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REVIEW

Cost-effectiveness of pharmacogenetic-guided treatment: are

we there yet?

M Verbelen', ME Weale? and CM Lewis'?

Pharmacogenetics (PGx) has the potential to personalize pharmaceutical treatments. Many relevant gene—drug associations have
been discovered, but PGx-guided treatment needs to be cost-effective as well as clinically beneficial to be incorporated into
standard health-care. We reviewed economic evaluations for PGx associations listed in the US Food and Drug Administration (FDA)
Table of Pharmacogenomic Biomarkers in Drug Labeling. We determined the proportion of evaluations that found PGx-guided
treatment to be cost-effective or dominant over the alternative strategies, and estimated the impact on this proportion of removing
the cost of genetic testing. Of the 137 PGx associations in the FDA table, 44 economic evaluations, relating to 10 drugs, were
identified. Of these evaluations, 57% drew conclusions in favour of PGx testing, of which 30% were cost-effective and 27% were
dominant (cost-saving). If genetic information was freely available, 75% of economic evaluations would support PGx-guided
treatment, of which 25% would be cost-effective and 50% would be dominant. Thus, PGx-guided treatment can be a cost-effective
and even a cost-saving strategy. Having genetic information readily available in the clinical health record is a realistic future
prospect, and would make more genetic tests economically worthwhile.
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INTRODUCTION

Pharmacogenetics (PGx) studies the relationship between genetic
variation and inter-individual variability in drug response in terms
of efficacy and safety. Hence, PGx knowledge can be used to tailor
pharmaceutical treatment to the genetic make-up of the patient.
Several robust, well-replicated PGx associations exist, for example,
the association of HLA-B*5701 with abacavir hypersensitivity, HLA-
B*1502 with carbamazepine-induced Stevens—Johnson syndrome/
toxic epidermal necrolysis, and VKORCT and CYP2C9 with warfarin
dosing." Accordingly, the US Food and Drug Administration
(FDA) includes information about PGx associations in many drug
labels in a wide range of therapeutic areas.” These PGx drug labels
cover tests that are commonly used, but also include weaker
genetic associations that are reported without requiring adjust-
ments to pharmaceutical treatment. Most drugs with mandatory
genetic testing are used in oncology, but PGx tests in other
therapeutic areas are already being offered by laboratories and
some have become part of standard clinical practice.>®
Personalizing drug treatments through PGx testing could
improve their efficacy and safety, as well as reduce costs.”
However, as health-care resources are finite, it is important that
the cost-effectiveness of novel PGx-guided treatment strategies is
assessed in addition to their clinical utility before they are widely
applied. Economic evaluations, which compare costs and out-
comes of at least two competing interventions, are a useful tool to
inform decision making and prioritize health-care spending. In the
context of PGx testing, a pharmaco-economic study might
contrast PGx-guided treatment with standard treatment (ST) with
the same drug, or with an alternative drug that does not require
genetic testing, or with both alternatives. When the PGx strategy is

found to be more effective at an acceptable additional cost (cost-
effective) or more effective at a lower cost (cost-saving or
dominant), this provides a strong argument for the implementa-
tion of PGx testing.

Previously published literature reviews of PGx-guided treatment
and personalized medicine reported that the majority of PGx
strategies were cost-effective or even dominant, though they noted
that there was large heterogeneity in methodology between
studies®'? Concerns over the quality of the early economic
evaluations of PGx-guided treatment have been raised, but the
quality is generally considered to have improved over time.'>™'¢

Our review of pharmaco-economic studies of PGx-guided
treatment provides an update on the literature in this rapidly
evolving field (the most recent previous review covered studies up
to early 2013 (ref. 10)). Furthermore, we include a more extensive
range of economic evaluations, whereas recent literature reviews
were limited to cost utility analyses (CUAs) only.'®"" We also
assessed the impact of freely available genetic information on the
cost-effectiveness of PGx-guided treatment. We adopted a narrow
definition of PGx, limiting our scope to consideration of variation
in germline DNA. In contrast to tests on tumour, viral or bacterial
DNA, germline DNA has the advantage that genetic variants need
to be typed only once, and results remain relevant throughout a
patient’s life.

MATERIALS AND METHODS
Data sources and search strategy

The FDA Table of Pharmacogenomic Biomarkers in Drug Labeling
lists FDA-approved drugs that include PGx information on their
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Figure 1. Cost-effectiveness plane of pharmaco-economic studies.
PGx, pharmacogenetics-guided treatment; ST, standard treatment.

drug label along with the biomarker gene (accessed on 18
September 2015).* We used this table to identify drugs for which
there is a genetic variant associated with the drug efficacy, safety
or dosing. We excluded non-germline genetic biomarkers, for
example, mutations in viral or tumour DNA.

We then searched for the selected drugs and biomarkers in the
National Health Service Economic Evaluations Database (NHS
EED), a UK Department of Health and National Institute for Health
Research-funded registry of economic evaluations of health and
social care interventions.'”'® This resource includes CUAs, cost-
effectiveness analyses (CEAs), cost-benefit analyses (CBAs—see
below for definitions of these terms) and commentaries by the
Centre for Reviews and Dissemination of the University of York.
Funding of the NHS EED ceased in March 2015 and the latest
database update was December 2014.

For each drug included in our study, the NHS EED was searched
for economic evaluations that contain (1) the drug name and (2)
the specific gene from the FDA label or the search terms genetic,
genotype, genotypic, pharmacogenetic or pharmacogenomic in
any field. We only included studies that compared a PGx-guided
treatment strategy with at least one alternative strategy.

We also searched PubMed to identify more recent papers (until
September 2015) and any other studies missed by the NHS EED
search. We searched for articles that included (1) the name of the
drug and (2) the specific gene mentioned in the FDA label or the
search terms genetic, genotype, genotypic, pharmacogenetic or
pharmacogenomic in the title or abstract, and (3) Cost-Benefit
Analysis as a Medical Subject Headings term. In addition, the
reference lists of retrieved publications were used to identify
additional studies missed in our database searches.

Overview of economic evaluation methodology

Measuring and comparing costs and health outcomes is essential
in a pharmaco-economic study. Whereas costs are naturally
expressed in monetary units, the effect of a healthcare interven-
tion can be expressed in different ways. In CUAs, health outcomes
are assessed as quality-adjusted life years (QALYs), which measure
the expected number of post-treatment years of life accounting
for the quality of life. QALYs allow comparisons of treatment
strategies across therapeutic areas and populations, but are an
abstract concept (‘quality’ is hard to define) and their validity has
been questioned.'® CEAs evaluate the effect of an intervention in
terms of a disease or treatment specific measure, for example the
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number of adverse events avoided, the change in score on a
depression rating scale or time taken to remission. CBAs quantify
treatment outcome in purely monetary terms.

Furthermore, the perspective of a pharmaco-economic study
determines which costs and benefits are taken into account. These
can be limited to costs to the public health-care system or private
insurers, for example, staff salaries, drugs and equipment costs, or
may include broader costs such as productivity losses and
informal care. Commonly used perspectives are the third-party
payer and societal perspective, but some studies take a hospital or
patient perspective.

The incremental cost-effectiveness ratio (ICER) summarizes the
difference in costs and health outcomes between a PGx-guided
strategy and ST:

(COSthX - COStST)

ICER =
(Effecthx - Ef‘fectST)

If the PGx treatment reduces costs and achieves a better outcome
than the ST, then the PGx strategy dominates the ST. Contrarily, if
the PGx option costs more but is less effective than the ST, then
the PGx treatment is dominated by the ST (Figure 1). When one
treatment comes at a higher cost but is also more effective than
the other, the ICER is compared to a willingness-to-pay threshold
to determine cost-effectiveness. Generally, ICERs up to £20 000-
£30 000 per QALY (or $30 000—$50 000 per QALY) are considered
cost-effective.®® As costs, health outcomes and willingness-to-pay
thresholds differ between countries, or may differ according to the
assumptions and perspectives adopted, economic studies evalu-
ating the same PGx test may come to different conclusions.

Analyses

We extracted key parameters from the reviewed economic
evaluations, including the unit of outcome, country, perspective,
ICER if applicable and the conclusion regarding the cost-
effectiveness of the PGx testing strategy (the interpretation of
the result as described in the publication). A parameter of
particular interest is the cost of the genetic test, as this can
significantly affect the cost-effectiveness of the PGx testing
strategy and may change over time. To allow comparison between
studies, the price of the genetic test was corrected for inflation
and converted to US dollars estimated at 2014 levels (2014 USS$).

A stepwise linear regression model was fitted to test whether
publication year, geographic region (Asia, Oceania, United States
and Canada or EU) or perspective (health care, society or other)
had an influence on the price of genetic testing. A stepwise
logistic regression model was also used to investigate whether
publication year, geographic region, perspective, cost of genetic
test, genetic variant (HLA, TPMT or other) or outcome (QALY or
other) was associated with the PGx testing strategy being cost-
effective. Statistical analysis was performed in R (version 3.1.2, R
Foundation for Statistical Computing, Vienna, Austria).

We estimated the impact of freely available genetic information
on the conclusions regarding the cost-effectiveness of PGx-
informed strategies. The ICER under assumption of free genetic
testing was calculated by adjusting the cost of the PGx-guided
treatment for the cost of the test as reported in the reviewed
studies

[COStPGx - COStgenetic test — COStST]
(EffecthX - EffectST)

ICERfree PGx —

When insufficient details were provided to estimate the
ICERfee pGxs it Was assumed that free genetic testing could not
worsen the conclusion regarding PGx-guided treatment. For
example, when a study found the PGx strategy to be cost-
effective, we assumed that PGx-guided treatment with free
genetic testing would also be at least as cost-effective.



RESULTS

Description of studies

The FDA Table of Pharmacogenomic Biomarkers in Drug Labeling
listed 137 distinct drugs, of which 68 met our inclusion criteria
(Figure 2). These drugs were from diverse clinical specialties,
including cancer (11 drugs), infectious diseases (10 drugs),
psychiatry (9 drugs) and neurology (8 drugs) (Table 1). Our
literature search yielded economic evaluations for only 10 of these
68 drugs (14.7%; Table 2). All publications related to a single drug,
except for one study investigating a PGx testing strategy for

137 Drugs on FDA Table of Pharmacogenomic Biomarkers in Drug Labeling

F—

Excluded from study because biomarker on label refers to

27  Tumor or viral DNA
18  Metabolism of drug can cause drug-drug interactions
11 No genetic association known or no action required
6 Diagnostic test for disease treated
4 Association with concommitantly used drug

3 Mechanism of action

Publications retrieved from

35 NHS Economic Evaluations Database
6 PubMed

3 Reference list

\ 4

44  Publications reviewed
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carbamazepine and phenytoin treatment, which assumed both
drugs to be interchangeable in terms of costs, efficacy and
safety.”’ To avoid duplication of studies in our review, this
publication was counted as a carbamazepine study (there were no
other publications on phenytoin).

We retrieved 44 economic evaluations that investigated the
cost-effectiveness of a PGx-informed strategy (Table 2). Full details
of the reviewed studies and extracted information are given in
Supplementary Table 1. The earliest study included was published
in 2000 and over 70% of studies were published in 2009 or later.
Most publications were CUAs (30 studies, 68%) or CEAs (12
studies, 27%), with only two CBAs (5%). A health-care system
perspective was adopted in 18 studies (41%), a societal
perspective in 10 papers (23%), a third-party payer perspective
in 5 studies (11%) and 11 papers (25%) did not state a clear
perspective. In all, 20 studies (45%) were conducted in North
America, 11 (25%) in Europe, 6 (14%) in Asia and 3 (7%) in
Oceania; 4 studies (9%) did not specify a country. Warfarin had the
most economic evaluations (12 studies), followed by azathioprine
(9 studies); clozapine and mercaptopurine had only 1 economic
evaluation each (Table 2).

Cost-effectiveness of PGx-informed treatment

We assessed the overall conclusions regarding cost-effectiveness
of each PGx study. Over half of the 44 economic evaluations took
a favourable view of the PGx-guided strategy: in 12 studies (27%)
it was dominant (cost-saving) and in 13 studies (30%) it was cost-
effective. Eleven publications (25%) found PGx testing not cost-
effective and 8 studies (18%) did not reach a definitive conclusion
(Figure 3a). The majority of economic evaluations concluded in
favour of PGx testing for azathioprine (7 out of 9 studies),
clopidogrel (4 out of 6 studies), abacavir (4 out of 5 studies),
carbamazepine (3 out of 4 studies), irinotecan (3 out of 3 studies)
and clozapine (1 study) (Figure 3b). Although warfarin had the
highest number of economic studies, they reached diverging
conclusions: 3 studies found PGx-guided dosing cost-effective, 4

Figure 2. Number of drugs and publications included in literature studies were inconclusive and 5 studies concluded it was not cost-
review. effective. No studies found unequivocally that PGx-guided
Table 1. Drugs from the FDA Table of Pharmacogenomic Biomarkers in Drug Labeling included in literature review
Therapeutic area Count Drugs
Oncology 11 Capecitabine, cisplatin, dabrafenib, fluorouracil, irinotecan, lapatinib, mercaptopurine,
nilotinib, pazopanib, rasburicase, thioguanine
Infectious diseases 10 Abacavir, chloroquine, dapsone, mafenide, nalidixic acid, nitrofurantoin, primaquine,
quinine sulphate, rifampin+isoniazid+pyrazinamide?, sulfamethoxazole+trimethoprim?®
Psychiatry 9 Aripiprazole, atomoxetine, citalopram, clozapine, fluvoxamine, iloperidone,
perphenazine, pimozide, thioridazine
Neurology 8 Carbamazepine, clobazam, dextromethorphan+quinidine®, divalproex, phenytoin,
tetrabenazine, valproic acid, vortioxetine
Cardiology 5 Carvedilol, clopidogrel, isosorbide+hydralazine®, metoprolol, propafenone
Gastroenterology 5 Dexlansoprazole, esomeprazole, metoclopramide, PEG-3350+sodium sulphate+sodium
chloride+potassium chloride+sodium ascorbate+ascorbic acid®, rabeprazole
Rheumatology 5 Azathioprine, carisoprodol, celecoxib, flurbiprofen, pegloticase
Endocrinology 4 Chlorpropamide, glimepiride, glipizide, glyburide
Haematology 3 Eltrombopag, methylene blue, warfarin
Analgesic 1 Tramadol
Anaesthesiology 1 Codeine
Dental 1 Cevimeline
Genitourinary 1 Tolterodine
Inborn errors of metabolism 1 Eliglustat
Pulmonary 1 Ivacaftor
Toxicology 1 Sodium nitrite
Transplantation 1 Mycophenolic acid

Abbreviation: FDA, Food and Drug Administration. Drugs in bold had economic evaluations available. *Multiple drugs on a single FDA label.
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citalopram (3 studies) or mercaptopurine (1 study) treatment was

N cost-effective.
§ s 5 _ Q _ & We assessed the effect of study characteristics on the
2 gl 5 2 8\? é & $ & § probability of concluding in favour of the PGx strategy. A logistic
25189 n 5 g °2 8 2 5 regression model detected that CUAs (studies using QALYs as
N g ~ g & L ¢ & & outcome measure) were less likely than CEAs and CBAs to find the
82| == ° s g - = - :;_‘, genetic testing strategy cost-effective (odds ratio=0.13, P-value
§ e 3" = " e < 0.05). However, there is no clear explanation for this and it may

be a spurious result due to the relatively small sample size of 44
economic evaluations.

Effect of cost of genetic test on cost-effectiveness of PGx-informed
treatment
The cost of genetic testing is an important parameter of economic
evaluations of PGx interventions. After correcting for inflation and
converting to 2014 USS$, the cost of genetic testing quoted by the
reviewed studies ranged between US$33 and US$710 with a
median value of US$175. The price of genetic tests decreased
slightly over time (not statistically significant) and this trend was
more pronounced since 2009, the period when most economic
evaluations were published (P-value < 0.05; Figure 4). Prices were
on average higher in the United States and Canada than other
regions of the world (mean United States and Canada: US$363.65;
mean other regions: US$131.80; P-value < 0.05). We noted a wide
variability in prices of tests for the same drug. For example, the
lowest price quoted for warfarin PGx testing was US$36 in a 2014
UK-based study,?? while US$600 and US$657 were used in a 2013
Canadian and 2009 US study, respectively.*** The prices for
clopidogrel PGx testing also varied considerably: from US$45
(2013 Australian study) to US$ 543 (2013 US study).>>?°

Given the decreasing costs of genetic testing and its increasing
availability, we looked ahead to a possible future where genotype
information might be readily available, at negligible cost, for all
patients as part of their electronic health record. Thirty-three
economic evaluations (75%) would support PGx-guided treatment
under this scenario, with 11 studies (25%) finding it cost-effective

CYP2D6 poor metabolizers may require reduced clozapine dose. Six polymorphisms in H2, 5-HTT, 5-HT2A

and 5-HT2C are associated with clozapine response.®*
Genetic variation in VKORC1 and CYP2C9 explain 40% variance in warfarin dose. Genetic and clinical

Carriers of one nonfunctional TPMT allele may require reduced mercaptopurine dose. Carriers of two
information can be used to determine starting dose.

CYP2C19 poor metabolizers require reduced citalsggla'am starting dose. Polymorphisms in 5-HTTLPR and
CYP2C19 poor metabolizers have reduced response to clopidogrel and alternative treatment should be
Patients homozygous for the UGT1A1*28 allele are at higher risk of neutropenia and should receive a
nonfunctional TPMT alleles are at high risk of myelotoxicity and alternative treatment should be

Abacavir is contraindicated for HLA-B*5701 carriers as they are at high risk of hypersensitivity reaction.
HTR2A are associated with citalopram response.”

Carriers of one nonfunctional TPMT allele may require reduced azathioprine dose. Carriers of two
nonfunctional TPMT alleles are at high risk of myelotoxicity and alternative treatment should be
Carbamazepine is contraindicated for HLA-B*1502 carriers as they are at high risk Stevens-Johnson
syndrome/toxic epidermal necrolysis. HLA-A*3101 has also been associated with hypersensitivity
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evaluations provide evidence for the introduction of PGx testing
into clinical practice, we argue that an up-to-date, accessible
database would be an important and valuable resource for both
health-economic and PGx research.

Few of the FDA-listed drugs have been the subject of published
economic evaluations assessing the economic aspects of PGx
testing. This was previously also noted by Phillips et al,'’ who
found that only 13% of drugs on the FDA table and only 27% of
available genetic tests were accompanied by economic studies.
However, it is increasingly the case that clinical utility alone is not
sufficient to recommend application of a PGx test in clinical
practice, and a favourable economic assessment is therefore of
increasing importance. We call for more pharmaco-economic
studies in this field, which should be regularly updated to respond
to the changing landscape of health-care and, in particular,
genetic testing costs.

There are various limitations of our study that need to be taken
into account. One is that the economic evaluations reviewed may
not be representative of all PGx tests. For example, the economic
aspects of PGx-guided treatment are of less relevance in cases
where testing is clearly necessary, for example, because it

prevents life-threatening adverse events, and economic studies
in such cases therefore tend to be lacking. Another possibility is
that economic studies focus on PGx tests that are already applied
in clinical practice and for which there is an apparent interest.
Studies that find genetic testing to be not cost-effective may also
be less likely to be published.

Notwithstanding the above issues, economic evaluations also
have certain intrinsic limitations. One is that certain inputs into the
model are difficult to quantify accurately. For example, parameters
such as the response rate, the probability of adverse drug
reactions and the cost of managing adverse drug reactions must
sometimes be estimated from sparse information. Randomized
clinical trials are the preferred source for these input data, but
these are not always available. Ideally, the uncertainty in the input
estimates should be accounted for in the economic modelling,
and sensitivity analyses should be performed to verify how robust
the result is to deviations in the inputs, but the level of uncertainty
to apply can itself be a matter of subjective opinion, and vary from
study to study.

Another intrinsic issue is that context and perspective may
influence the conclusion of a study. For example, comparing
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reviewed economic evaluations over time, with fitted regression
since 2009 (dotted line).

treatments from the perspective of an insurance company over 5
years will count costs and outcomes differently from looking at
the same treatment options from a broader societal perspective.
Likewise, economic evaluations are typically country specific, as
this determines parameters of costs, treatment options, and rates
of non-response and adverse drug reactions. Studies are also time-
specific, as their conclusions may become outdated through
changes in price, in management of adverse drug reactions or
through the availability of new drugs.

In the context of PGx testing, the type of test applied may differ
over time and between countries, and this may influence the
study result. For example, a lab-developed test is likely to be less
expensive than a PGx test which has undergone regulatory
approval. Likewise, a multi-variant test may be less expensive than
a series of single tests. For example, the PGx GeneSight test uses
44 genetic variants to guide selection of antidepressants for major
depressive disorder, with some evidence that the genetic test
resulted in higher response rates and was cost-saving.”®%° Indeed,
another shift in perspective may occur when PGx information is
available for multiple drugs used to treat a specific condition; cost-
effectiveness studies will then move from assessing a single drug
to evaluating cost-effectiveness at the disease level.

Taken together, these issues imply that cost-effectiveness
analyses on their own cannot answer the question of whether
or not a certain strategy should be used and funded, but should
be considered in conjunction with other factors such as the
available resources, the number of patients who benefit from the
intervention and other ethical considerations.

Warfarin provides a useful illustration of some of these issues.
PGx-guided warfarin dosing was favoured by a US cost-
effectiveness study but not supported by a UK study. The UK
study compared warfarin (with and without PGx testing),
rivaroxaban, apixaban and dabigatran, with costs and health
outcomes included from the National Health Service’s
perspective.® The US study contrasted warfarin treatment without
PGx testing with a strategy where all patients are tested and either
receive PGx-guided doses of warfarin or an alternative drug if they
have low or high warfarin sensitivity.3° The latter analysis took the
perspective of the US health-care payers. Both studies estimated
costs and benefits on a lifetime horizon, measured health
outcomes primarily in terms of QALYs and used CYP2C9 and
VKORCT1 for PGx testing. The UK study concluded that PGx-guided
warfarin was cost-effective compared to warfarin with clinically
guided dosing, but recommended the use of apixaban, which
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does not require PGx testing, as the most cost-effective treatment
option. In contrast, the US study found that PGx-guided warfarin
was cost-effective compared to clinically dosed warfarin and
supported the use of PGx testing for warfarin dosing. The US study
did not include apixaban or other comparator drugs, which may
have influenced the conclusion reached, but many other factors
differed between the studies. For example, although the price of
the genetic test was twice as high in the US study, this was
outweighed by differences in lifetime costs for warfarin in the
United States and the United Kingdom. This example highlights
the variable factors involved in performing cost-effectiveness
analyses, interpreting their results and comparing such studies.

The PGx dosing algorithm for warfarin is often presented as the
poster child for the achievements of PGx, because the drug is
widely prescribed and implementation of this single-nucleotide
polymorphism-based test could have a major impact on health
care. However, only one-quarter of studies considered genetic-
guided dosing for warfarin to be cost-effective, and the clinical
advantage of genetic-guided dosing over standard dosing
appears to be small or even non-existent?' Although freely
available genetic testing would improve the cost-effectiveness of
genotype-guided warfarin dosing, other drugs such as abacavir,
where genetic testing for HLA-B*5701 is required by the FDA,
might make more convincing PGx success stories.>?

Our study assessed the characteristics of tests in the reviewed
evaluations. We noted that quoted prices for genetic tests in the
United States and Canada were higher than that in other
countries, although there was also a large between-study
variability within these countries. However, higher prices for
genetic testing in the United States and Canada did not lead to
fewer conclusions in favour of PGx testing, as country was not
associated with study outcome. In addition, neither the drug nor
the study perspective was significantly associated with the price of
testing. Genetic test costs may depend on the method used to
determine genetic variants (for example, PCR or measuring
enzyme activity), but the reviewed studies did not provide
sufficient detail to investigate the impact of this parameter on
price. A downward trend in prices for genetic testing is apparent
in recent years, and this may continue as new genetic
technologies become more accessible and lead to further price
reductions.

We show in this study that the cost of genetic testing is an
important factor in determining the cost-effectiveness of a PGx-
guided treatment strategy. If there was no cost attached to
genetic testing, the number of economic evaluations that found
the PGx strategy cost-effective increased greatly, such that half of
the reviewed studies considered it dominant over the alternative
and 75% considered it cost-effective. Freely available genetic
testing might be achievable in future as genomic prices fall and
the perceived or actual value of genetic information increases.
Once genetic tests become a mainstream clinical service,
economies of scale will decrease the price of testing still further.
For example, the direct to consumer testing company 23andMe
offers a genome-wide genotyping service for £149 (United
Kingdom, January 2017 price), which includes single-nucleotide
polymorphism-based testing for 5 of the 10 drugs covered in this
review.>*** Similarly, the cost of whole-genome sequencing has
fallen every year and is now nearing US$1000.3> Having genetic
information in the electronic health record would allow PGx
information to be queried for any new prescription or dosage
review. A genetic test would need to be performed only once and
this information, safely secured and immediately accessible, could
guide treatment throughout the patient’s life.

Even so, PGx-guided treatment will not be cost-effective in all
situations. Even under the favourable assumption of freely
available genetic testing, it could still be more expensive than
the alternative strategy. This sounds counter-intuitive, but genetic
testing costs may only be a small part of the costs attached to



PGx-informed treatment. Increased costs may arise where the
alternative drug for test-positive patients is more expensive, and
this is exacerbated whether the test has a high proportion of false-
positive results. For example, patients with heart disease or stroke
who are CYP2C19 poor metabolizers may be prescribed the more
expensive ticagrelor in place of clopidogrel (which is metabolized
into its active form by CYP2C19).%> Thus, even if genetic
information is freely accessible, economic evaluations of PGx
testing are still relevant and necessary.

The economic evaluation studies reviewed here show that PGx
has a positive impact on health-care quality and costs. Over half of
reviewed studies concluded that the PGx-informed treatment
strategy is more cost-effective than the alternatives considered
under present-day economics. Only one in four economic
evaluations found the genetic testing option unequivocally not
cost-effective. This encouraging finding, with an even bigger
projected benefit under low-cost genetic typing, suggests that
PGx testing has the potential to be a cost-effective or even cost-
saving intervention. It therefore seems likely that PGx testing will
become a core clinical service, particularly as projects such as the
100 000 Genomes Project pushes genomics to become part of
health-care infrastructure and as electronic health records become
increasingly effective.3®

CONFLICT OF INTEREST

MV is funded by a studentship from the Medical Research Council and Eli Lilly and
Company Ltd. MEW is a part-time employee of Genomics plc. CML declares no
conflict of interest.

ACKNOWLEDGMENTS

This study was funded by an industrial CASE studentship to MV from the Medical
Research Council with Eli Lilly and Company Ltd. This paper represents independent
research part-funded by the National Institute for Health Research (NIHR) Biomedical
Research Centre at South London and Maudsley NHS Foundation Trust and King’s
College London. The views expressed are those of the authors and not necessarily
those of the NHS, the NIHR or the Department of Health.

REFERENCES

Mallal S, Phillips E, Carosi G, Molina J-M, Workman C, Tomazi¢ J et al. HLA-B* 5701
screening for hypersensitivity to abacavir. N Engl J Med 2008; 358: 568—579.
Chung W-H, Hung S-I, Hong H-S, Hsih M-S, Yang L-C, Ho H-C et al. Medical
genetics: a marker for Stevens—Johnson syndrome. Nature 2004; 428: 486—486.
Wadelius M, Chen LY, Eriksson N, Bumpstead S, Ghori J, Wadelius C et al.
Association of warfarin dose with genes involved in its action and metabolism.
Hum Genet 2007; 121: 23-34.

4 U.S. Food and Drug Administration. Table of Pharmacogenomic Biomarkers in
Drug Labeling. Available at http://www.fda.gov/Drugs/ScienceResearch/Research
Areas/Pharmacogenetics/ucm083378.htm (accessed on 18 September 2015).
Centers for Disease Control and Prevention. Genomic Tests and Family Health
History by Levels of Evidence: Public Health Genomics. Available at http://www.
cdc.gov/genomics/gtesting/tier.htm (accessed on 17 February 2016).

Rubinstein WS, Maglott DR, Lee JM, Kattman BL, Malheiro AJ, Ovetsky M et al. The
NIH genetic testing registry: a new, centralized database of genetic tests to enable
access to comprehensive information and improve transparency. Nucleic Acids Res
2013; 41: 925-935.

Haycox A, Pirmohamed M, McLeod C, Houten R, Richards S. Through a glass darkly:
economics and personalised medicine. Pharmacoeconomics 2014; 32: 1055-1061.
Phillips KA, Van Bebber SL. A systematic review of cost-effectiveness analyses of
pharmacogenomic interventions. Pharmacogenomics 2004; 5: 1139-1149.
Vegter S, Boersma C, Rozenbaum M, Wilffert B, Navis G, Postma MJ. Pharma-
coeconomic evaluations of pharmacogenetic and genomic screening pro-
grammes: a systematic review on content and adherence to guidelines.
PharmacoEconomics 2008; 26: 569-587.

10 Hatz MHM, Schremser K, Rogowski WH. Is individualized medicine more
cost-effective? A systematic review. PharmacoEconomics 2014; 32: 443-455.
Phillips KA, Ann Sakowski J, Trosman J, Douglas MP, Liang S-Y, Neumann P. The
economic value of personalized medicine tests: what we know and what we need
to know. Genet Med 2014; 16: 251-257.

N

w

wv

(<)}

~N

oo

©

-

Cost-effectiveness of pharmacogenetic testing
M Verbelen et al

12 Beaulieu M, de Denus S, Lachaine J. Systematic review of pharmacoeconomic
studies of pharmacogenomic tests. Pharmacogenomics 2010; 11: 1573-1590.

13 Payne K, Shabaruddin FH. Cost-effectiveness analysis in pharmacogenomics.
Pharmacogenomics 2010; 11: 643-646.

14 Shabaruddin FH, Fleeman ND, Payne K. Economic evaluations of personalized
medicine: existing challenges and current developments. PharmacoEcon
Personalized Med 2015; 8: 115-126.

15 Vegter S, Jansen E, Postma MJ, Boersma C. Economic evaluations of pharmaco-
genetic and genomic screening programs: update of the literature. Drug Dev Res
2010; 71: 492-501.

16 Wong WB, Carlson JJ, Thariani R, Veenstra DL. Cost effectiveness of pharmaco-
genomics: a critical and systematic review. PharmacoEconomics 2010; 28:
1001-1013.

17 Nixon J, Stoykova B, Christie J, Glanville J, Kleijnen J, Drummond M. NHS Eco-
nomic Evaluation Database for healthcare decision makers. BMJ 2000; 321: 32.

18 University of York Centre for Reviews and Dissemination. Welcome to the CRD
Database. Available at http://www.crd.york.ac.uk/CRDWeb/HomePage.asp
(accessed on 30 October 2015).

19 Beresniak A, Medina-Lara A, Auray JP, De Wever A, Praet JC, Tarricone R et al.
Validation of the underlying assumptions of the quality-adjusted life-years out-
come: results from the ECHOUTCOME European project. PharmacoEconomics
2015; 33: 61-69.

20 McCabe C, Claxton K, Culyer A. The NICE Cost-Effectiveness Threshold. Pharma-

coEconomics 2008; 26: 733-744.

Dong D, Sung C, Finkelstein EA. Cost-effectiveness of HLA-B*1502 genotyping in

adult patients with newly diagnosed epilepsy in Singapore. Neurology 2012; 79:

1259-1267.

22 Pink J, Pirmohamed M, Lane S, Hughes DA. Cost-effectiveness of
pharmacogenetics-guided warfarin therapy vs. alternative anticoagulation in
atrial fibrillation. Clin Pharmacol Ther 2014; 95: 199-207.

23 Nshimyumukiza L, Duplantie J, Gagnon M, Douville X, Fournier D, Lindsay C et al.
Dabigatran versus warfarin under standard or pharmacogenetic-guided man-
agement for the prevention of stroke and systemic thromboembolism in patients
with atrial fibrillation: a cost/utility analysis using an analytic decision model.
Thromb J 2013; 11: 14.

24 Patrick AR, Avorn J, Choudhry NK. Cost-effectiveness of genotype-guided warfarin
dosing for patients with atrial fibrillation. Circ Cardiovasc Qual Outcomes 2009; 2:
429-436.

25 Sorich MJ, Horowitz JD, Sorich W, Wiese MD, Pekarsky B, Karnon JD. Cost-
effectiveness of using CYP2C19 genotype to guide selection of clopidogrel or
ticagrelor in Australia. Pharmacogenomics 2013; 14: 2013-2021.

26 Lala A, Berger JS, Sharma G, Hochman JS, Scott Braithwaite R, Ladapo JA. Genetic
testing in patients with acute coronary syndrome undergoing percutaneous cor-
onary intervention: a cost-effectiveness analysis. J Thromb Haemost 2013; 11: 81-91.

27 Wiley Online Library, John Wiley & Sons Ltd. HEED: Health Economic Evaluations
Database. Available at: http://onlinelibrary.wiley.com/book/10.1002/9780470510933
(accessed on 28 January 2016).

28 Altar CA, Carhart J, Allen JD, Hall-Flavin D, Winner J, Dechairo B. Clinical utility of
combinatorial pharmacogenomics-guided antidepressant therapy: evidence from
three clinical studies. Mol Neuropsychiatry 2015; 1: 145-155.

29 Hornberger J, Li Q, Quinn B. Cost-effectiveness of combinatorial pharmacoge-
nomic testing for treatment-resistant major depressive disorder patients.
Am J Manag Care 2014; 21: e357-e365.

30 You JH. Pharmacogenetic-guided selection of warfarin versus novel oral

anticoagulants for stroke prevention in patients with atrial fibrillation: a

cost-effectiveness analysis. Pharmacogenet Genomics 2014; 24: 6-14.

Stergiopoulos K, Brown DL. Genotype-guided vs clinical dosing of warfarin and its

analogues: meta-analysis of randomized clinical trials. JAMA Intern Med 2014; 174:

1330-1338.

32 US. Food and Drug Administration. Ziagen Prescribing Information. Available at
http://www.accessdata.fda.gov/drugsatfda_docs/label/2015/0209775030,020978s
034Ibl.pdf (accessed on 2 February 2016).

33 23andMe Inc. 23andMe: Welcome. Available at https://www.23andme.com/en-gb
(accessed on 1 February 2016).

34 Lu M, Lewis CM, Traylor M. Pharmacogenetic testing through the direct-to-

consumer genetic testing company 23andMe. bioRxiv 2017; https://doi.org/10.

1101/098541 (accessed 6 Feb 2017).

Wetterstrand KA. DNA Sequencing Costs: Data from the NHGRI Genome

Sequencing Program (GSP). Available at www.genome.gov/sequencingcostsdata

(accessed on 27 January 2016).

36 Genomics England: Genomics England is delivering the 100,000 Genomes Project.

Available at http://www.genomicsengland.co.uk (accessed on 31 March 2016).

Whirl-Carrillo M, McDonagh EM, Hebert JM, Gong L, Sangkuhl K, Thorn CF et al.

Pharmacogenomics knowledge for personalized medicine. Clin Pharmacol Ther

2012; 92: 414-417.

2

3

3

wv

3

~N

The Pharmacogenomics Journal (2017), 395-402

401


http://www.fda.gov/Drugs/ScienceResearch/ResearchAreas/Pharmacogenetics/ucm083378.htm
http://www.fda.gov/Drugs/ScienceResearch/ResearchAreas/Pharmacogenetics/ucm083378.htm
http://www.cdc.gov/genomics/gtesting/tier.htm
http://www.cdc.gov/genomics/gtesting/tier.htm
http://www.crd.york.ac.uk/CRDWeb/HomePage.asp
http://onlinelibrary.wiley.com/book/10.1002/9780470510933
http://www.accessdata.fda.gov/drugsatfda_docs/label/2015/020977s030,020978s034lbl.pdf
http://www.accessdata.fda.gov/drugsatfda_docs/label/2015/020977s030,020978s034lbl.pdf
https://www.23andme.com/en-gb
https://doi.org/10.1101/098541
https://doi.org/10.1101/098541
www.genome.gov/sequencingcostsdata
http://www.genomicsengland.co.uk

Cost-effectiveness of pharmacogenetic testing
M Verbelen et al

402

38

39

40

4

42

4

w

a4

45

46

4

~N

4

[o2)

4

e}

50

5

5

N

5

w

54

55

5

o

5

~N

5

e}

Hughes DA, Vilar FJ, Ward CC, Alfirevic A, Park BK, Pirmohamed M.
Cost-effectiveness analysis of HLA B*5701 genotyping in preventing abacavir
hypersensitivity. Pharmacogenetics 2004; 14: 335-342.

Schackman BR, Scott CA, Walensky RP, Losina E, Freedberg KA, Sax PE. The cost-
effectiveness of HLA-B*5701 genetic screening to guide initial antiretroviral
therapy for HIV. AIDS 2008; 22: 2025-2033.

Kauf TL, Farkouh RA, Earnshaw SR, Watson ME, Maroudas P, Chambers MG.
Economic efficiency of genetic screening to inform the use of abacavir sulfate in
the treatment of HIV. Pharmacoeconomics 2010; 28: 1025-1039.

Nieves Calatrava D, Calle-Martin Ode L, Iribarren-Loyarte JA, Rivero-Roman A,
Garcia-Bujalance L, Perez-Escolano | et al. Cost-effectiveness analysis of
HLA-B*5701 typing in the prevention of hypersensitivity to abacavir in HIV+
patients in Spain. Enferm Infecc Microbiol Clin 2010; 28: 590-595.

Kapoor R, Martinez-Vega R, Dong D, Tan SY, Leo YS, Lee CC et al. Reducing
hypersensitivity reactions with HLA-B*5701 genotyping before abacavir
prescription: clinically useful but is it cost-effective in Singapore? Pharmacogenet
Genomics 2015; 25: 60-72.

Tavadia SM, Mydlarski PR, Reis MD, Mittmann N, Pinkerton PH, Shear N et al.
Screening for azathioprine toxicity: a pharmacoeconomic analysis based on a
target case. J Am Acad Dermatol 2000; 42: 628-632.

Marra CA, Esdaile JM, Anis AH. Practical pharmacogenetics: the cost effectiveness
of screening for thiopurine s-methyltransferase polymorphisms in patients with
rheumatological conditions treated with azathioprine. J Rheumatol 2002; 29:
2507-2512.

Oh KT, Anis AH, Bae SC. Pharmacoeconomic analysis of thiopurine methyl-
transferase polymorphism screening by polymerase chain reaction for treatment
with azathioprine in Korea. Rheumatology (Oxford) 2004; 43: 156-163.

Winter J, Walker A, Shapiro D, Gaffney D, Spooner RJ, Mills PR. Cost-effectiveness
of thiopurine methyltransferase genotype screening in patients about to com-
mence azathioprine therapy for treatment of inflammatory bowel disease. Aliment
Pharmacol Ther 2004; 20: 593-599.

Dubinsky MC, Reyes E, Ofman J, Chiou C-F, Wade S, Sandborn WJ. A cost-
effectiveness analysis of alternative disease management strategies in patients
with Crohn's disease treated with azathioprine or 6-mercaptopurine. Am J Gas-
troenterol 2005; 100: 2239-2247.

Priest VL, Begg EJ, Gardiner SJ, Frampton CM, Gearry RB, Barclay ML et al. Phar-
macoeconomic analyses of azathioprine, methotrexate and prospective phar-
macogenetic testing for the management of inflammatory bowel disease.
Pharmacoeconomics 2006; 24: 767-781.

Van Den Akker-Van Marle ME, Gurwitz D, Detmar SB, Enzing CM, Hopkins MM,
Gutierrez De Mesa E et al. Cost-effectiveness of pharmacogenomics in clinical
practice: a case study of thiopurine methyltransferase genotyping in acute
lymphoblastic leukemia in Europe. Pharmacogenomics 2006; 7: 783-792.
Hagaman JT, Kinder BW, Eckman MH. Thiopurine S- methyltransferase [corrected]
testing in idiopathic pulmonary fibrosis: a pharmacogenetic cost-effectiveness
analysis. Lung 2010; 188: 125-132.

Thompson AJ, Newman WG, Elliott RA, Roberts SA, Tricker K, Payne K. The
cost-effectiveness of a pharmacogenetic test: a trial-based evaluation of TPMT
genotyping for azathioprine. Value Health 2014; 17: 22-33.

Rattanavipapong W, Koopitakkajorn T, Praditsitthikorn N, Mahasirimongkol S,
Teerawattananon Y. Economic evaluation of HLA-B*15:02 screening for
carbamazepine-induced severe adverse drug reactions in Thailand. Epilepsia 2013;
54: 1628-1638.

Tiamkao S, Jitpimolmard J, Sawanyawisuth K, Jitpimolmard S. Cost minimization
of HLA-B*1502 screening before prescribing carbamazepine in Thailand. Int J Clin
Pharm 2013; 35: 608-612.

Plumpton CO, Yip VL, Alfirevic A, Marson AG, Pirmohamed M, Hughes DA. Cost-
effectiveness of screening for HLA-A*31:01 prior to initiation of carbamazepine in
epilepsy. Epilepsia 2015; 56: 556—563.

McMahon FJ, Buervenich S, Charney D, Lipsky R, Rush AJ, Wilson AF et al. Variation
in the gene encoding the serotonin 2A receptor is associated with outcome of
antidepressant treatment. Am J Hum Genet 2006; 78: 804-814.

Serretti A, Kato M, De Ronchi D, Kinoshita T. Meta-analysis of serotonin transporter
gene promoter polymorphism (5-HTTLPR) association with selective serotonin
reuptake inhibitor efficacy in depressed patients. Mol Psychiatry 2007; 12: 247-257.
Perlis RH, Patrick A, Smoller JW, Wang PS. When is Pharmacogenetic Testing for
Antidepressant Response Ready for the Clinic[quest] A Cost-effectiveness Analysis
Based on Data from the STAR[ast]D Study. Neuropsychopharmacology 2009; 34:
2227-2236.

Serretti A, Olgiati P, Bajo E, Bigelli M, De Ronchi D. A model to incorporate genetic
testing (5-HTTLPR) in pharmacological treatment of major depressive disorders.
World J Biol Psychiatry 2011; 12: 501-515.

59

60

6

=

62

63

64

6

wv

66

6

~N

68

69

70

7

iy

72

73

74

75

76

7

~

Olgiati P, Bajo E, Bigelli M, De Ronchi D, Serretti A. Should pharmacogenetics be
incorporated in major depression treatment? Economic evaluation in high- and
middle-income European countries. Prog Neuropsychopharmacol Biol Psychiatry
2012; 36: 147-154.

Crespin DJ, Federspiel JJ, Biddle AK, Jonas DE, Rossi JS. Ticagrelor versus
genotype-driven antiplatelet therapy for secondary prevention after acute
coronary syndrome: a cost-effectiveness analysis. Value Health 2011; 14: 483—-491.
Panattoni L, Brown PM, Te Ao B, Webster M, Gladding P. The cost effectiveness of
genetic testing for CYP2C19 variants to guide thienopyridine treatment in
patients with acute coronary syndromes: a New Zealand evaluation. Pharma-
coeconomics 2012; 30: 1067-1084.

Reese ES, Daniel Mullins C, Beitelshees AL, Onukwugha E. Cost-effectiveness of
cytochrome P450 2C19 genotype screening for selection of antiplatelet therapy
with clopidogrel or prasugrel. Pharmacotherapy 2012; 32: 323-332.

Kazi DS, Garber AM, Shah RU, Dudley RA, Mell MW, Rhee C et al. Cost-effectiveness
of genotype-guided and dual antiplatelet therapies in acute coronary syndrome.
Ann Intern Med 2014; 160: 221-232.

Arranz MJ, Munro J, Birkett J, Bolonna A, Mancama D, Sodhi M et al. Pharmaco-
genetic prediction of clozapine response. Lancet 2000; 355: 1615-1616.

Perlis RH, Ganz DA, Avorn J, Schneeweiss S, Glynn RJ, Smoller JW et al. Pharma-
cogenetic testing in the clinical management of schizophrenia: a decision-
analytic model. J Clin Psychopharmacol 2005; 25: 427-434.

Obradovic M, Mrhar A, Kos M. Cost-effectiveness of UGTT1A1 genotyping in
second-line, high-dose, once every 3 weeks irinotecan monotherapy treatment of
colorectal cancer. Pharmacogenomics 2008; 9: 539-549.

Gold HT, Hall MJ, Blinder V, Schackman BR. Cost effectiveness of pharmacogenetic
testing for uridine diphosphate glucuronosyltransferase 1A1 before irinotecan
administration for metastatic colorectal cancer. Cancer 2009; 115: 3858-3867.
Pichereau S, Le Louarn A, Lecomte T, Blasco H, Le Guellec C, Bourgoin H. Cost-
effectiveness of UGT1A1%28 genotyping in preventing severe neutropenia fol-
lowing FOLFIRI therapy in colorectal cancer. J Pharm Pharm Sci 2010; 13: 615-625.
Donnan JR, Ungar WJ, Mathews M, Hancock-Howard RL, Rahman P. A cost
effectiveness analysis of thiopurine methyltransferase testing for guiding
6-mercaptopurine dosing in children with acute lymphoblastic leukemia. Pediatr
Blood Cancer 2011; 57: 231-239.

You JH, Chan FW, Wong RS, Cheng G. The potential clinical and economic
outcomes of pharmacogenetics-oriented management of warfarin therapy—a
decision analysis. Thromb Haemost 2004; 92: 590-597.

Eckman MH, Rosand J, Greenberg SM, Gage BF. Cost-effectiveness of using
pharmacogenetic information in warfarin dosing for patients with nonvalvular
atrial fibrillation. Ann Intern Med 2009; 150: 73-83.

Leey JA, McCabe S, Koch JA, Miles TP. Cost-effectiveness of genotype-guided
warfarin therapy for anticoagulation in elderly patients with atrial fibrillation. Am J
Geriatr Pharmacother 2009; 7: 197-203.

You JH, Tsui KK, Wong RS, Cheng G. Potential clinical and economic outcomes of
CYP2C9 and VKORC1 genotype-guided dosing in patients starting warfarin
therapy. Clin Pharmacol Ther 2009; 86: 540-547.

Meckley L, Gudgeon J, Anderson J, Williams M, Veenstra D. A policy model to
evaluate the benefits, risks and costs of warfarin pharmacogenomic testing.
PharmacoEconomics 2010; 28: 61-74.

You JHS, Tsui KKN, Wong RSM, Cheng G. Cost-effectiveness of dabigatran versus
genotype-guided management of warfarin therapy for stroke prevention in
patients with atrial fibrillation. PLoS ONE 2012; 7: €39640.

Chong HY, Saokaew S, Dumrongprat K, Permsuwan U, Wu DB, Sritara P et al. Cost-
effectiveness analysis of pharmacogenetic-guided warfarin dosing in Thailand.
Thromb Res 2014; 134: 1278-1284.

Mitropoulou C, Fragoulakis V, Bozina N, Vozikis A, Supe S, Bozina T et al. Economic
evaluation of pharmacogenomic-guided warfarin treatment for elderly Croatian
atrial fibrillation patients with ischemic stroke. Pharmacogenomics 2015; 16:
137-148.

This work is licensed under a Creative Commons Attribution 4.0
International License. The images or other third party material in this

article are included in the article’s Creative Commons license, unless indicated
otherwise in the credit line; if the material is not included under the Creative Commons
license, users will need to obtain permission from the license holder to reproduce the
material. To view a copy of this license, visit http://creativecommons.org/licenses/
by/4.0/

© The Author(s) 2017

Supplementary Information accompanies the paper on the The Pharmacogenomics Journal website (http://www.nature.com/tpj)

The Pharmacogenomics Journal (2017), 395-402


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Cost-effectiveness of pharmacogenetic-guided treatment: are we there�yet?
	Introduction
	Materials and Methods
	Data sources and search strategy
	Overview of economic evaluation methodology
	Analyses

	Figure 1 Cost-effectiveness plane of pharmaco-economic studies.
	Results
	Description of studies
	Cost-effectiveness of PGx-informed treatment

	Figure 2 Number of drugs and publications included in literature review.
	Table 1 Drugs from the FDA Table of Pharmacogenomic Biomarkers in Drug Labeling included in literature review
	Effect of cost of genetic test on cost-effectiveness of PGx-informed treatment

	Discussion
	Table 2 Drugs for which a PGx-guided strategy was studied in economic evaluation(s)
	Figure 3 Conclusions of reviewed economic evaluations regarding cost-effectiveness of PGx testing strategy (a) overall and (b) by drug, and estimated conclusions in scenario of no extra cost for genetic information (c) overall and (d) by drug.
	Figure 4 Cost of pharmacogenomics (PGx) test as reported in the reviewed economic evaluations over time, with fitted regression since 2009 (dotted�line).
	This study was funded by an industrial CASE studentship to MV from the Medical Research Council with Eli Lilly and Company Ltd. This paper represents independent research part-funded by the National Institute for Health Research (NIHR) Biomedical Research
	This study was funded by an industrial CASE studentship to MV from the Medical Research Council with Eli Lilly and Company Ltd. This paper represents independent research part-funded by the National Institute for Health Research (NIHR) Biomedical Research
	ACKNOWLEDGEMENTS
	REFERENCES




