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Pharmacogenetics: practices and
opportunities for study design and data
analysis
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Pharmacogenetics (PGx) is increasingly used as a way to target treatment to patients who are most likely
to benefit. To date, PGx has shown clinical significance across a few applications but widespread use has
been limited by the need for further technical, methodological and practical advances and for educating

clinical researchers on the value of PGx.

Here, I describe the current scope of PGx research, including recent contributions to prospective study
design. A case study is included to demonstrate the limitations of current practice and to describe some
practical steps for improving the chances of identifying genetic effects. Additionally, I describe some
opportunities for the integration and application of disparate data sources in exploratory PGx research.

The role of PGx

The application of PGx within clinical development programmes
has experienced unprecedented growth recently [1]. Over the past
15 years, the development and commercialisation of new drugs
has become increasingly expensive, with diminishing probability
of success [2,3]. In 2004, the US Food and Drug Administration
(FDA) launched The Critical Path Initiative (CPI) to promote
innovative approaches, such as PGx, to overcome stagnation
in drug development (US Food and Drug Administration;
http://www.fda.gov/ScienceResearch/SpecialTopics/CriticalPathI-
nitiative/CriticalPathOpportunitiesReports/ucm077262.htm).
Medical practitioners and healthcare providers have since recog-
nised the importance of PGx in directing treatment to those more
likely to benefit and are increasingly using PGx to guide decision
making [4-6].

PGx offers additional options in clinical research and develop-
ment by helping to explain unexpected variability in safety and
efficacy outcomes. Previously, this variability might have led to a
termination of the development programme but PGx enables the
continued research of the effects of treatment within a subgroup of
patients. Indeed, there are now several examples where PGx has
made an important contribution to the clinical development of
drugs to patient populations [7,8].

E-mail address: aiden.flynn@exploristics.com.

Although PGx has proved to be extremely valuable for improv-
ing the benefits and reducing the risks of some drugs in develop-
ment and for the targeting of more-effective treatment to
patients, the successes remain limited. To some extent, this is
owing to the fact that PGx is often used as a tool to re-evaluate
development plans when study outcomes are negative or ambig-
uous rather than being an integral part of an informed persona-
lised medicine plan or strategy. In addition, PGx remains an
evolving science that requires further technological and metho-
dological development to optimise the analysis of the data and
design of the studies. Indeed, the right combination of prospec-
tive planning, data, design and analysis is likely to yield many
more successes for PGx.

PGx data analysis

The main objective for PGx analysis is to identify and/or char-
acterise genetic effects. Although there are too many methods to
review adequately in this article, there are some general principles
that are broadly followed in basic analyses. These include the
evaluation and selection of genetic markers that can distinguish
between groups of patients who differ in their response to treat-
ment (Fig. 1). The evaluation involves the application of a statis-
tical model comprising the factors that are thought to contribute
to the observed variability in response. These models can include
two types of effects: main effects where factors make a sole con-
tribution to the observed variability; and interaction effects where
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FIGURE 1

Graph illustrating an example of a genetic marker to distinguish between
groups of patients. In this case, the percentage of responders in the groups of
patients on treatment 2 and with the AB or BB genotype is greater compared
with the other groups. In other words, the difference (A) between treatments
1 and 2 is greater in AB and BB patients.

two or more factors make a combined contribution. The choice of
model is important because it will determine the value and appli-
cation of selected markers. Models that include genotype as a main
effect are useful for identifying markers that are associated with
response, regardless of treatment (prognostic markers), whereas
markers that are associated with response in the presence of
treatment (predictive markers) can be identified using models
where there is an interaction between genotype and treatment.
Genetic markers are then selected on the basis of their prognostic
or predictive utility.

PGx study design

Good study designs ensure a high probability of meeting the study
objectives whilst controlling for known sources or variability and
bias. In PGx, the study design options depend on how and when
PGx is applied [9]. Typically, the early stages of PGx research is
exploratory whereby many genes are investigated, often using data
that were collected as part of a study designed for another purpose.
This is followed by confirmatory research where PGx is the primary
objective in a prospectively designed study. To date, most meth-
odological research into study designs for PGx has focused on the
prospective, confirmatory applications. To some extent, this focus
on confirmatory study design reflects the regulatory preference for
prospectively designed studies in all but exceptional cases.

Confirmatory studies

The primary objective of confirmatory studies is to test a hypoth-
esis relating to pre-specified genetic effects. These studies are
prospectively designed and involve markers with substantive prior
evidence of their function and usefulness in explaining variability
in patient response. Several study designs have been proposed and
evaluated for prognostic and predictive markers [10-13]. Three
common designs that are used in a confirmatory setting for pre-
dictive markers are described below.

The targeted or enriched design (Fig. 2a) involves a pre-screen-
ing step whereby patients are selected for the study based on
genotype. Patients carrying the negative genotype are excluded
from the study whereas positive patients are then randomised to

one of the treatment groups. This design has advantages in that it
can result in smaller studies when the effect of treatment is greater
in the positive group. However, this design does not provide
information on treatment effect in the excluded population and
can only be used when there is substantive prior knowledge about
the impact of a single genetic marker.

A less restrictive design is the stratification design (Fig. 2b). As
with the targeted design, this involves a pre-screening step where
all subjects are allocated to groups based on genotype, then
randomised to treatment. This design is useful when there is
interest in collecting information on the treatment effect in the
marker negative group. In addition, this enables the operating
characteristics, such as sensitivity and specificity, of a genetic-
based test to be estimated. However, this design also requires
considerable prior knowledge about the genetic marker.

Both of the above designs are useful when the studies are
required to test a single hypothesis relating to the genetic marker.
However, it is common for studies to have multiple objectives
involving the evaluation of a treatment effect in the entire study
population and in sub-populations. A popular approach for this
type of study is based on an adaptive design (Fig. 2¢) [13]. In this
case, enrolled patients are randomised to treatment groups and
the treatments are compared as part of a primary objective of the
study. If the study fails to meet the primary objective (i.e. there is
no difference in the treatments) then patients are sub-divided
into groups based on genotype and a comparison of treatments is
performed within these groups. Because multiple statistical tests
are performed in this approach, the overall false-positive error rate
is greater and needs to be controlled. This design can result in
larger studies but it is more flexible than the targeted or stratified
design because it enables the testing of multiple objectives and
can be modified to include the evaluation of several genetic
markers.

Exploratory studies

In the exploratory setting, PGx is typically used for identifying
potentially useful genetic markers and for generating hypotheses
that can be tested in future studies. Depending on the level of prior
knowledge of the genetic influence on response, exploratory
studies might involve the evaluation of a small number of candi-
date genes to a complete search of the whole genome [9].

The most common approach to exploratory PGx studies
involves the collection of blood samples within a study with
the view to use in PGx research if required [14]. In the event that
a PGx study is initiated, the study population is retrospectively and
iteratively stratified using the genotypes from all markers under
investigation (Fig. 2d). This approach is flexible in the sense that it
does not compete with the original study objective and enables the
evaluation of many markers. However, the limited sample size and
need to control the false-positive detection rate severely restricts
the ability to detect genetic effects. Furthermore, the lack of
randomisation in treatment within the genotype groups intro-
duces bias and imbalance into the genetically defined groups [15].
As a result, the benefit of markers identified from retrospective
analysis is limited [16] and there is generally the need to collate
further data from prospectively designed studies. Indeed, these
issues illustrate why many stakeholders prefer prospectively
designed studies.
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FIGURE 2

Examples of study designs for confirmatory and exploratory pharmacogenetics: Enriched design (a); stratification design (b); adaptive design (c); retrospective

design (d).

For these reasons, the retrospective and exploratory approach to
PGx has had limited success with the notable exception of a few
drugs associated with large genetic effects, such as abacavir [17]
and panitumumab [18]. This represents one of the key challenges
in PGx research where the lack of sufficient patient data to detect
moderate genetic effects makes it difficult to identify markers with
clinical utility. Because most PGx research continues to be explora-
tory, retrospective approaches will continue to have an important
role. However, there is a need to improve the probability of success
of exploratory PGx studies through the development and applica-
tion of better design and analysis methods and more consideration
of prospective integration into development programmes.

Exploratory PGx Case Study

This case study is used to demonstrate the limitations of explora-
tory PGx and to illustrate some simple and pragmatic approaches
to improve the power in this setting. This case study is based on a
Phase IIb study of Alzheimer’s disease (AD), comprising 511 sub-
jects randomised into four treatment groups receiving placebo or
2 mg, 4 mg or 8 mg of Rosiglitazone [8]. The subjects were equally
divided into each of the groups resulting in 128 subjects per group.
The study was powered at 95% to detect a three-point difference
between active treatment and placebo in the change from baseline
of the Alzheimer’s Disease Assessment Scale-cognitive subscale
(ADAS-COQG), assuming a standard deviation of six units and a
5% level of significance. This study failed to meet its primary

objective. Blood samples were collected for 65% of the enrolled
patients and a retrospective PGx analysis was then performed to
identify potential predictive markers.

To continue with this illustration, further assumptions were
made to assess the likelihood of detecting a predictive marker in
this case. Firstly, it was assumed that a clinically useful genetic
marker would contain a genetically defined group where the dif-
ference between active treatment and placebo was three units and a
group where there was no difference. In addition, it was assumed
that the case study included the evaluation of 1000 markers with
allele frequencies ranging from 10% to 90%. Finally, it was assumed
that the pattern of responses reflects a dominant genetic effectand a
treatment effect that is observed across all active treatment groups.
On the basis of these assumptions, study data were simulated 1000
times. Each simulation was analysed using analysis of covariance
with change from baseline ADAS-COG as the dependent variable
and genotype, treatment and genotype by treatment as indepen-
dent variables. The interaction effect was significant at the 5% level.
The probability of success for the PGx study was given by the
number of significant interactions over all simulations. Six scenarios
that describe different study design and analysis options were
compared. These were based on the assumptions described above
but with the following modifications:

(i) Original design (i.e. no modification).
(i) Original design, significance level set to 0.005% by adjusting
for the number of tests (i.e. 5%/1000).
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(iii) Original design is altered with a sample collection rate of
100%.
(iv) Asin (iii), but original design altered further by reducing the
number of treatment groups from four to three.
(v) Asin (iv) but analysis uses a non-linear model that accounts
for the genetic and dose-response pattern.
(vi) Original design is altered by increasing the sample size to
1200.
Figure 3 shows the probability of success for the six scenarios. All
scenarios show a reduction in the probability of success for high
and low allele frequencies reflecting the increased uncertainty
around the estimates of response in small genotype groups. The
maximum probability of success for the first scenario is just over
20%. By adjusting for multiple testing, as in the second scenario,
the likelihood of identifying a clinically useful predictive marker is
almost reduced to zero. By increasing the sample collection in the
third scenario, the probability of success almost doubles compared
with the first scenario. The probability of success can be further
increased by a reduction in the number of treatment groups whilst
maintaining the total number of subjects (scenario four).
Furthermore, the use of a non-linear model that provides a better
description of the data can boost the power even further as in
scenario five. Finally, an increase in the number of subjects
recruited into the study would enhance power to >80% for some
of the allele frequencies.

There are several important messages from this case study.
Simply collecting samples and taking an entirely retrospective
approach to PGx has limitations. Indeed, some prospective plan-
ning can enable studies to be designed for another purpose and yet
have a marked impact on the likelihood of success for PGx. In
addition, the first five scenarios involve the same number of
subjects, demonstrating that it is possible to improve the success
rate without necessarily increasing cost. Finally, the combination
of study design and the analysis method impact the probability of
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FIGURE 3

Power curves for the six scenarios in the case study. The first two curves
represent the entirely retrospective approach to PGx analysis (scenario one
and two). The following three curves involve some prospective planning
(scenarios three, four and six) and the last curve involves the use of non-linear
models to reflect the dose and genetic response pattern (scenario five).

success. In every exploratory PGx experiment these should be
selected to optimise the probability of meeting all the study
objectives.

Concluding remarks

PGx offers much promise for the development of safer and more-
effective treatments and for presenting additional options within
clinical research programmes. To date, the successes have involved
the identification and application of genetic markers that have a
large effect on treatment response. By contrast, the use of genetic
markers with small to moderate effects has proved to be much
more challenging. To a large extent, the lack of success is owing to
the fact that PGx is an emerging science and researchers are still
developing methods to integrate and analyse data from the new
sequencing technologies.

There are several ways to improve the success rate of PGx within
clinical development programmes. Two important areas that can
facilitate the identification and integration of genetic markers are
improved study design and data analysis methods. Indeed, there
has been a lot of activity in the development of specific study
designs that integrate genetic markers with known or well studied
effects. These designs have been described in this article and
enable the application of PGx in studies where there is a single
PGx-related objective and where PGx is one of several objectives.
However, there remains the challenge in exploratory PGx of
identifying genetic markers in a study that was not specifically
designed for PGx research.

The case study presented in this article shows that it is possible
to improve the success rate of exploratory studies through better
alignment of the study design, analysis methods and study objec-
tives. The case study also describes some pragmatic steps that
would enhance the likelihood of success for exploratory PGx
without adding to the cost substantially. Indeed, exploratory
PGx strategies should go beyond the collection of samples by
including prospective planning of design and analysis so that
PGx use is optimised.

In future, PGx will be greatly enhanced by improving the
success rate of exploratory studies. There are several areas that
would help to increase the power to identify useful predictive
markers. One obvious approach is to increase the number of
available samples by boosting study sizes or by improving access
to phenotypic data and tissue samples from other sources. In
addition, there is an abundance of relevant knowledge and infor-
mation that is captured on numerous, disparate sources including
biorepositories, biological pathway information, gene ontologies
and published literature. This information remains underused
when evaluating and interpreting the usefulness of genetic mar-
kers; better integration would have a marked impact on the success
of exploratory PGx. Furthermore, there is enormous scope for
developing and applying statistical models that reflect more clo-
sely the underlying biology and patterns of response; using models
that describe the data better will increase the power to detect
genetic markers. The development of these models will require
extensive methodological research and development for the inte-
gration and application of disparate data sources. This is likely to
involve a multidisciplinary approach in the form of collaboration
between clinicians, biologists, geneticists, statisticians, bioinfor-
maticians and computer scientists.
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In summary, PGx has undoubtedly improved the efficacy and
safety of products on the market and has shown value in clinical
development. Indeed, PGx warrants further significant research,
particularly in the development of methods with application in
the exploratory setting. These methods will result in a marked
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