening for the
HLA-B*5701 allele is
recommended. Patients tested
positive should not receive
abacavir (Aidsinfo NIH, 2013)

FDA approved/cleared tests are
available, but companion testing not
required

Coverage varies
by insurer

Carbamazepine Neurology HLA-B*1502,
HLA-A 3101

Stevens-Johnson
syndrome (SJS)
and toxic epidermal
necrolysis (TEN)

Warning of increased risk for
increased risk of SJS and TEN in
patients with HLA-B*1502.
Patients from high-risk regions
(e.g. Southeast Asia) should be
screened for HLA-B*1502
before starting carbamazepine
(Novartis, 2009)

FDA approved/cleared tests are
available, but companion testing not
required

Coverage varies
by insurer

Clopidogrel Cardiology Defective CYP2C19
alleles (e.g.
CYP2C19*2,
CYP2C19*3)

Efficacy Information of possible reduced
effectiveness in CYP2C19
homozygotes/intermediate and
poor metabolizers
(Bristol-Myers Squibb, 2013 b)

FDA approved/cleared tests are
available, but companion testing not
required

Insurers may
cover a single
test depending
on indication

Codeine Anesthesiology Duplicated or
amplified CYP2D6
alleles

CNS depression Information regarding patients
who are ultra-rapid metabolizers
secondary to the CYP2D6*2XN
genotype and who could have
much higher morphine
concentration resulting in
increased risk for CNS
symptoms related to overdose,
even when treated with standard
doses (Roxane, 2009)

FDA approved/cleared tests are
available, but companion testing not
required

Insurers may
cover a single
test depending
on indication
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regulatory oversight of laboratory developed tests
(FDA, 2015 b). For acceptance and reimbursement
of these tests by payers, comparisons with standard
methods of assessing therapeutic drug safety and
efficacy are needed, as well as subsequent demonstra-
tion of value. Since factors other than genetic poly-
morphisms (including race, gender, epigenetic factors
and lifestyle choices) can have a significant effect on
drug pharmacokinetics and pharmacodynamics, it
remains unclear whether PGx testing would eliminate
the need for simultaneous use of other methods of
therapeutic drug monitoring.

In the area of therapeutic drug monitoring a recent
example with potentially broad applications has been
the use of PGx testing to guide warfarin anticoagula-
tion therapy for the prevention of thromboembolic
events. Two genes have been identified that play a
role in outcomes related to warfarin therapy:
CYP2C9 is a gene for an enzyme that is primarily re-
sponsible for the metabolism of warfarin, and
VKORC1 codes for the warfarin drug target. The cur-
rent warfarin label acknowledges that dose require-
ments are influenced by CYP2C9 and VKORC1 and
states that genotypic information, when available,
can assist in selecting the starting dose, but does not
recommend routine PGx testing for determining ini-
tial or maintenance doses. Several diagnostic tests
are cleared by the FDA for monitoring of warfarin
anticoagulation (FDA, 2015 a). However, the lack
of standardization of these tests in detecting the rele-
vant CYP2C9 variants, lack of understanding of the
role of specific VKORC haplotypes and varying result
turnaround times (1 to 8 hours) have raised skepticism
regarding their decision-making utility (Rosove &
Grody, 2009). Randomized controlled clinical trials
examining use of PGx-guided warfarin dosing com-
pared with current clinical data monitoring
approaches have shown inconsistent results in stabil-
ization of treatment responses, reducing the number
of necessary office visits or decreasing risk of bleeding
events. Consequently, consensus guidelines (e.g.
American College of Chest Physicians, American
College of Medical Genetics), do not advise use of
genetic testing to guide warfarin dosing (Flockhart
et al., 2008; Guyatt et al., 2012). As a result, most
payers (including the Centers for Medicare and
Medicaid Services (CMS)) are reluctant to reimburse
for testing for PGx-guided warfarin therapy.
However, it is unclear what role patient compliance
with treatment contributes to the inconsistent efficacy
and health outcomes, and studies addressing non-
genomic factors’ influence on treatment outcomes
are critical to justify modification to standards of
care and reimbursement decisions.

The drug clopidogrel, an anti-platelet therapy, is
another example where genotype-specific labelling
guidelines do not meet the indeterminate thresholdC
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for standard of care testing. CYP2C19 genotyping can
determine normal, poor, intermediate, rapid and
ultra-rapid metabolizers of clopidogrel in order to
identify patients who may benefit from non-standard,
‘recommended’ dosing or have better responses to an
alternative drug. In 2010, the FDA added a boxed
warning to clopidogrel labelling alerting patients and
health care professionals that the drug can be less ef-
fective in people who cannot metabolize the drug to
convert it to its active form, and modified the warning
to include guidance on data suggesting adverse
cardiovascular event risks for acute coronary syn-
drome (ACS) patients with the CYP2C19 genotype
following a percutaneous coronary intervention
(PCI) (Bristol-Myers Squibb, 2013 b). However, the
boxed warning does not mandate genetic testing, is
not specific on the exact patient profile to benefit
from genetic testing, and is vague on alternative treat-
ment approaches in poor metabolizers. Consensus

guidelines issued by the American Heart Association
(AHA) and American College of Cardiology (ACC)
express concerns about the lack of outcomes data doc-
umenting the benefit of routine genotyping and con-
cluded the available literature did not support
CYP2C19 genotyping for all patients being prescribed
clopidogrel (Holmes et al., 2010). AHA and ACC
guidelines to date support CYP2C19 genotyping in
ACS patients at high risk for poor outcomes after
PCI or in patients receiving antiplatelet therapy for
whom the genotype poses potential risk for reduced
antiplatelet efficacy (Scott et al., 2013). Genotyping
for one CYP2C19 polymorphism in patients pre-
scribed clopidogrel is reimbursed by some payers
(Hresko & Haga, 2012; Graf et al., 2013).

Genetic testing has also been considered to mitigate
the risk of serious adverse events with statins, which
are generally safe and well tolerated and among the
most widely prescribed medications (e.g. almost 50%

Fig. 1. Increase in PGx testing from 2011–2013. Figure shows the change in unique patient counts for selected assays
from 2011 through 2013. On 1 January 2012, Medicare requested that claims for Molecular Pathology Procedures reflect
both the existing CPT ‘stacked’ test codes that are required for payment, and the new single CPT test code. Patient counts
are based on CMS 1500 claims and are courtesy of Symphony Health Solutions private practitioner medical claims
database. CPT, Current Procedural Terminology.
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of adults 65 years and older have statin prescriptions
(CDC, 2013). Myopathy is the most common side ef-
fect and can result in life-threatening rhabdomyolysis
with muscle damage and acute renal injury. Although
mild myalgias may not result in any physical harm,
they threaten patient adherence to statin therapy.
The incidence of statin-associated myopathy varies be-
tween 1 and 5% in clinical trials, with a higher inci-
dence observed in clinical practice (Thompson et al.,
2003). There is a heritable component to the risk for
statin-induced myopathy and the role for PGx testing
in guiding statin pharmacotherapy is evolving, par-
ticularly for the solute carrier organic anion transport-
er family, member 1B1 (SLCO1B1) gene. Routine
PGx testing for statin therapy is not recommended
by current guidelines (Ramsey et al., 2014; Talameh
& Kitzmiller, 2014) nor covered by most payers.
Additional studies are needed to determine clinical
utility and cost-effectiveness of PGx testing in patient
populations given factors including the type of statin
(as pharmacokinetic profiles for each statin are
unique), the dose and concomitant use of other
drugs (Sorich et al., 2013; Talameh & Kitzmiller,
2014).

Inclusion of informational PGx tests by the FDA
on the revised labels of many drugs without clear
guidance on dosing recommendation and/or thera-
peutic alternatives by PGx result has led to confusion
among providers, who are eager for guidance around
an emerging technology with which they are largely
unfamiliar. Professional organizations are attempting
to educate and guide physicians on drug selection
and dosing for drugs with PGx informational label-
ling. For example, the Clinical Pharmacogenetics
Implementation Consortium has issued dosing guide-
lines taking into consideration patient genotype for
warfarin, opioids, abacavir and other drugs with and
without PGx informational labelling (CPIC, 2015).
However, although these organizations can provide
some level of guidance, challenges remain as there
are limited nationally and internationally accepted
standards around dosing decisions. Continued educa-
tion of health care providers regarding the impact of
metabolizer status and frequency of variants in a
given population is needed to fully leverage PGx test-
ing and information.

4. Pharmacoeconomic analyses to demonstrate value:
case study of PGx-guided psychiatric intervention

The use of PGx testing needs to exhibit clinical, eco-
nomic and quality of life benefits; demonstrating one
or all of these values is critical to adoption among sta-
keholders. In addition to reducing side effects and
ADRs, goals of PGx testing include lowering costs
and improving patient compliance. When PGx testing
results guide treatment decisions, positive treatment

responses will be more quickly attained, which in
turn, in theory, reduces the indirect and direct costs
associated with failed treatment trials and ADRs. As
long as the PGx testing costs and practitioner time
for interpretation are lower than these indirect and
direct costs, the net result is cost savings. In addition,
patient quality of life improves when treatment failure
and ADRs are reduced. While indirect costs are im-
portant considerations for providers and patients,
payers are most influenced by evidence of direct im-
pact, thus research has a multifaceted challenge of
proving value on several levels. One well-established
approach for determining value is to assess both
costs and outcomes within pharmacoeconomic ana-
lyses. There have been relatively few published cost-
effectiveness analyses of PGx interventions. The fol-
lowing example demonstrates how PGx-guided psy-
chiatric intervention was associated with increased
compliance with therapy and direct cost savings
(Fagerness et al., 2014). While cost-effectiveness data
are not the only information needed to influence ac-
ceptance of PGx testing by stakeholders, payers are
particularly interested in these data, and the ability
to use real-world claims and clinical databases is an
efficient method to demonstrate utility in the absence
of randomized clinical trials.

Known pharmacodynamic and pharmacokinetic
variations exist that impact responses to common psy-
chiatric medications (Burroughs et al., 2002). An esti-
mated two-thirds of patients with depression will not
respond adequately to first line treatment and more
than one-third of patients will become treatment re-
sistant (Kessler et al., 2003; Souery et al., 2006;
Warden et al., 2007). Genetic variations affect efficacy
and tolerability of psychotropics as a result of variable
drug disposition, metabolism and transport (Evans &
McLeod, 2003; Kao et al., 2011; Porcelli et al., 2011;
Salloum et al., 2014). Many antidepressants and
antipsychotics show differences in plasma drug levels
as a result of cytochrome P450 polymorphishms
(e.g. CYP2D6 and CYP2C19) (Kirchheiner et al.,
2004; Tansey et al., 2013). The Genecept™ Assay
(Genomind) is a laboratory validated test used to
analyse variations in both pharmacodynamic and
pharmacokinetic genes associated with treatment re-
sponse, side effects, metabolism, tolerability and
overall efficacy of psychiatric medications (Kato &
Serretti, 2010; Lencz et al., 2010; Zhang et al., 2010;
Psychiatric GWAS Consortium Bipolar Disorder
Working Group, 2011; Bhat et al., 2012; Porcelli
et al., 2012). Despite its commercial use for over 4
years in more than 30 000 patients, the Genecept
Assay is considered ‘experimental’ by many insurers.
Typical to challenges in this field, while this assay
has accumulated multiple levels of data arguably sup-
porting its utility, the evidence to overcome this label
is rigorous, but paradoxically not well defined.

Pharmacogenomic and pharmacogenetic-guided therapy as a tool in precision medicine 7



One such piece of evidence is a retrospective, obser-
vational study that assessed patient claims data to
measure direct health costs as a result of patient and
clinician access to genetic information during psychi-
atric treatment selection guided by the Genecept
Assay (Fagerness et al., 2014). Genetic test results
and pharmacy and medical claims were integrated at
the patient level. Propensity score matching (PSM)
was used to identify case and control patients to re-
duce potential sources of bias (Baser, 2006; Austin,
2010; Luo et al., 2010; Austin, 2011). PSM adjusted
for covariates of patient demographics, payer type,
medical data and treating practitioner’s specialty,
and identified 111 case and 222 matched control
patients from pools of over 1000 case and 100 000
control patients. Patient’s highest adherence levels pre-
index vs. post-index were compared (index = date
when genetic test results were available for tests and
similar calendar date for controls). An observed in-
crease in adherence to therapy in cases was associated
with a significant decrease in overall costs associated
with outpatient activity. Although pharmacy costs
for cases increased relative to controls, likely due to
consistent medication fills concomitant with improved
medication adherence, the overall use of medical ser-
vices decreased, and the relative cost savings over a
4-month follow-up period was 9·5%, or $562 per pa-
tient (Fagerness et al., 2014).

While randomized controlled trials remain the
gold standard for clinical investigation, this example
demonstrates how retrospective observational studies
can use real-world clinical data to assess whether
PGx-guided therapy can improve patient outcomes.
This approach can assist in building the clinical and
economic evidence base for PGx testing in order to
provide information to stakeholders. To be effective
in influencing uptake of PGx testing, health care
providers will benefit from increasing awareness
of the data on cost-effectiveness and economic utility
of PGx.

5. Acceptance of PGx-guided therapy by insurers

(i) Increasing the evidence base of PGx testing

An important driver for uptake of PGx testing is in-
surance coverage and reimbursement.

A variety of factors are considered by insurers in
formulating medical coverage policies for PGx testing,
including availability of clinical guidelines, current use
by physicians, patient interest and cost-effectiveness
(Meckley & Neumann, 2009) .The most consistent de-
termining factor in coverage and reimbursement is
conclusive evidence linking the use of the PGx test
with health outcomes (Cohen et al., 2013). Govern-
ment and private insurers rely on evidence of the
impact of PGx testing on clinical and economic

outcomes compared to an appropriate real-world al-
ternative intervention in a prospective study.
Currently, few PGx tests have evidence to support
their clinical utility and consequently, they are consid-
ered experimental by most insurance plans and denied
coverage. This behavior is consistent with insurers’ ap-
proach to reimbursing drugs and medical procedures.

To avoid being considered experimental, providers
of PGx tests need to make sure they perform robust
studies and publish in peer-reviewed literature; i.e.,
conform to the norms established by insurers and
standards groups. While randomized controlled trials
remain the gold standard, it is possible to demonstrate
clinical utility with other study models. As shown in
the previous section, the use of claims and clinical
data can establish benefits through the efficiency of
data collection and the ability to measure direct and
some indirect costs.

The CMS has established policies designed to
bridge the divide between evidence-based coverage
standards and emerging PGx technologies. The cover-
age with evidence development (CED) status is con-
ferred by the CMS on promising PGx tests (as well
as other technologies) (Tunis & Pearson, 2006). This
designation encourages use of the test in clinical trials
by linking provisional coverage for promising tech-
nologies to the requirement for patient participation
in a registry or clinical trial. CMS has assigned CED
designation to PGx testing for warfarin, for example
(CMS, 2014 a). The designation encourages collection
of real-world data to assess clinical utility and eco-
nomic outcomes and may influence other payers to
provide reimbursement for promising PGx tests in a
similar manner.

(ii) Novel coverage and reimbursement models

Reimbursement levels for diagnostic tests, including
PGx testing, are regulated by the CMS Clinical
Laboratory Fee Schedule. A new coding system and
reimbursement plan enacted by CMS in 2014 intro-
duced analyte-specific codes to identify individual
tests (CMS, 2014 b). PGx testing has been especially
impacted by the new model. The ‘unstacking’ of diag-
nostic test codes has resulted in less bundling of tests
and provided pricing transparency that has resulted
in greater scrutiny by payers of PGx tests (Deverka,
2009). The prior billing system used stacked codes
and many payers typically did not have visibility
into which analyte a test examined or how practi-
tioners used it. The increased transparency has pro-
vided the means and ability for payers to assess the
many individual PGx tests on the market, although in-
formation regarding how a test is performed and how
clinicians use the information is still insufficient. For
example, in the gene CYP2D6, there are well over
20 variations that can influence how the gene will
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behave in any given person. However, with the new
coding system, an insurance company does not
know if one or 20 variants have been tested. This
could lead to many issues for patients, as well as inter-
pretation problems for the providers. Payers are hesi-
tant to reimburse for a PGx test if the information
generated does not change practitioner and patient
practices or if results of PGx tests are ignored. As a re-
sult, insurers are turning to new coverage and pay-
ment models such as performance-based and
risk-sharing models (Carlson et al., 2009; Hresko &
Haga, 2012).

A performance-based model was tested by
UnitedHealthcare in its approach to coverage of
Genomic Health’s Oncotype DX®. Oncotype DX
breast cancer assay is a PGx test shown to aid in
oncologists’ decision-making on which patients with
early breast cancer are most likely to benefit from
chemotherapy (Dowsett et al., 2010). Testing was
expected to reduce inappropriate use of chemother-
apy, but little data existed to support that assertion.
UnitedHealthcare wanted evidence that they were get-
ting sufficient value and cost offsets to warrant the
coverage and reimbursement amount for the test. To
help achieve this goal, an internal study was con-
ducted on the proportion of women whose treatment
choice coincided with the PGx test results (Carlson
et al., 2009). UnitedHealthcare monitored use of the
test, and if clinicians did not take action based on
the test results, the reimbursement amount was rene-
gotiated to align with the actual value received.

Coverage and reimbursement models will likely
continue to evolve to hold patients and health care
providers more accountable for results of PGx testing.
For these new models to work effectively, patient edu-
cation is needed, as they will have to be involved in the
testing and treatment paradigms and potentially incur
costs based on these decisions. This is analogous to
other areas where patients may elect to pay out-of-
pocket when guidelines and insurance coverage are
out-paced by advancing research/technology and per-
ceived value in the marketplace. Mammogram reports
are now required to include information on breast tis-
sue density. Women with dense breast tissue are 4–5
times as likely to get breast cancer than women with
low breast density (Yaghjyan et al., 2011). However,
there are no special recommendations or screening
guidelines for women with dense breast tissue, and in-
surance generally does not cover more sensitive
follow-up tests such as ultrasound or MRI. Women
have the option of paying for more sensitive tests
themselves.

(iii) PGx is not the only factor influencing outcomes

While PGx testing may indicate a drug is safe or
suitable for a patient, factors other than genetic

polymorphisms have a significant effect on drug phar-
macokinetics and pharmacodynamics. Epigenetic fac-
tors reveal a molecular basis for how information
other than DNA sequence influences gene expression
and can include epistatic interactions (Heil, 2013), pa-
tient age and gender, concomitant drug use and life-
style factors (e.g., smoking, diet), which can all
impact the results of therapy. Payers may be reluctant
to provide coverage for a PGx test if these factors are
not adequately addressed or controlled for. Therefore
the integration of epigenetic, lifestyle and genetic
influences are needed in order to interpret utility of
PGx testing and to allow for adoption into current
treatment practices and payer reimbursement. The
specific data points of interest vary between payers
and are still evolving, however, which adds to the
challenges and research complexity. Efforts underway
to address various aspects of these needs include the
National Cancer Institute (NCI) program on the
role of both pharmacoepidemiology and pharmaco-
genomics in treatment responses and adverse out-
comes for oncology drugs (Freedman et al., 2010)
and Reaction Biology Corporation, which is creating
a database of epigenetic drug interactions with a
grant from the National Center for Advancing
Translational Sciences (NIH, 2014).

(iv) Ethical and social issues

The Genetic Information Nondiscrimination Act
established in 2008 (NIH, 2015) is designed to protect
individuals from discrimination based on genetic in-
formation. Ethical and social implications of genetic
testing generally do not distinguish between PGx-
guided therapy and testing for disease susceptibility.
Consent for PGx testing designed to individualize
drug therapy may not need the same level of scrutiny
and requirements as genetic testing for disease suscep-
tibility; however, as PGx testing continues to evolve,
new research programs will emerge, such as the
grant-backed NCI program addressing the ethical,
legal, social and data-sharing implications of PGx
and pharmacoepidemiologic research (NCI, 2014). A
lessening in regulation and consent requirements for
PGx testing might facilitate implementation as long
as privacy and confidentiality are ensured for employ-
ment and payer coverage decisions (Dressler & Terry,
2009). This is an issue without current consensus.

(v) Adoption of new technologies and standards

The factors and considerations previously discussed
are important prerequisites for adoption of testing in
the absence of a regulatory or legislative mandate.
An additional, important consideration is the real
and perceived complexity of PGx testing, including in-
tegration into existing workflows, interpretation of
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results and availability of information at the point of
care. Research and prior examples have demonstrated
that technologies such as PGx, which are complex and
highly networked, are adopted more slowly. In sum,
not only must the test be accurate, but it must be
easy to use and access relative to the clinical problem
at hand. Additional considerations include advances
in technology that include Big Data initiatives such
as the 100,000 Genomes Project and ‘Precision
Medicine Intitiative’ that may play a role in genetic
data management and interpretation, and ultimately
impact stakeholder acceptance and utilization of
PGx information.

6. Summary and conclusions

The adoption of PGx-guided therapy faces commer-
cial, economic, educational and ethical barriers to in-
tegration into clinical practice and acceptance by
practitioners, patients and payers. Acceptance of
PGx testing varies considerably by therapeutic area.
In some areas, such as oncology and cardiovascular
disease, PGx testing is already utilized for selecting
appropriate patients and/or establishing treatment
and dosing guidelines, while in other areas such as
antiplatelet therapy, the PGx approach has been
mainly used for the identification, validation and de-
velopment of new meaningful biomarkers, and is con-
sidered experimental by most stakeholders. The
acceleration of adoption of precision medicine in gen-
eral, and for PGx testing in particular, will be deter-
mined by how quickly robust evidence can be
accumulated that shows a return on investment for
payers in terms of real dollars, for clinicians in terms
of patient clinical responses, and for patients in
terms of economic, health and quality of life
outcomes.

The authors acknowledge Patrice C. Ferriola, PhD (KZE
PharmAssociates, LLC) for assistance with writing this
manuscript. Dr Ferriola’s work was funded by Symphony
Health Solutions. In addition, the authors acknowledge
and appreciate the review and comments by Anthony
Bower, PhD.

Declaration of interest

None.

References

Aidsinfo NIH (2013). Ziagen (abacavir) prescribing in-
formation. Available at http://aidsinfo.nih.gov/drugs/257/
ziagen/0/professional (Accessed 1 April 2015).

Amgen Corporation (2014). Vectibex (panitumumab) pre-
scribing information. Available at pi.amgen.com/united_
states/vectibix/vectibix_pi.pdf (Accessed 1 April 2015).

Astra Zeneca (2014). Crestor (rovustatin) prescribing in-
formation. Available at http://www.google.com/url?
sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&
uact=8&ved=0CCMQFjAA&url=http%3A%2F%2Fwww1.
astrazeneca-us.com%2Fpi%2Fcrestor.pdf&ei=5XDGVKa
BM4SiNtT_gYgL&usg=AFQjCNECzdHrEPT7Ts5yJrRK
Yjs6HOdu4w&sig2=bxg8V4UJ8A21OoHKfYChig&bvm=
bv.84349003,d.eXY (Accessed 1 April 2015).

Astra Zeneca (2015). Lynparza (plaparib) prescribing infor-
mation. Available at http://www.astrazeneca-us.com/cgi-
bin/az_pi.cgi?product=lynparza&country=us&popup=no
(Accessed 1 April 2015).

Austin, P. C. (2010). Statistical criteria for selecting the op-
timal number of untreated subjects matched to each trea-
ted subject when using many-to-one matching on the
propensity score. American Journal of Epidemiology 172,
1092–1097.

Austin, P. C. (2011). Optimal caliper widths for propensity-
score matching when estimating differences in means and
differences in proportions in observational studies.
Pharmaceutical Statistics 10, 150–161.

Baser, O. (2006). Too much ado about propensity score
models? Comparing methods of propensity score match-
ing. Value Health 9, 377–385.

Bhat, S., Dao, D. T., Terrillion, C. E., Arad, M., Smith,
R. J., Soldatov, N.M. & Gould, T. D. (2012).
CACNA1C (Cav1·2) in the pathophysiology of psychi-
atric disease. Progress in Neurobiology 99, 1–14.

Bristol-Myers Squibb (2013 a). Erbitux (cetuximab) pre-
scribing information. Available at packageinserts.bms.
com/pi/pi_erbitux.pdf (Accessed 1 April 2015).

Bristol-Myers Squibb (2013 b). Plavix (clopidogrel) prescrib-
ing information. Available at packageinserts.bms.com/pi/
pi_plavix.pdf (Accessed 1 April 2015).

Bristol-Myers Squibb (2014). Coumadin (warfarin) prescrib-
ing information. Available at http://www.google.com/url?
sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&
uact=8&ved=0CCAQFjAA&url=http%3A%2F%2Fpack
ageinserts.bms.com%2Fpi%2Fpi_coumadin.pdf&ei=tHHG
VNDcO4SZgwTRvoHYCg&usg=AFQjCNHdV1HJ3M
LqgiUsuFxMApGq20g7pQ&sig2=shyrN0k0qyqQ6CzAH
1tTyw&bvm=bv.84349003,d.eXY (Accessed 1 April
2015).

Burroughs, V. J., Maxey, R.W. & Levy, R. A. (2002).
Racial and ethnic differences in response to medicines: to-
wards individualized pharmaceutical treatment. Journal
of the National Medical Association 94, 1–26.

Carlson, J., Garrison, L. & Sullivan, S. (2009). Paying for
outcomes: innovative coverage and reimbursement
schemes for pharmaceuticals. Journal of Managed Care
Pharmacy 15, 683–687.

CDC (2013). Health, United States 2013 With Special
Feature on Prescription DrugsCenters for Disease
Control; Figure 21. http://www.cdc.gov/nchs/data/hus/
hus13.pdf (Accessed 1 April 2015).

Clancy, J. P., Johnson, S. G., Yee, S.W., McDonagh, E.M.,
Caudle, K. E., Klein, T. E., Cannavo, M. & Giacomini,
K.M. (2014). Clinical Pharmacogenetics Implementation
Consortium (CPIC) guidelines for ivacaftor therapy in the
context of CFTR genotype. Clinical Pharmacology and
Therapeutics 95, 592–597.

CMS (2014 a). Centers for Medicare & Medicaid Services.
Available at http://www.cms.gov/Medicare/Coverage/
Coverage-with-Evidence-Development/ (Accessed 1 April
2015).

CMS & HHS (2014 b). Medicare program; revisions to pay-
ment policies under the Physician Fee Schedule, Clinical
Laboratory Fee Schedule, access to identifiable data for

G. P. Hess et al. 10



the Center for Medicare and Medicaid Innovation
Models & other revisions to Part B for CY 2015. Final
rule with comment period. Federal Register 79, 67547–
68010.

Cohen, J., Wilson, A. & Manzolillo, K. (2013). Clinical and
economic challenges facing pharmacogenomics. The
Pharmacogenomics Journal 13, 378–388.

CPIC (2015). CPIC: Clinical Pharmacogenetics Implemen-
tation Consortium. Dosing Guidelines. Available at
http://www.pharmgkb.org/view/dosing-guidelines.do?source=
CPIC# (Accessed 1 April 2015).

Deverka, P. A. (2009). Pharmacogenomics, evidence, and
the role of payers. Public Health Genomics 12, 149–157.

Dowsett, M., Cuzick, J., Wale, C., Forbes, J., Mallon,
E. A., Salter, J., Quinn, E., Dunbier, A., Baum, M.,
Buzdar, A., Howell, A., Bugarini, R., Baehner, F. L. &
Shak, S. (2010). Prediction of risk of distant recurrence
using the 21-gene recurrence score in node-negative
and node-positive postmenopausal patients with breast
cancer treated with anastrozole or tamoxifen: a
TransATAC study. Journal of Clinical Oncology 28,
1829–1834.

Dressler, L. & Terry, S. (2009). How will GINA influence
participation in pharmacogenomics research and clinical
testing? Clinical Pharmacology and Therapeutics 86,
472–475.

Epstein, R. S., Frueh, F.W., Geren, D., Hummer, D.,
McKibbin, S., O’Connor, S., Randhawa, G. & Zelman,
B. (2009). Payer perspectives on pharmacogenomics
testing and drug development. Pharmacogenomics 10,
149–151.

Evans, W. E. & McLeod, H. L. (2003). Pharmacogenomics –
drug disposition, drug targets, and side effects. The New
England Journal of Medicine 348, 538–549.

Fagerness, J., Fonseca, E., Hess, G., Scott, R., Gardner,
K. R., Koffler, M., Fava, M., Perlis, R., Brennan, F. X.
& Lombard, J. (2014). Pharmacogenetic-guided psychi-
atric intervention associated with increased adherence
and cost savings. The American Journal of Managed
Care 20, e146–e156.

FDA (2014 a). US Food and Drug Administration List of
Cleared or Approved Companion Diagnostic Devices
(In Vitro and Imaging Tools). Available at http://www.
fda.gov/MedicalDevices/ProductsandMedicalProcedures/
InVitroDiagnostics/ucm301431.htm (Accessed January
2015).

FDA (2014 b). US Food and Drug Administration. Table of
Pharmacogenomic Biomarkers in Drug Labeling.
Available at http://www.fda.gov/Drugs/ScienceResearch/
ResearchAreas/Pharmacogenetics/ucm083378.htm
(Accessed 1 April 2015).

FDA (2015 a). US Food and Drug Administration
Database of Diagnositc Test Kits. Warfarin test kits.
Available at http://www.accessdata.fda.gov/scripts/cdrh/
devicesatfda/index.cfm (Accessed 1 April 2015).

FDA (2015 b). US Food and Drug Administration
Guidance on Laboratory Developed Tests. Available at
http://www.fda.gov/MedicalDevices/ProductsandMedical
Procedures/InVitroDiagnostics/ucm407296.htm (Accessed
1 April 2015).

Flockhart, D. A., O’Kane, D., Williams, M. S., Watson,
M. S., Gage, B., Gandolfi, R., King, R., Lyon, E.,
Nussbaum, R., Schulman, K. & Veenstra, D. (2008).
Pharmacogenetic testing of CYP2C9 and VKORC1
alleles for warfarin. Genetics in Medicine 10, 139–150.

Freedman, A. N., Sansbury, L. B., Figg, W. D., Potosky,
A. L., Weiss Smith, S. R., Khoury, M. J., Nelson, S. A.,
Weinshilboum, R.M., Ratain, M. J., McLeod, H. L.,

Epstein, R. S., Ginsburg, G. S., Schilsky, R. L., Liu, G.,
Flockhart, D. A., Ulrich, C.M., Davis, R. L., Lesko,
L. J., Zineh, I., Randhawa, G., Ambrosone, C. B.,
Relling, M. V., Rothman, N., Xie, H., Spitz, M. R.,
Ballard-Barbash, R., Doroshow, J. H. & Minasian,
L.M. (2010). Cancer pharmacogenomics and pharmacoe-
pidemiology: setting a research agenda to accelerate
translation. Journal of the National Cancer Institute 102,
1698–1705.

Genentech (2014). Herceptin (trastuzumab) prescribing in-
formation. Available at http://www.gene.com/download/
pdf/herceptin_prescribing.pdf (Accessed 1 April 2015).

Genentech (2015). Zelboraf (vemurafenib) prescribing infor-
mation. http://www.gene.com/download/pdf/zelboraf_pre-
scribing.pdf (Accessed 1 April 2015).

Graf, M., Needham, D., Teed, N. & Brown, T. (2013).
Genetic testing insurance coverage trends a review of pub-
licly available policies from the largest US payers.
Personalized Medicine 10, 235–243.

Guyatt, G. H., Akl, E. A., Crowther, M., Gutterman, D. D.
& Schuunemann, H. J. (2012). Executive summary:
Antithrombotic Therapy And Prevention Of
Thrombosis, 9th ed: American College of Chest
Physicians Evidence-Based Clinical Practice Guidelines.
Chest 141, 7S–47S.

Heil, S. G. (2013). Epigenetic techniques in pharmacogenet-
ics. Methods in Molecular Biology 1015, 179–188.

Holmes, D. R. Jr, Dehmer, G. J., Kaul, S., Leifer, D.,
O’Gara, P. T. & Stein, C.M. (2010). ACCF/AHA clopi-
dogrel clinical alert: approaches to the FDA “boxed
warning”: a report of the American College of
Cardiology Foundation Task Force on clinical expert
consensus documents and the American Heart
Association endorsed by the Society for Cardiovascular
Angiography and Interventions and the Society of
Thoracic Surgeons. Journal of the American College of
Cardiology 56, 321–341.

Hresko, A. & Haga, S. B. (2012). Insurance coverage pol-
icies for personalized medicine. Journal of Personalized
Medicine 2, 201–216.

Kao, C. F., Fang, Y. S., Zhao, Z. & Kuo, P. H. (2011).
Prioritization and evaluation of depression candidate
genes by combining multidimensional data resources.
PLoS ONE 6, e18696.

Kato, M. & Serretti, A. (2010). Review and meta-analysis of
antidepressant pharmacogenetic findings in major depres-
sive disorder. Molecular Psychiatry 15, 473–500.

Kessler, R. C., Berglund, P., Demler, O., Jin, R., Koretz,
D., Merikangas, K. R., Rush, A. J., Walters, E. E. &
Wang, P. S. (2003). The epidemiology of major depressive
disorder: results from the National Comorbidity Survey
Replication (NCS-R). JAMA 289, 3095–3105.

Kirchheiner, J., Nickchen, K., Bauer, M., Wong, M. L.,
Licinio, J., Roots, I. & Brockmoller, J. (2004).
Pharmacogenetics of antidepressants and antipsychotics:
the contribution of allelic variations to the phenotype of
drug response. Molecular Psychiatry 9, 442–473.

Lazarou, J., Pomeranz, B. H. & Corey, P. N. (1998).
Incidence of adverse drug reactions in hospitalized
patients: a meta-analysis of prospective studies. JAMA
279, 1200–1205.

Lencz, T., Robinson, D. G., Napolitano, B., Sevy, S., Kane,
J. M., Goldman, D. & Malhotra, A. K. (2010). DRD2
promoter region variation predicts antipsychotic-
induced weight gain in first episode schizophrenia.
Pharmacogenetics and Genomics 20, 569–572.

Luo, Z., Gardiner, J. C. & Bradley, C. J. (2010). Applying
propensity score methods in medical research: pitfalls

Pharmacogenomic and pharmacogenetic-guided therapy as a tool in precision medicine 11



and prospects. Medical Care Research and Review 67,
528–554.

Meckley, L.M. & Neumann, P. J. (2009). Personalized
medicine: factors influencing reimbursement. Health
Policy 94, 91–100.

NCI (2014). National Cancer Institute: Cancer Pharmacoe-
pidemiology and Pharmacogenomics. Available at http://
epi.grants.cancer.gov/pharm/ (Accessed 20 April 2015).

NIH (2014). National Institute of Health, National Center
for Advancing Translational Medicine. Available at
www.ncats.nih.gov/news-and-events/e-news/vol03-iss04/
july2014.html (Accessed 20 April 2015).

NIH (2015). The Genetic Information Nondiscrimination
Act (GINA). Available at http://ghr.nlm.nih.gov/spot-
light=thegeneticinformationnondiscriminationactgina
(Accessed 20 April 2015).

Novartis (2009). Tegretol (carbamazepine) prescribing in-
formation. Available at https://www.google.com/url?
sa=t&rct=j&q=&esrc=s&source=web&cd=10&ved=0CFs
QFjAJ&url=http%3A%2F%2Fwww.accessdata.fda.gov
%2Fdrugsatfda_docs%2Flabel%2F2009%2F016608s101%
2C018281s048lbl.pdf&ei=R23GVMHQHc7FgwT2-IOQ
CA&usg=AFQjCNGIGPuwleF31VV5KWHVyxIaGXF
RFg&sig2=QKpfPHYkUIliaZ2pstRW3Q&bvm=bv.8434
9003,d.eXY (Accessed 20 April 2015).

Novartis (2014). Gleevec (imatinib) prescribing information.
Available at http://www.pharma.us.novartis.com/product/
pi/pdf/gleevec_tabs.pdf (Accessed 20 April 2015).

Pfizer (2014). Xalkori (crizotinib) prescribing information.
Available at http://labeling.pfizer.com/ShowLabeling.
aspx?id=676 (Accessed 20 April 2015).

Porcelli, S., Drago, A., Fabbri, C., Gibiino, S., Calati, R. &
Serretti, A. (2011). Pharmacogenetics of antidepressant
response. Journal of Psychiatry and Neuroscience 36,
87–113.

Porcelli, S., Fabbri, C. & Serretti, A. (2012). Meta-analysis
of serotonin transporter gene promoter polymorphism
(5-HTTLPR) association with antidepressant efficacy.
European Neuropsychopharmacology 22, 239–258.

Psychiatric GWAS Consortium Bipolar Disorder Working
Group (2011). Large-scale genome-wide association ana-
lysis of bipolar disorder identifies a new susceptibility
locus near ODZ4. Nature Genetics 43, 977–983.

Ramsey, L. B., Johnson, S. G., Caudle, K. E., Haidar, C. E.,
Voora, D., Wilke, R. A., Maxwell, W. D., McLeod,
H. L., Krauss, R.M., Roden, D.M., Feng, Q., Cooper-
DeHoff, R.M., Gong, L., Klein, T. E., Wadelius, M. &
Niemi, M. (2014). The clinical pharmacogenetics imple-
mentation consortium guideline for SLCO1B1 and
simvastatin-induced myopathy: 2014 update. Clinical
Pharmacology and Therapeutics 96, 423–428.

Rosove, M. H. & Grody, W.W. (2009). Should we be apply-
ing warfarin pharmacogenetics to clinical practice? No,
not now. Annals of Internal Medicine 151, 270–273, W95.

Roxane (2009). Codeine sulfate prescribing information.
Available at http://www.google.com/url?sa=t&rct=j&q=
&esrc=s&source=web&cd=2&ved=0CCQQFjAB&url=
http%3A%2F%2Fwww.accessdata.fda.gov%2Fdrugsatfda_
docs%2Flabel%2F2009%2F022402s000lbl.pdf&ei=sW_G

VJPQOcKdgwTNnoGQBg&usg=AFQjCNEtTA4PKRQ
rjmLOpMOqxKU8NwfP4Q&sig2=bVqmfUakSuy3rXgZ
ticEnQ&bvm=bv.84349003,d.eXY&cad=rja (Accessed 20
April 2015).

Salloum, N. C., McCarthy, M. J., Leckband, S. G. &
Kelsoe, J. R. (2014). Towards the clinical implementation
of pharmacogenetics in bipolar disorder. BMC Medicine
12, 90.

Scott, S. A., Sangkuhl, K., Stein, C.M., Hulot, J. S., Mega,
J. L., Roden, D.M., Klein, T. E., Sabatine, M. S.,
Johnson, J. A. & Shuldiner, A. R. (2013). Clinical
Pharmacogenetics Implementation Consortium guidelines
for CYP2C19 genotype and clopidogrel therapy: 2013
update. Clinical Pharmacology and Therapeutics 94,
317–323.

Sorich, M. J., Wiese, M. D., O’Shea, R. L. & Pekarsky, B.
(2013). Review of the cost effectiveness of
pharmacogenetic-guided treatment of hypercholesterol-
aemia. Pharmacoeconomics 31, 377–391.

Souery, D., Papakostas, G. I. & Trivedi, M. H. (2006).
Treatment-resistant depression. The Journal of Clinical
Psychiatry 67(Suppl 6), 16–22.

Spear, B. B., Heath-Chiozzi, M. & Huff, J. (2001). Clinical
application of pharmacogenetics. Trends in Molecular
Medicine 7, 201–204.

Talameh, J. A. & Kitzmiller, J. P. (2014). Pharmacogenetics
of statin-induced myopathy: a focused review of the clin-
ical translation of pharmacokinetic genetic variants.
Journal of Pharmacogenomics & Pharmacoproteomics 5,
pii: 128.

Tansey, K. E., Guipponi, M., Hu, X., Domenici, E., Lewis,
G., Malafosse, A., Wendland, J. R., Lewis, C.M.,
McGuffin, P. & Uher, R. (2013). Contribution of com-
mon genetic variants to antidepressant response.
Biological Psychiatry 73, 679–682.

Thompson, P. D., Clarkson, P. & Karas, R. H. (2003).
Statin-associated myopathy. JAMA 289, 1681–1690.

Tunis, S. R. & Pearson, S. D. (2006). Coverage options for
promising technologies: Medicare’s ‘coverage with evi-
dence development’. Health Affairs (Millwood) 25,
1218–1230.

Vertex (2014). Kalydeco (ivacaftor) tablets prescribing infor-
mation. Vertex Pharmaceuticals Incorporated. Available
at pi.vrtx.com/files/uspi_ivacaftor.pdf (Accessed 20 April
2015).

Warden, D., Rush, A. J., Trivedi, M. H., Fava, M. &
Wisniewski, S. R. (2007). The STAR*D Project results:
a comprehensive review of findings. Current Psychiatry
Reports 9, 449–459.

Yaghjyan, L., Colditz, G. A., Collins, L. C., Schnitt, S. J.,
Rosner, B., Vachon, C. & Tamimi, R.M. (2011).
Mammographic breast density and subsequent risk of
breast cancer in postmenopausal women according to
tumor characteristics. Journal of the National Cancer
Institute 103, 1179–1189.

Zhang, J. P., Lencz, T. & Malhotra, A. K. (2010).
Dopamine D2 receptor genetic variation and clinical re-
sponse to antipsychotic drug treatment: a meta-analysis.
American Journal of Psychiatry 167, 763–772.

G. P. Hess et al. 12


