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Abstract Hypercholesterolaemia is a highly prevalent
condition that has major health and cost implications for
society. Pharmacotherapy is an important and effective
treatment modality for hypercholesterolaemia, with
3-hydroxy-3-methylglutaryl coenzyme A reductase inhibi-
tors (‘statins’) the most commonly used class of drugs.
Over the past decade, there has been intensive research to
identify pharmacogenetic markers to guide treatment of
hypercholesterolaemia. This study aimed to review the
evidence of incremental cost, effect and cost effectiveness
of pharmacogenetic-guided treatment of hypercholestero-
laemia. Three cost-effectiveness analyses (CEAs) were
identified that studied the value of screening for genotypes
of angiotensin I converting enzyme (ACE), cholesteryl
ester transfer protein (CETP), and kinesin family member 6
(KIF6) prior to initiating statin therapy. For all three CEAs,
a major limitation identified was the reproducibility of the
evidence supporting the clinical effect of screening for the
pharmacogenetic marker. Associated issues included the
uncertain value of pharmacogenetic markers over or in
addition to existing approaches for monitoring lipid levels,
and the lack of evidence to assess the effectiveness of
alternative therapeutic options for individuals identified as
poor responders to statin therapy. Finally, the economic
context of the market for diagnostic tests (is it competitive
or is there market power?) and the practicality of large-
scale screening programmes to inform prescribing in a
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complex and varied market may limit the generalizability
of the results of the specific CEAs to policy outcomes. The
genotype of solute carrier organic anion transporter family
member 1B1 (SLCOIBI) has recently been associated with
increased risk of muscle toxicity with statin therapy and the
review identified that exploration of cost effectiveness of
this pharmacogenetic marker is likely warranted.

Key Points for Decision Makers

e There has been extensive research into pharmacoge-
netic markers of the therapeutic and adverse effects of
statin drugs. Despite this, there are few pharmaco-
genetic markers that have consistently been associ-
ated with important clinical outcomes
Only three cost-effectiveness analyses of pharmaco-
genetic markers of statin therapy were identified.
Generally, the evidence for the effectiveness of these
markers is not strong, and hence the validity of the
findings of these studies is questionable
e Further exploration of the cost effectiveness of testing
for the solute carrier organic anion transporter family
member 1B1 (SLCOIBI) genotype to identify indi-
viduals at higher risk of statin toxicity is warranted
e Future cost-effectiveness analyses of pharmacogenetic-
guided therapy for hypercholesterolaemia should con-
sider: the quality and reproducibility of evidence for
the pharmacogenetic marker, the alternative treatment
options available for poor responders, the additional value
of information of the marker if lipid monitoring is standard
practice, the economic context of the market for diag-
nostic tests, and the practicality of large-scale screening
programmes in an area such as statin prescribing
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1 Background

1.1 Hypercholesterolaemia and Pharmacological
Treatments

Hypercholesterolaemia (or hyperlipidaemia) generally
refers to an increased serum concentration of low-density
lipoprotein (LDL) cholesterol. Hypercholesterolaemia is
the major cause of atherosclerosis, and is therefore a major
risk factor for the development of cardiovascular disease
(CVD) including coronary artery disease and ischaemic
stroke [1].

There are a number of drugs that may be used to lower
LDL cholesterol; however, by far the most commonly used
are the ‘statins’, or 3-hydroxy-3-methylglutaryl coenzyme
A reductase (HMGCR) inhibitors [2, 3]. The first statin
drugs were introduced to the market in 1987 (Fig. 1). In the
USA, the percentage of adults 45 years of age and over
using statin drugs has increased from 2.4 % in 1988-1994
to 25.1 % in 2005-2008, and almost half of males and over
35 % of women aged 65 years or older take a statin [2]. In
2006, one drug alone (atorvastatin) was generating sales of
US$8.6 billion in the USA and US$13.6 billion interna-
tionally [4]. The Australian Pharmaceutical Benefits
Scheme (PBS) subsidy of the top three statins (atorvastatin,
rosuvastatin and simvastatin) accounted for 14 % of the
entire PBS expenditure for the 2010/2011 financial year [3].

1.1.1 Efficacy of Statin Drugs

Current European and US guidelines state that cholesterol-
lowering medications are indicated in individuals with
hypercholesterolaemia, usually in addition to other risk
factors for CVD, such as presence of coronary heart dis-
ease, hypertension, diabetes and age [1, 5]. Statins have
been demonstrated to reduce LDL cholesterol, CVD risk

and mortality risk [6]. The absolute benefit of statin therapy
is dependent upon the baseline risk of CVD [7], and is
associated with the extent to which LDL cholesterol is
lowered [8]. Thus, guidelines typically suggest initiation of
statins on the basis of CVD risk, and monitoring of LDL
concentrations is commonly utilized to guide treatment
based on targets for LDL concentrations and/or change in
LDL concentration [1, 5].

It is important to note, however, that there are a number
of other effects of statins (often referred to as pleiotropic
effects, e.g. stabilization of atherosclerotic plaques, anti-
inflammatory and anti-coagulant effects) that may be
important in conferring benefits to cardiovascular health
over and above those that are associated with LDL low-
ering [9-13]. It is unclear if some/all of these are class
effects, and to what extent these properties contribute to the
reduction in CVD events.

1.2 Statin Pharmacogenetics

1.2.1 Introduction to Pharmacogenetics and Personalized
Medicine

Personalized medicine is based on the concept that obser-
vable characteristics of a person or a disease may be used
to make better treatment decisions. The concept is not new:
age, weight, renal function and disease subtype, for
example, have been used for many years to guide the
selection of drugs and drug doses. Pharmacogenetics is an
extension of this concept in which genetic information
from the individual is used to guide treatment decisions.
The reason why there is considerable excitement in the area
of pharmacogenetics is threefold. Firstly, there are hun-
dreds of thousands of genetic differences between indi-
viduals, meaning that there is a much greater chance of
identifying an observable characteristic of an individual
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Fig. 1 Key developments in the history of statin pharmacogenetics.
ACE angiotensin 1 converting enzyme, CETP cholesteryl ester
transfer protein, GWAS genome-wide association study, KI/F6 kinesin
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that is strongly predictive of treatment effect. Secondly,
genetic differences occur at the molecular level and often
result in changes in the amount and/or activity of important
proteins such as enzymes, transporters and receptors. Drug
effects also occur at the molecular level through interaction
with enzymes, transporters and receptors, and hence the
existence of a genetic difference that is strongly predictive
of an altered effect of a drug is biologically plausible.
Lastly, the technologies for identifying genetic differences
are rapidly improving, resulting in cheaper screening
approaches and the ability to measure hundreds of thou-
sands of potential genetic differences between individuals.

1.2.2 Overview of Statin Pharmacogenetic Markers

There are many proposed pharmacogenetic markers of
statin therapy [14]. The most promising are very briefly
highlighted (below and in Fig. 2) with respect to the bio-
logical pathways for lipid regulation, drug absorption, drug
distribution and drug elimination.

Markers involved in lipid regulation that have been the
most studied include cholesteryl ester transfer protein
(CETP), apolipoprotein E (APOE), LDL-Receptor (LDLR)
and HMGCR. CETP mediates the exchange of cholesterol
and statins are known to reduce CETP activity by up to
30 % [15]. APOE and LDLR are associated with LDL
uptake and the APOE genotype is known to influence
binding to LDLRs, while HMGCR is the pharmacological

> ( APOE

7

target for statin drugs and thus is an obvious candidate for a
pharmacogenetic marker of statin response.

Other than pravastatin and rosuvastatin, statins are
metabolized by a variety of cytochrome P450 enzymes
(CYP450). Furthermore, some statins are substrates of the
transport protein ATP-binding cassette sub-family G
member 2 (ABCG2) [16]. As such, variants of these pro-
teins that are associated with higher or lower activity have
the potential to predict changes in the systemic exposure to
statins, and therefore be predictive of efficacy and toxicity.
Solute carrier organic anion transporter family member
1B1 (SLCOI1BI1) transports all of the statins (other than
fluvastatin) into hepatocytes [17] where they act to inhibit
hepatic cholesterol biosynthesis.

In addition, there are also a number of putative phar-
macogenetic markers of statin therapy that have no known
biologically plausible mechanism for influencing statin
effect. This includes kinesin family member 6 (KIF6) and
angiotensin I converting enzyme (ACE), which have been
hypothesized to be associated with one of the unknown
pleiotropic effects of statins.

The majority of these markers aim to predict differences
in statin efficacy (i.e. LDL cholesterol-lowering effect or
morbidity/mortality benefits), but there is also growing
interest in the use of pharmacogenetic markers to predict
risk of toxicity with statin therapy [18]. Although the
majority of studies on statin pharmacogenetics are associ-
ation (observational) studies, there are also a number of
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Fig. 2 Biochemical pathways associated with putative pharmacoge-
netic markers of statin therapy. ABCBI ATP-binding cassette sub-
family B member 1, ACE angiotensin I converting enzyme, APOE
apolipoprotein E, CETP cholesteryl ester transfer protein, CoA
coenzyme A, CYP450 cytochrome P450 enzymes, HDL-C high-
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tor, SLCOIB] solute carrier organic anion transporter family member
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retrospective genetic subgroup analyses based on previ-
ously conducted randomized controlled trials (RCTs).
These RCT-based analyses provide the highest quality
evidence available as there are no RCTs specifically
designed to assess the value of statin pharmacogenetic
markers.

By identifying markers that identify individuals who are
at increased or decreased risk of achieving LDL targets,
informed choices may be made about drug selection and/or
dosage, which may lead to a faster attainment of these
targets and/or use of lower drug doses. On the other hand,
surrogate endpoints such as LDL concentration are unable
to capture the impact that the pleiotropic effects have on
reducing CVD and mortality, and there is no known sur-
rogate marker of efficacy related to these effects. Genetic
differences that allow identification of subgroups who will
receive greater benefit from the pleiotropic effects of
statins may therefore be more useful at tailoring treatment.
Furthermore, markers may be able to identify individuals
who are at an increased risk of serious adverse events, and
therefore where a lower than normal maximum dose should
not be exceeded [16] and/or an alternative therapy should
be used.

The key issue is whether the additional costs of testing
for these markers are justified by the benefits, which could
include: (1) health benefits from improved alignment of
treatment with a patient’s characteristics; and (2) financial
savings from a reduction in prescribing at doses that are
higher than necessary or prescribing of drugs for patients
for whom pharmacotherapy is neither cost effective nor
clinically effective.

This paper aims to review the cost effectiveness of
pharmacogenetic markers to guide statin therapy, specifi-
cally to:

e Identify all cost-effectiveness studies that assess
screening a specific pharmacogenetic marker prior to
initiating treatment of a statin drug

e C(ritically review whether the cost effectiveness of
screening for a specific pharmacogenetic marker is
favourable

e Identify pharmacogenetic markers for which further
study of cost effectiveness would be useful

e Highlight general methodological issues with assessing
the cost effectiveness of pharmacogenetic markers for
guiding treatment of hypercholesterolaemia

In Sect. 2, we present a summary and commentary of the
cost-effectiveness studies identified with a focus on the key
assumptions and potential limitations of the studies. Sub-
sequently, in Sect. 3 we discuss potential future directions
of research and general methodological issues identified in
assessing the cost effectiveness of statin pharmacogenetic
markers.
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2 Literature Review of Cost-Effectiveness Studies
2.1 Detailed Literature Search

A detailed database search was performed to find all ref-
erences relevant to the economic evaluation of pharmaco-
genetic markers of statin therapy. Major challenges were
the lack of use of MEDLINE medical subject heading
(MeSH) terms in this field, recognition and inclusion of all
gene variants due to nomenclature changes over the past
15 years, and development of an appropriate search strat-
egy that captured genotypes rather than phenotypes. Over
1,500 titles and abstracts were reviewed to guide the search
strategy. The following databases were searched: PubMed,
Cochrane, EconLit, EMBASE, MEDLINE, International
Pharmaceutical Abstracts and SciFinder.

Given that MeSH terms and their equivalent did not
produce original articles of relevance, a combination of
search terms was used: (exp ‘Hydroxymethylglutaryl CoA
Reductases” [MeSH Terms] OR exp Hydro-
xymethylglutaryl-CoA Reductase Inhibitors [MeSH Terms]
OR statin*) AND (pharmacogen* OR genomic* or genetic*)
AND (pharmacoecon* OR cost-effective).

After the removal of duplicates, this algorithm had
identified 336 articles requiring further review. To ensure
all relevant pharmacoeconomic and pharmacogenomic
statin articles had been captured, additional internet sear-
ches of Google, Pharmacogenomics Knowledge Base and
other internationally recognized pharmacogenomic insti-
tution websites were performed. These were further sup-
plemented by hand searching. The majority of articles were
excluded; they were about non-pharmacogenomic aspects
of familial hypercholesterolaemia (FH), were general
reviews or only mentioned the future possibility of per-
forming economic analyses.

The exploratory search identified only three economic
evaluations of pharmacogenomic approaches to statin
response (Table 1) [19-21]. Two were available as full
journal publications, and the remaining evaluation was
presented as a conference poster that was in the public
domain. All were published in the English language. In
addition, a number of economic studies were identified
relating to genetic testing in FH. Although this is not
classically considered a pharmacogenetic marker, it does
influence statin treatment indirectly and, for completeness,
a brief summary of these studies is included.

2.2 CETP Genotype (Kemp et al. [19])

This cost-effectiveness analysis (CEA) was set in the
Australian healthcare system and focused on assessing
screening for the TaqlB polymorphism in the CETP gene
to guide treatment in the secondary prevention of coronary
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heart disease [19]. Three different CETP Taql1B genotypes
(mutually exclusive and complete subgroups) were con-
sidered: B2B2, B1B2 and B1B1. The modelling assumed
that individuals with the B2B2 genotype received the
greatest benefit from the use of statins in terms of reduction
in CVD events; individuals with the B1B1 genotype
received the smallest benefit from the use of statins; and
individuals with the B1B2 genotype had an intermediate
statin treatment effect.

2.2.1 Strategies Compared

Three alternative strategies involving the use of the TaqlB
CETP genotype were compared with standard practice in
this study:

1. No screening for the CETP genotype and the use of a
statin for all individuals

2. Screen for the CETP genotype and the use of a statin
for individuals with a B2B2 genotype and no lipid
therapy for individuals with a B1B2 or B1B1 genotype

3. Screen for the CETP genotype and the use of a statin
for individuals with a B2B2 or B1B2 genotype and no
lipid therapy for individuals with a B1B1 genotype

4. Screen for the CETP genotype and the use of a statin
for individuals with a B2B2 or B1B2 genotype and
ezetimibe therapy for individuals with a BIBI

genotype

2.2.2 Study Conclusions

The study concluded that prescribing statins only to indi-
viduals carrying at least one B2 allele (i.e. B2B2 or B1B2)
is more cost effective than prescribing statins to all
patients. This would result in considerable cost savings, but
be at the expense of increased CVD events (as statins were
assumed to have benefit [albeit reduced] in the B1B1
group). Additionally, the study indicated that using eze-
timibe instead of a statin for individuals with the B1B1
genotype would result in a reduced cost and increased
effect compared with treating everyone with statins.
However, the authors acknowledged that more evidence is
required to support such a change to the current guidelines
and prescribe ezetimibe as initial therapy in this subgroup
of patients.

2.2.3 Key Assumptions and Evidence

The first major implicit assumption of the model is that the
poor statin response associated with individuals having the
CETP BI1B1 genotype would not be reflected by a smaller
reduction in LDL cholesterol. If this assumption does not
hold, the incremental value of the genotyping CETP would
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be reduced considerably as poor response may be detected
during regular monitoring of LDL cholesterol and the
additional information provided by the TaqlB polymor-
phism would be attenuated. Furthermore, dose increases to
achieve a set LDL cholesterol reduction may then mitigate
any reduction in statin response that was modelled.

The second major assumption was that individuals with
the B1B1 genotype taking ezetimibe would have a greater
reduction in CVD events than if they had used a statin. This
comprises two assumptions: (1) that the benefit of eze-
timibe is not associated with the CETP genotype, and (2)
that the use of ezetimibe reduces the risk of CVD. The
ability of ezetimibe to reduce CVD events is not well
accepted [22], and the assumption that ezetimibe is not
affected by the TaqlB CETP genotype has not been sub-
stantiated. Thus, an important alternative to consider is
whether increasing the dose of statin drugs for individuals
identified to be poor responders (BIB1 genotype) will
partially or fully overcome the reduced therapeutic effect.
If so, an important alternative that needs to be modelled is
starting individuals with a BIB1 genotype at a higher statin
dose. However, in order to model the advantage of addi-
tional information on genotype, it would be necessary to
compare this with a strategy where the dose was increased
if there was insufficient reduction of LDLs (as previously
discussed).

The estimates of the therapeutic effect of statins for
CETP genotype subgroups were derived solely from an
observational study of 2,531 patients with significant cor-
onary artery disease who underwent coronary arteriography
between 1994 and 1998 [23]. The effect of statins com-
pared with no statin therapy for different genotypes sug-
gested the differential effect size; however, the subgroups’
statins or no statins were based on prescribing at discharge
and did not take into account the dose and type of statin or
changes in these over time, including people who were not
prescribed a statin at discharge but prescribed one at a later
stage.

2.2.4 Updated Estimates

There are other studies of the association between the
TaqlB CETP genotype and statin effect and these gener-
ally show little effect or inconsistent direction of the
association [24-31]. A 2005 meta-analysis of three studies
found that there was no statistically or clinically significant
interaction between the TaqlB CETP genotype and out-
comes of pravastatin therapy [32]. A 2008 review of the
literature identified five studies and concluded that it is
unlikely that the TaqlB CETP genotype modifies the effect
of statins on CVD event reduction [33].

The final consideration is the cost of statin therapy. The
study estimated the annual cost of 40 mg simvastatin
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therapy in 2003 to be 866 Australian dollars (A$) [19],
whereas the current cost is substantially less (A$335),
reflecting the loss of exclusivity and emergence of com-
petition between generic versions of simvastatin. Thus,
even if the clinical effect of the TaqlB CETP genotype is
as large as assumed in the study, the estimates of cost
savings would need to be significantly reduced to reflect
changes in drug pricing since the time the study was
undertaken.

2.3 ACE Genotype (Maitland-van der Zee et al. [20])

This CEA assessed the value of screening men for their
ACE genotype prior to initiating statin therapy from the
healthcare payer perspective in The Netherlands [20]. Men
with the DD genotype were assumed to receive no benefit
from using statin therapy in terms of reduction in CVD
events (relative risk [RR] 1.00), men with the ID genotype
were assumed to have a modest statin treatment effect (RR
0.87), and men with the II genotype were assumed to have
a profound statin treatment effect (RR 0.23). It was further
assumed that the ACE genotype did not influence the
treatment effect of alternative lipid-lowering agents
(fibrates, nicotinic acid and bile acid sequestrants) [20].

2.3.1 Strategies Compared

The study compared two strategies for statin therapy:

1. No screening for the ACE genotype and the use of a
statin in all men

2. Screening of the ACE genotype, the use of a statin for
men with a IT or ID ACE genotype, and the use of
either no therapy or an alternative lipid-lowering agent
for men with the DD genotype

2.3.2 Study Conclusions

The study results generally indicated that the screening
strategy was dominant—resulting in reduced cost with no
reduction in effect (life-years) [20]. The sensitivity analysis
explored the issue of the reduction in future costs of statins
due to patent expiry and found that, even if the price of
stain therapy were reduced by 50 %, the screening strategy
would remain cost saving. The authors acknowledged that
confirmatory evidence of the effect of the ACE genotype on
statin effectiveness was required.

2.3.3 Key Assumptions and Evidence
The authors made implicit assumptions analogous to those

identified in Kemp et al. [19]. The model design did not
consider the possibility that in regular clinical practice men

who were identified by genotype would have otherwise
been identified by the poor LDL response and have their
dose or type of lipid therapy changed as a consequence.

The estimates of statin treatment effect for men with
different ACE genotypes were sourced from the Rotterdam
Study, a population-based prospective cohort study [34].
Differences in statin treatment effect on CVD outcomes
were identified for men, but not for women. Although these
results were used to model the effect of the ACE genotype,
two prior studies suggested that the effect of the genotype
was uncertain [35, 36]. A study published in 2000 sug-
gested that the treatment effect of statins (in terms of LDL
reduction and progression of coronary artery disease) was
greatest for the DD genotype rather than the II genotype
[35]. In addition, a case-control study published in 2001
based on a subset of 486 participants in the CARE (Cho-
lesterol And Recurrent Events) trial indicated that the
treatment effect of pravastatin was unrelated to the ACE
genotype alone [36].

2.3.4 Updated Estimates

In 2007, the same research group that undertook the CEA
subsequently published a retrospective subgroup analysis
of the ALLHAT (Antihypertensive and Lipid Lowering
Treatment to Prevent Heart Attack Trial) RCT with respect
to the ACE genotype [37]. The ALLHAT genetic sub-study
indicated that the ACE genotype did not appear to signifi-
cantly influence the statin effect on CVD events [37]. In
2009, a meta-analysis focusing on the ACE genotype
concluded that there was little evidence to support a sta-
tistically and clinically important difference in statin
treatment effect between individuals with different ACE
genotypes [38]. The results and conclusions of this CEA
[20] must therefore be carefully interpreted in light of the
current lack of evidence to support the influence of the
ACE genotype on statin efficacy.

2.4 KIF6 Genotype (Parthan et al. [21])

Parthan and colleagues [21] undertook a CEA to assess the
value of screening individuals for the KIF6 genotype prior
to the selection of moderate or intensive statin therapy from
a third-party payer perspective in the USA. Currently only
a conference abstract and poster report are available for the
study, and hence details are lacking on some of the
methods and assumptions used [21]. The modelling was
primarily based on a genetic sub-study of the PROVE IT-
TIMI 22 (Pravastatin or Atorvastatin Evaluation and
Infection Therapy—Thrombolysis in Myocardial Infarction
22) RCT, which compared atorvastatin 80 mg/day (inten-
sive statin therapy) with pravastatin 40 mg/day (moderate
statin therapy) for individuals with acute coronary
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syndrome [39, 40]. In the overall study population, ator-
vastatin 80 mg/day was found to have a statistically sig-
nificant reduction in the risk of CVD events compared with
pravastatin 40 mg/day [39]. The genetic sub-study of the
PROVE IT-TIMI 22 trial comprised 1,778 individuals
(approximately 40 % of the main trial population) and
identified that individuals carrying the KIF6 Trp719Arg
variant received a much greater benefit from using inten-
sive statin therapy instead of using moderate statin therapy
[40]. In contrast, non-carriers of the Trp719Arg variant
received little or no benefit from using intensive rather than
moderate statin therapy.

2.4.1 Strategies Compared

The CEA therefore compared the following treatment
strategies:

1. The use of pravastatin 40 mg/day for all patients
. The use of atorvastatin 80 mg/day for all patients
3. Screening for the KIF6 genotype with the use of
atorvastatin 80 mg/day for Trp719Arg carriers and
pravastatin 40 mg/day for Trp719Arg non-carriers

2.4.2 Study Conclusions

The CEA found that the use of atorvastatin for all patients
was the dominant strategy in the base case [21]. However,
this assumes that atorvastatin 80 mg and pravastatin 40 mg
are of equivalent cost on the basis of the impending loss of
exclusivity of atorvastatin. Sensitivity analyses demon-
strated that the cost of atorvastatin is a very important
factor influencing whether screening for the KIF6 genotype
is cost effective. The CEA modelled a sensitivity analysis
in which screening for KIF6 would increase adherence
from 50 % to 60 %. In this sensitivity analysis, screening
for KIF6 was found to be dominant—resulting in the
lowest cost and greatest number of QALYSs [21].

2.4.3 Key Assumptions and Evidence

As in the previous two CEAs [19, 20], the possibility that
this group of patients could otherwise have been identified
as requiring more intensive therapy was not addressed.
Specifically, this would have required the model design to
reflect the usual practice for patients who start with less
intensive therapy to be placed on more intensive therapy if
their LDL cholesterol levels do not respond sufficiently.
The model could then have explored the benefits of using
an alternative or additional piece of information on
genotype.

Adherence is a major issue limiting the effectiveness of
pharmacotherapy [41] and it has been proposed that
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pharmacogenetic testing may improve adherence by
ensuring that medications are prescribed to individuals
with the greatest likelihood of benefit and the least risk of
toxicity. Although no evidence was cited in the report to
justify the assumption that KIF6 screening would increase
adherence from 50 % to 60 %, the review authors are
aware of a recent prospective, non-randomized intervention
trial, which assessed the effect of providing patients with
information about KIF6 carrier status on statin adherence
[42]. The study found that providing individuals with
knowledge of their KIF6 genotype significantly improved
statin adherence at 6 months after the initiation of the statin
(63 % vs. 45 %) [42]. The full report on this study is not
yet available and it is not clear whether improved adher-
ence would continue beyond 6 months. This issue is
important as the available information suggests that the
modelling may be based on the assumption that the
improved adherence associated with KIF6 genotype
screening would continue for the duration of the model.
Recently, the claim that the KIF6 genotype is association
with CVD risk and statin treatment effect size has been
questioned [14, 43]. Although retrospective analyses of the
CARE, WOSCOPS (West Of Scotland COronary Preven-
tion Study) and PROSPER (PROspective Study of Prava-
statin in the Elderly at Risk) trials have found that only
carriers of the Trp719Arg allele receive benefit from prav-
astatin therapy [44—46], retrospective analyses of the HPS
(Heart Protection Study), 4D (Deutsche Diabetes Dialyse
Studie) and JUPITER (Justification for the Use of statins in
Prevention: an Intervention Trial Evaluating Rosuvastatin)
trials did not find a significant interaction between the KIF6
genotype and statin effectiveness [47-49]. Similarly,
although the genetic sub-study of the PROVE IT-TIMI 22
study found that only carriers of the Trp719Arg allele gain
additional benefit from using intensive statin therapy
(atorvastatin 80 mg/day) over moderate statin therapy
(pravastatin 40 mg/day) [40], this was not confirmed in the
TNT (Treating to New Targets) [atorvastatin 80 mg/day vs.
10 mg/day] and IDEAL (Incremental Decrease in End
points through Aggressive Lipid lowering) [high-dose
atorvastatin vs. moderate simvastatin dose] studies [50].

2.5 Familial Hypercholesterolaemia

A number of studies [51-56] considered the cost effec-
tiveness of genetic screening programmes in FH. A large
proportion of individuals with FH have mutations, most
commonly in the gene encoding the LDLR [57]. Both
genetic testing and LDL cholesterol testing may be used for
the diagnosis and screening of FH and individuals with FH
are generally started on statin therapy due to their high
CVD risk. Thus, screening for FH-causing mutations may
impact on the decision to treat with statin therapy [58].
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However, screening for FH-causing mutations is not clas-
sically thought to be pharmacogenetic because its primary
purpose is to aid diagnosis of a disease (i.e. a diagnostic
marker) and its influence on the selection of therapy is
secondary [59]. Additionally, in contrast to the pharma-
cogenetic markers previously discussed, FH-causing
mutations primarily act to modify prognosis (increase CVD
risk) [59], but there is no evidence that they significantly
modify the RR of clinical events with statin therapy.

In general, the cost-effectiveness studies have compared
strategies to screen for affected relatives following identi-
fication of an index case of FH, and generally screening for
the FH-causing mutations was estimated to be cost effec-
tive [52-54, 56]. The additional utility in this strategy is
primarily derived from the identification of individuals
who are at high CVD risk and will benefit from statin
therapy and/or higher-intensity statin therapy.

3 Findings and Implications

In this section, we present our findings relating to the
extent and nature of the evidence of association and cost
effectiveness for statin pharmacogenetics; a statin phar-
macogenetic marker that is a candidate for further research;
and implications for future CEAs of screening for phar-
macogenetic markers for statins.

3.1 Reproducibility of Evidence Supporting
Pharmacogenetic Markers

A common issue identified in the CEAs reviewed related
to the evidence supporting the assertion that the pharma-
cogenetic marker significantly influenced statin efficacy.
Specifically, the pharmacogenetic marker effect size uti-
lized was often found to be controversial when systematic
reviews of the evidence were subsequently undertaken.
This issue has more generally been identified by others
[60, 61]. An analysis of biomarker studies found that
highly cited biomarker studies frequently report larger
effect sizes than those subsequently estimated in system-
atic reviews [60]. Optimistic early estimates of the bio-
marker effect size and methodological shortcomings result
in hype that rarely translates into clinical practice [62, 63].
Similarly, it has been shown that significant between-study
heterogeneity is common, and that the effect size found by
the initial association studies is often greater than the
effect size subsequently reported by replication studies
[61]. Similar issues regarding the replication of initial
findings have also recently been highlighted in the context
of the pharmacogenetics of the antiplatelet effect of
clopidogrel [64].

3.2 Current Literature on the Pharmacogenetics
of Statins

To further understand and ensure we captured all phar-
macogenetic CEAs in the statin field, we performed a
search for known individual pharmacogenetic markers
involved with statin efficacy or tolerability up until 2012
(Fig. 3). One hundred and twenty-eight published studies
were identified (excluding reviews, in vitro and animal
studies, FH trials without statin response reported, and
Alzheimer’s disease-related studies). Although pharmaco-
genetic studies are classically considered to be those in
which variation in DNA characteristics alter statin response
[65], a wide range of studies have been carried out. The
majority of trials investigated genetic influences on one or
more plasma lipid fractions, for example, Bailey et al. [66]
and Poduri et al. [67], but the interaction of genetic vari-
ation and statins has also been investigated for the fol-
lowing: coronary disease [68], coronary event [45] or
coronary mortality risk [69]; atherosclerosis progression or
regression [49]; plaque characteristics [70]; side effects
[71]; plasma protein biomarker levels or activities [72]; and
gene expression (messenger RNA [mRNA]) levels [73].

These same studies generated 265 ‘pharmacogenetic
marker evaluations’ across a total of 62 genes (see Fig. 3).
One or more pharmacogenetic markers could be evaluated
in one study, for example, Chien et al. [74], Hamrefors
et al. [75] and Trompet et al. [76], and one pharmacoge-
netic marker could be evaluated in multiple studies in one
year, for example, Cerda et al. [73], Baptista et al. [77] and
Davies et al. [78]. The number of pharmacogenetic markers
evaluated under-represents the number of gene variants
examined as some genes had significant amounts of vari-
ation. The markers evaluated most frequently were: APOE
(38), CETP (20), LDLR (15), HMGCR (15), SLCOIBI
(12), KIF6 (12) and ACE (6). No two of these frequently
evaluated makers were evaluated in the same study. This
result is not surprising for the genes with pivotal roles in
statin efficacy (APOE, CETP, LDLR and HMGCR), but the
importance of the KIF6 and ACE genes is less straight-
forward to explain given their lack of clear involvement in
statin or lipid metabolism pathways. Figure 4 presents the
number of pharmacogenetic studies published over time for
the markers that have been studied for cost effectiveness
and for SLCOIBI (see Sect. 3.3).

3.3 Potential of the SLCO1B1 Transporter

All of the cost-effectiveness studies to date have focused
on genetic markers that may provide insight into the
effectiveness of statin therapy. However, it is arguable that
the statin pharmacogenetic marker with the strongest
evidence 1is actually predictive of statin toxicity
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(specifically muscle toxicities such as muscle pain and
degradation) rather than efficacy. These toxicities are most
common for individuals using higher doses of statins, in
particular high-dose simvastatin [79-81]. A polymorphism
of the SLCOIBI gene is thought to increase the risk of
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muscle toxicity, particularly for individuals taking high-
dose simvastatin [18, 79, 82-84]. The impact of the
SLCO1BI genotype on adherence to statin therapy is also
being explored, but the relationship is not yet clear
[81, 82].
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Although this is currently the most promising pharma-
cogenetic marker of statin therapy, the overall impact of
genotyping SLCOIBI prior to initiating statins may be
relatively modest. The major risk of muscle toxicity that is
identified by the SLCOIBI genotype relates to the use of
simvastatin 80 mg. However, it is likely that use of sim-
vastatin 80 mg will become increasingly infrequent with
time due to a recent recommendation by the US FDA to
avoid the use of simvastatin 80 mg [80] and the recent
availability of generic atorvastatin. It is possible that the
SLCOIBI genotype may be useful to inform the risk of
myopathy with the use of simvastatin 40 mg [79]; how-
ever, both the clinical utility and the cost effectiveness of
such an approach require further exploration. Given that
approximately four individuals would need to be screened
to identify one individual at higher risk of myopathy [79],
it may well be less expensive and more convenient to
simply start individuals on statin drugs/doses that are less
likely to have muscle toxicities without undertaking

genotyping.

3.4 Implications for Future CEAs of Screening
for Pharmacogenetic Markers for Statins

Four sets of implications for future CEAs of statin phar-
macogenetics were identified.

3.4.1 Model Structure

As in conventional economic evaluations of screening, it is
important to include the best alternative treatment for
patients identified by screening as being suboptimal
responders to usual care. Furthermore, the effect of this
alternative therapy, conditional on genotype, needs to be
considered. Ezetimibe was identified as an alternative to
statin therapy for patients who tested positive for the B1B1
genotype in the CETP genotype CEA [19]; however, it was
implicitly assumed that the effect of ezetimibe derived
from a study that did not provide the results of subgroup
analyses by genotype would be appropriate as an estimate
of effect for this subgroup.

Additionally, the information already used to refine
treatment decisions (for example, lipid levels) [S] needs to
be included in the model in order to assess the incremental
impact of an additional piece of information (genotype).
None of the three studies identified the incremental effect
of an additional piece of (pharmacogenetic) information
and instead implicitly assumed that, in the absence of
screening for pharmacogenetic markers, there would be no
information used to refine therapy [19-21]. In an extreme
case, it is possible that the use of genotype as a guide to
treatment decisions could be consistent with the treatment
decisions made solely from information provided by

changes in LDLs. In this case, there would be no incre-
mental effect on treatment decisions of the additional
pharmacogenetic marker information.

The possibility that the treatment strategies compared in
the CEAs do not represent the majority of treatment
options currently faced by clinicians needs to be consid-
ered. Consider the example of the screening for KIF6 [21].
The implications of prescribers having multiple treatment
options in addition to the two specified in the model for the
cost effectiveness of widespread use of KIF6 screening
should be considered. For example, should the screening
test be used if patients would otherwise have been started
on a statin other than atorvastatin or pravastatin?

The analytical validity of genetic testing must be con-
sidered in the model structure [85]. If the commercially
available test does not replicate the results of the test used
in the trial, then the results of that trial are not generaliz-
able more widely. If there are multiple commercial tests or
multiple sites at which the test occurs, if commercial tests
are not yet available or if there are rapid changes in the
testing technologies, then there is reason to anticipate
limited generalizability of study results.

3.4.2 The Economic Context of the Statin
and Diagnostic Test Markets

An important issue identified with respect to the CEAs of
statin pharmacogenetics was the cost of statin therapy.
Most statin drugs are now off patent and statin costs are, or
are soon expected to be, relatively low per person treated.
At the time some of the CEAs were undertaken, the price
of statins and the difference in price between statins were
greater and thus there was a greater incentive to reduce the
use of statins, or to maximize the use of lower-cost statins
[19, 20].

In most cases, the price of a commercial test for the
pharmacogenetic markers was not available in the public
domain. In addition to a simple sensitivity analysis, con-
siderations about the degree of competition in the market
for that diagnostic test, and the implication for price, in
particular, above marginal cost pricing must be considered.
The additional costs of the infrastructure for wide uptake of
pharmacogenetic testing for such a large group of patients
should also be considered.

3.4.3 Current Utilization and Maturity of the Market

If the result of a CEA is that screening for a pharmaco-
genetic marker in a specific decision context is cost
effective, these results should be qualified by the context of
the current utilization and market. There are a number of
issues that would qualify implementing pharmacogenetic
screening as a policy or guideline recommendation, despite
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a favourable result from a CEA, in addition to those dis-
cussed previously.

A policy of screening for a pharmacogenetic marker
would need to be accommodated in the context of current
usage. Would a screening rule apply prospectively (for
incident cases), or should patients who are currently being
treated be screened also? How should prescribers review
the quality of their patients’ care if there is a mixture of
screened and unscreened patients? If there are many
potential markers, and the current marker has an uncertain
result, what are the implications for policy, best practice
guidelines and prescriber education of changing the pre-
ferred pharmacogenetic marker or accommodating multi-
ple pharmacogenetic markers?

Treatment algorithms are complex in large markets with
multiple drugs in a class, patient variation in response and
long-term use of therapies. The role of evidence of the cost
effectiveness of pharmacogenetic screening in the context
of a choice between two treatment options in informing a
policy of screening when there are many treatment options
currently available is unclear. Given that there do not
appear to be any pharmacogenetic markers that conclu-
sively predict response to statins, there does not appear to
be justification to alter current guidelines or policy.

Adherence is an important issue in drugs for chronic
conditions and the statin market is no exception. If genetic
tests could improve adherence for patients, this would be a
useful result; however, the implications of reduced adher-
ence for patients who do not have a specific genotype also
needs to be considered, as does the additional service use
that could occur if that genotype has implications for other
therapeutic decisions.

3.4.4 International Generalizability

Two aspects of international generalizability of these find-
ings are relevant to this paper: the generalizability of the
results of the three CEAs [19-21] and the findings of the
review. In relation to the first aspect, the usual limitations of
cross-country generalizability of the results of a CEA apply
[86]. In the case of the CEAs of interest [19-21], drivers of
cross-country differences include: the prevalence of the
genotypes; the existing patterns of prescribing and the
information used to guide dose and therapeutic choice; the
relative prices of inputs; and the timing of drugs going off
patent. Three further limitations apply: the differences in the
capacity for countries to (1) implement a screening strategy,
particularly if there is a risk that new markers could be
identified, and (2) change screening and treatment decisions
in a mature complex and heterogeneous market; and (3) the
competition in the market for the test, which will in turn
influence price and the capacity for the manufacturer of the
test to appropriate the savings from reduced prescribing of
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statins [87]. In relation to the second point, the findings about
the value of CEAs of pharmacogenetic-guided statin therapy
are generalizable internationally: the fundamental issue is
that these can only provide information about the cost
effectiveness under assumptions about the therapy’s clinical
value that cannot necessarily be supported by the data. The
finding that it is unlikely for an effective or cost-effective
pharmacogenetic marker to emerge in this area of prescrib-
ing at this stage of the market’s maturity is generalizable
across countries, with the exception of a country that has a
very limited range of statins used, very little variation in the
way they are prescribed and an existing infrastructure for
routine screening on a large scale.

4 Conclusion

Only a relatively small number of CEAs have studied the
value of pharmacogenetic-guided treatment of hypercho-
lesterolaemia. Of these CEAs, significant limitations were
identified with respect to the reproducibility of the evi-
dence for differential statin treatment effect in pharmaco-
genetic subgroups, uncertainty regarding the nature and
value of alternative treatments available, and uncertainty
regarding the incremental benefit over-and-above moni-
toring LDL cholesterol levels. Exploration of the cost
effectiveness of SLCOIBI for statin toxicity was identified
as a future research direction.
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