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Advances from pharmacogenetics (PGx) have not been implemented into health care to
the expected extent. One gap that will be addressed in this study is a lack of reporting
on clinical validity and clinical utility of PGx-tests. A systematic review of current reporting
in scientific literature was conducted on publications addressing PGx in the context of
statins and muscle toxicity. Eighty-nine publications were included and information was
selected on reported measures of effect, arguments, and accompanying conclusions.
Most authors report associations to quantify the relationship between a genetic variation
an outcome, such as adverse drug responses. Conclusions on the implementation of
a PGx-test are generally based on these associations, without explicit mention of other
measures relevant to evaluate the test’s clinical validity and clinical utility. To gain insight
in the clinical impact and select useful tests, additional outcomes are needed to estimate
the clinical validity and utility, such as cost-effectiveness.

Keywords: clinical validity, clinical utility, pharmacogenetics, statins, translation

INTRODUCTION

Health care professionals, scientists, and policy makers have recognized the potential of precision
medicine to optimize therapeutic outcomes. Appropriate therapeutic choices could be made by
prospectively identifying patients through pharmacogenetic (PGx) tests. A PGx test can identify
patients at high risk of treatment failure, for example due to drug toxicity or inferior treatment
efficacy. However, predictive biomarkers are not used to the expected extent in health care practice
(Teng, 2011; Ratain and Johnson, 2014). Numerous barriers for the successful implementation of
PGx have been described (Horgan et al., 2014; Tan-Koi et al., 2015): from lack of evidence for
clinical practice to unawareness amongst health care professionals about PGx. Nonetheless, PGx is
successfully applied in some health care settings, predominantly in specialized cancer care (Horgan
et al., 2014). It is not always clear how decisions whether or not to implement PGx testing in a
health care practice are made, and which evidence is needed for these decisions.
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Several initiatives exist to translate knowledge on PGx to the
broader clinical practice (Crews et al., 2012; Kapur et al., 2012).
An international initiative is the Clinical Pharmacogenetics
Implementation Consortium (CPIC). Currently their dosing
advises based on PGx exist for over 80 drugs (Caudle et al,
2014; Relling, 2015). About one-third of these therapies are
prescribed mainly by primary care providers. However, to our
knowledge, no guidelines exist on how and when to test PGx
markers for primary care providers. This information is also not
available in the CPIC advisory documents, since it is assumed
in CPIC guidelines that “clinical high-throughput and pre-
emptive genotyping will eventually become common practice
and clinicians will increasingly have patients’genotypes available
before a presciption is written” (Caudle et al., 2014). To facilitate
guideline development, policy makers need information about
a range of aspects to assess the eligibility of a test for clinical
practice (Dotson et al., 2016; Razum and Jahn, 2016). Two
essential aspects to design guidelines are the clinical validity and
utility, information that often lacks for PGx tests (Gillis and
Innocenti, 2014; Janssens and Deverka, 2014). Clinical validity
refers to the performance of the test, such as the discriminative
ability and predictive value (Burke, 2015). Clinical utility takes
assessment of the test a step further and focuses on the impact
on health care, through analyses such as cost-effectiveness
(Sanderson et al., 2005; Khoury et al., 2009). While for example
CPIC offers a first step to bridge between PGx information
from research to clinical practice, information is still needed
on performance of the test and impact on care before other
stakeholders will accept PGx. Medical doctors, health insurers,
policy makers, but also patients need and want to know the utility
of the test.

Reporting of the relevant data representing clinical validity
and utility in scientific literature is currently scarce, while it is
required to translate knowledge to practice. In publications, PGx
is often studied through solely analyzing associations between
genetic variants and either blood concentrations of the drug or
health outcomes of the treatment (Button et al., 2013; Tonk et al.,
2016). To provide information on the level of clinical validity
of PGx, current PGx research outcomes on genotype-phenotype
associations could be reassessed to calculate values to illustrate
the clinical validity, such as the positive and negative predictive
values (Tonk et al., 2016). Information on clinical validity would
be a starting point to provide decision makers and clinicians with
insight in PGx tests (Janssens and Deverka, 2014). The decision

TABLE 1 | Template of topics used to extract data from the reviewed publications.

to adopt a genetic approach as part of routine care, however,
is generally motivated by more than the discriminative ability
of a test (Tan-Koi et al., 2015). Characteristics of clinical utility
play an important role for the translation into clinical care. For
example, cost-effectiveness studies, data on pilot implementation
studies, and the number needed to genotype (NNTG) could
enable policy makers to identify promising PGx applications
(Cook and Sackett, 1995; Teng, 2011; Chan et al., 2012).

The current gap between available evidence and the lack of
application of PGx needs to be explored to pursuit necessary
evidence from a health care provider, patient, and policy
perspective. Therefore, we aim to review scientific literature on
arguments for the eligibility of PGx testing and what evidence is
used to substantiate these arguments. By taking PGx for statins as
an example, we focus on an often prescribed drug in primary care
that has been discussed as a promising candidate for PGx. With
information from recent publications on PGx for statins, we hope
to facilitate the development of recommendations whether PGx
is eligible for primary care. These recommendations will focus
on studies needed for translation and implementation, both for
statins and broader health care applications.

MATERIALS AND METHODS

Literature Search and Selection

A literature search in Medline was performed for publications
published between 2002 and 2016. The keywords were terms
related to statins, pharmacogenetics, the types of outcomes,
and/or conclusions (Supplementary Box 1). All identified
publications were imported into EndNote X7. Three reviewers
(IH, MJ, and TR) independently screened the obtained
titles and abstracts for selection based on the inclusion
criteria. Only human studies published in English were
included. Furthermore, publications had to address the topic of
pharmacogenetics for statins and should address cardiovascular
disease.

Data Extraction

In total seven reviewers (MC, TE IH, MJ, TR, WR, MW)
independently extracted data following a predefined template
of relevant topics. The topics included in this template are
summarized in Table 1. The data extraction was executed in
phases, and results were repeatedly discussed among the research
team. At least two researchers read, analyzed, and crosschecked

Topic

Definition

Publication type

Independent variable

Dependent variable

Measures of effect

Arguments used for or against eligibility

Implementation advice

The type of publication, ranging from randomized controlled trial to published guidelines.
The statin(s) reported on, for example Simvastatin, and the genotype, such as SLCO1B1.
The resultant outcome, such as levels of drug-efficacy.

The reported outcomes, for example OR, AUC, and sensitivity.

The reported interpretation of the authors based on their results.

The suggestions of the authors to follow-up on the presented results.

OR, odds ratio; AUC, area under the curve.
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successful implementation.

BOX 1 | Interpretation-guide for defining whether outcomes are expressed in terms of clinical validity or utility. These questions are derived from
the ACCE-model (Sanderson et al., 2005); from Burke and Zimmern (2007) and Burke (2015). The questions include specific terms for the case of
statins, where the outcome is an adverse drug response: muscle toxicity. When each item yields positive results, there is an increase in evidence for

(A) Parameters for potential clinical validity

(B) Clinical validity

(C) Clinical utility

(1) Association: What is the association
between the genotype and an adverse drug
response?

(2) Prevalence: What is the prevalence of the
relevant genotype and adverse drug response?

(1) Sensitivity: How often is the test positive
when an adverse drug response is present?

(2) Specificity: How often is the test negative
when an adverse drug response is not present?
(3) Positive predictive value: Among people with
a positive test for the relevant genotype, what
proportion has an adverse drug response?

(4) Negative predictive value: Among people
with a negative test for the relevant genotype,
what proportion has an adverse drug

(1) Impact: What is the impact of the test result
on patient care, i.e., how many adverse drug
responses are caused by the genotype (PAF)?
(2) Population: How many tests need to be
administered for one successful intervention
(NNTG)?

(3) Intervention: Is there an effective remedy,
acceptable action, or other measurable
benefit?

(4) Pilot trials: What are the results of pilot trials?

response?

(5) Health risks: What health risks can be
identified for follow-up testing and/or
intervention?

(6) Economic: What are the economic benefits
associated with actions resulting from testing?

each study. Furthermore, illustrative quotes were extracted from
literature to use as examples in the results.

Analysis

From the extracted data two researchers (MJ and TR)
independently analyzed the following items: (1) measures of
effect; (2) arguments used for or against eligibility; and (3)
implementation advice. In the data on measures of effect and
arguments for eligibility we specifically analyzed: parameters
for potential clinical validity, clinical validity, and clinical
utility (Box 1). These constructs are dependent on each other.
Without an association and sufficient prevalence of gene-variant
and effect, the clinical validity will not allow for a relevant
intervention. In our analysis, analytical validity was assumed,
since the tests were used to evaluate clinical outcomes. To assess
implementation advice (item 3), it was first evaluated if an
implementation advice was given (yes/no). If an implementation
advice was available, we assessed it as “positive” or “negative”;
but where advice in the publications was that more research is
needed, we scored it as “inconclusive.”

In the next analysis step, the consistency within publications
was analyzed between the three items. For example, when a
publication reported parameters for potential clinical validity as
measures of effect (item 1) and arguments about eligibility (item
2) it was evaluated if the implementation advice was inconclusive.

RESULTS

In total 132 publications were identified in the search, of which
89 were included for review (Supplementary Table 1). Reasons
for exclusion were mainly language, a focus on drug-drug
interactions instead of gene-drug interactions, description of PGx
for other drugs than statins, or reporting of drug responses for
other disease groups than cardiovascular disease (Supplementary
Table 2).

Descriptives

The reviewed publications included 45 original studies (RCT,
cohort or case-control studies), 36 reviews, and eight expert
opinions (conference report, letter to the editor, commentary
or editorial). A range of statins was studied in the publications
(Supplementary Table 1). Fifteen publications did not specify the
statin(s) studied, but aggregated them. Simvastatin was reported
in 52 publications, atorvastatin in 42. Most publications reported
positive outcomes for their aim (72%), such as a statistical
significant association between a genetic variant and an increase
in ADRs. In the original publications (n = 45), the ratio of
positive outcomes reported compared to the total number of
studies was the largest with 35 studies that reported a positive
outcome. In the review publications, a ratio of 21 to 36 was
found.

Measures of Effect

In total 84 publications reported associations, prevalence,
sensitivity, specificity, positive, or negative predictive value.
In most publications, genotype-phenotype associations were
discussed. Four publications reported on prevalence, one of
these also included PPV, while another publication only reported
PPV. Sensitivity and specificity were least reported; only
three publications discussed both sensitivity and specificity
(Supplementary Table 1), for example (Ferrari et al., 2014):

“[...] an arbitrary score based on genotype combination
discriminated patients with and without CK elevation at a
specificity of 97% and a sensitivity of 39%.”

Six publications discussed effects from a perspective of clinical
utility such as the NNTG (Sorich et al., 2013):

“[...] approximately four individuals would need to be screened to
identify one individual at higher risk of myopathy.”
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Additionally, one study did not report on any of the selected
measures of effect, because it was an in vitro study to understand
influence of SLCOIBI polymorphism on protein function
(Supplementary Table 1).

Arguments Explaining Eligibility

Most authors reported on arguments for or against eligibility
(Supplementary Table 1). Sixty-two publications used arguments
based on associations, prevalence, sensitivity, specificity, positive
or negative predictive value to explain eligibility of PGx for
statins. Fifteen publications used arguments based solely on
clinical utility. The arguments addressed eligibility supported by
available evidence either positively (Brunham et al., 2012):

“Our findings provide further support for a role for SLCO1BI
genotype in simvastatin-associated myopathy, and suggest that
this association may be stronger for simvastatin compared with
atorvastatin.”

or negatively (Leusink et al., 2016):

“Genetic variation can without a doubt affect statin response;
using such information in clinical decision-making nevertheless
seems far away due to the small effect sizes. Association claims
regarding SNPs affecting only clinical benefit have been made
although these claims rely on questionable evidence.”

Five publications applied arguments from both a clinical
validity as well as clinical utility perspective. Again, these
arguments could support or dispute eligibility of PGx tests
for statins. In five publications the arguments for or against
eligibility were not explicitly stated (Supplementary Table 1).
The research presented in these publications was in early phases
and focused on pharmacokinetics or the conclusions included a
different intervention instead of PGx when ADREs arise, such as
substituting the statin without performing a PGx test.

Implementation Advice

A limited number of authors gave a straightforward
implementation advice for PGx in statin treatment (n =
19, Supplementary Table 1), leaning toward either positive such
as (Sirtori et al., 2012):

“It seems that a systematic genetic screening for some known
SNPs would most likely improve the muscle safety of the statin
treatment [...]”

or negative, for example (Rossi and McLeod, 2009):

“For now, the risk of severe reactions is fortunately rare and not
likely to be improved by routine genetic testing.”

In the original research, eight studies gave a conclusive
implementation advice. All these studies were published in
the past five years (2012-2016, Supplementary Table 1), in
contrast with mostly “inconclusive” advice for 2002-2011.
Fourteen publications did not report strong conclusions about
the implementation of PGx for statins (Supplementary Table 1),

most publications advised to conduct more research (n = 56,
Supplementary Table 1). The latter usually included discussing
the potential of PGx for statins, but stressed that more research is
needed before the true potential for routine care would be clear.
The research mentioned could entail replication of the reported
study or research aimed at implementation. However, advice
lacked on when a patient should be tested also in publications
that included a positive implementation advice: before or at
prescription or after ADRs arise, and who should be responsible
for ordering a PGx test, for example the general practitioner or
the pharmacist. Specific steps to gather evidence to step through
a process from scientific discovery to implementation in practice
also lacked in most publications.

Consistent Reporting

Within the publications, most authors reported both measures of
effect and arguments for eligibility on the level of association and
prevalence (n = 49, Supplementary Table 1). When combining
these outcomes with the implementation advice, in 15 of
the publications, an implementation advice was given other
than more research needed, i.., inconsistent with the level
of the measures of effect and arguments. In six publications
no implementation advice or clear suggestions for further
research were reported. In ten publications, the authors suggested
alternative dosing or statin based on their publications. These
implementation suggestions were not based on data on the
level of clinical validity. No development towards reporting on
levels of clinical validity or utility was observed in recently
published publications. In fifteen publications it was specifically
recognized that as the reported measure of effect were on the
level of an association, arguments on clinical utility were lacking
(Supplementary Table 1), for example (Ong et al., 2012):

“The implementation of pharmacogenomics for cardiovascular
therapeutics on a population scale faces substantial challenges.
The greatest obstacle to clinical implementation of cardiovascular
pharmacogenomics may be the lack of both reproducibility and
agreement about the validity and utility of the findings.”

In four publications, authors consistently reported outcome
measures and arguments for eligibility both on clinical utility
level, but one of these papers—from the “News section” in Nature
Medicine—did not advice on implementation. In four other
publications, arguments for eligibility were also reported on the
level of clinical utility, but the measures of effect were on the level
of (parameters of potential) clinical validity. However, none of
these papers gave a positive implementation advice: three gave
inconclusive advice, and one did not give an implementation
advice.

Some authors commented on the research and translation
process in a more general manner. These comments suggest
general steps for research and translation, which apply to ensure
evidence-based guidelines for PGx for statins, such as (Needham
and Mastaglia, 2014):

“It is essential to first establish a valid association between a
genetic variant and a drug response, which has been done for
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some genetic variations and muscle toxicity as reviewed above,
and to then demonstrate a clinically significant outcome that
results in improved patient management.”

DISCUSSION

While many scientific publications describe promising PGx
results, implementation appears to lag behind. Our results
suggest an explanation can be found in the type of evidence
reported in literature, because solely associations are often
reported. Other types of evidence are needed for implementation,
including guideline development and coverage decisions. To
review arguments for the eligibility of PGx testing and what
evidence is used to substantiate this, 89 scientific publications
were evaluated on PGx for statins in cardiovascular disease.
In 64 of the 89 publications, positive findings were reported
on the research aims. Only in nine of these 64 publications a
positive implementation advice was given. As multiple authors
also discuss (Ong et al, 2012; Santos et al, 2012; Ferrari
et al, 2014; Kadam et al, 2016) this illustrates a lack of
adequate measures of effect to conclude on implementation
for clinical practice: arguments for or against the eligibility of
PGx for statins cannot sufficiently be substantiated. Often the
arguments put forward, are genotype-phenotype associations,
and do not focus on broader implications for clinical practice.
Arguments at the level of clinical validity and utility are rare,
while measures such as the NNTG and PAF or cost per quality
adjusted life year (QALY) are relevant for health care decision
makers.

Though our study is limited to published research and
is inherently influenced by publication bias, it is a unique
approach to reviewing scientific publications. The broad review
of arguments in publications on the topic of PGx for statins,
enabled a clear identification of the gap between scientific
efforts and evidence needs for implementation. The call for
reporting on a level of clinical utility finds resonance in other
publications that discuss the gap between reported measures and
necessary measures for implementation (Voora and Ginsburg,
2012; Kapoor et al,, 2016). The lack of reporting on clinical utility
of PGx for statins hinders the translation of relevant tests into
health care (Burke, 2015; Tonk et al.,, 2016). Furthermore, we
did not find clear guidance in most publications to progress
from solely associations to reporting additional evidence on
clinical validity moving toward clinical utility. To be able
to evaluate the potential of PGx for clinical practice, the
evidentiary gap between publications that report associations
and publications that report on clinical utility needs to be
addressed.

The context in which a test should take place and be
piloted remains unclear in research suggestions from current
publications. The timing of a PGx test influences the impact of the
test greatly, for example there are significant differences between
pre-emptively testing for a broad panel or targeted testing
at first prescription. One of the few international initiatives
on translation of PGx information into practice—CPIC—only
offers information on dosing advice (Ramsey et al, 2014).
Suggestions lack on how and when to test an individual, and

the assumption that the genotype is known is generally not
routine clinical practice in primary care. Moreover, most of the
arguments in the CPIC-guidelines are also based on evidence
of associations; necessary information for decision makers on
clinical utility level is for example not specified in the guideline
for statins.

A bridge is needed between the necessary and highly
relevant work from basic science to relevant implementation
research for clinical practice. Only through following the
steps from clinical validity to clinical utility in a well-
defined health care context (Box 1), scientists will be able
to deliver valuable PGx tests through health care providers
and policy makers to the right patients. The bridge between
basic science and implementation could take the shape of
a common framework that attunes between the needs of
stakeholders. Examples of such frameworks are available, but
as this and other reviews show, incentives to follow these
frameworks in translational studies seem absent (Roberts
et al., 2017). Translation from bench to bedside demands
implementation studies to generate evidence on the question
whether specific application are eligible or not in specific
settings.

CONCLUSIONS AND
RECOMMENDATIONS

Results from PGx studies on statins for cardiovascular disease
are often summarized as associations between the genotype and
phenotype: from effective drug levels to ADRs. For the next
steps in translation, evidence is needed on clinical validity and
clinical utility through implementation studies. It needs to be
clearly defined what drug is studied, what the target population
is, and when they should be tested. To support this contextual
thinking, experts from health technology assessment could be
included in early phases of research. This will offer opportunities
to make recommendations on the steps from clinical validity
to clinical utility, and for example include recommendation to
study cost per QALY. Furthermore, to have an incentive for
fundamental researchers to think about these steps, journals and
peer reviewers can easily ask for measures that can directly be
derived from measures for association. As Tonk et al. (2016)
described, measures for disease frequency and prevalence of
exposure can be calculated from the data needed for associations,
and as such PAE PPV, NPV, and NNTG can be reported
on. To bring these recommendations toward clinical utility
into practice, pilot studies should be financed. Translation for
interventions should be focused on as a return on investment
in subsidies from financers. Roles and responsibilities in the
research field need to bridge between efforts in research and
needs in practice to bring PGx with proven clinical utility to the
patient.
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