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Abstract
A number of recent genome-wide association (GWA) studies have identified unequivocal statistical
associations between inherited genetic variations, mostly single nucleotide polymorphisms (SNPs),
and common complex diseases such as diabetes, cardiovascular disease, and obesity. Genotyping
individuals for these variations has the potential to help redefine how pharmacologic agents undergo
clinical development. By identifying carriers of known genomic variants that contribute to
susceptibility, a high risk population can be defined as well as individuals with potential for a better
response to a drug. We evaluated the potential utility that selecting individuals for a trial on the basis
of genotype identified in contemporary GWA studies would have had on recently described clinical
trials. We pursued this by constraining both the risks of a disease outcome associated with particular
genotypes and overall drug responses to those actually observed in genetic association and clinical
trial studies, respectively. We pursued these evaluations in the context of clinical trials investigating
drugs for macular degeneration, obesity, heart disease, type II diabetes, prostate cancer and
Alzheimer’s disease. We show that the increase in incidence of outcomes in trials restricted to
individuals with specific genotypic profiles can result in substantial reductions in requisite sample
sizes for such trials. In addition, we also derive realistic bounds for samples sizes for clinical trials
investigating pharmacogenetic effects that leverage genetic variations identified in recent association
studies.
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INTRODUCTION
Despite the growing number of insights into the genetic basis of many common complex
diseases resulting from genome wide association (GWA) and related studies (Manolio et al.
2008), there have been relatively few recent advances into the treatment or prevention of these
diseases (e.g., Butler 2008; Liao et al. 2009). There are many reasons for this, with the most
pronounced being that simply not enough time has elapsed since the identification of many
disease-associated genetic variations for researchers to have evaluated or constructed, e.g., new
therapeutic targets or diagnostic tests based on those genetic variations. In addition, even if
new therapeutics or diagnostics could be easily and efficiently constructed based on knowledge
of disease-associated genetic variations, these therapeutics and diagnostics would still need to
be tested for their safety and efficacy, and this often comes at great expense and over long
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periods of time. Thus, it is unclear what, if any, immediate clinical benefits genetic association
study results might have.

One area where the exploitation of the results of genetic association studies may have an
immediate impact involves the design of clinical trials testing side effect profiles or efficacy
of legacy or recently derived therapeutic agents Essentially, trial participants could be enrolled
in clinical trials based on a priori knowledge of their genotypic profiles. Such studies could
be pursued in the context of both preventive trials in which a drug or intervention is being
tested to see if it staves off or prevents a particular adverse condition and curative trials in
which a drug or intervention is being tested to see if it can ameliorate, or at least allow
individuals to function with, a particular disease. There are at least two motivations for
restricting entry into a clinical trial on the basis of genotypic profile. First, one could potentially
‘enrich’ the pool of individuals enrolled in a trial to those more susceptible to an outcome of
interest based on high risk genotypes, and hence more likely to benefit from the therapeutic
agent or drug being tested. This is particularly relevant for preventive trials. It is widely known
that many preventive clinical trials (unknowingly) enroll individuals who ultimately are not at
risk for developing the condition or manifesting the outcome that the drug or intervention of
interest was designed to prevent. This is very clear in the case of cholesterol lowering drugs
tested for their ability to prevent cardiac events such as myocardial infarction, as only a small
fraction of individuals enrolled in relevant trials actually exhibit such events. Low event rates
limit inferences about differential rates of events between drug classes or active compound/
placebo groups without huge sample sizes (Muhkerjee and Topol 2002). Second, one could
sample individuals with different genotypic profiles in roughly equal proportions under the
assumption that the different genotypes might influence drug responsiveness. In this way, the
clinical trial could be optimally designed to detect a pharmacogenetic effect. Although
pharmacogenetic studies are usually considered in the context of curative trials, they could also
be pursued in the context of a preventive trial if there is reason to believe that individuals with
a certain genotypic profile are more likely to avoid the condition of interest via the drug or
intervention under scrutiny.

Note that studies limiting participation in the trial to individuals with particular genotypic
profiles is much different in orientation to studies involving the genotyping of individual
participants in a trial a posteriori and then examining associations between drug response and
genotype retrospectively (SEARCH Collaborative 2009; Karapetis et al. 2008; Brandt et al.
2007; Liggett et al. 2008). Recently, Simon and colleagues considered the influence of
restricting a trial to entrants with a certain genotypic profile on the trial sample size, ultimately
describing the theoretical relationship between study efficiency and the genotype-specific drug
response (Simon and Maitournam 2006; Maitournam and Simon 2005). Although the studies
by Simon and Maitournam shed enormous light on the contexts within which restricted
sampling is likely to result in true efficiencies, little research has explored the potential utility
of recently identified genetic variations in the design of clinical trials, either in the context of
enriching a trial for individuals likely to benefit from a therapeutic agent by restricting entry
into the trial based on genotypic risk or by contrasting response to a therapeutic agent as a
function of genotype.

In this paper we consider the potential impact some recently identified genetic variations could
have in the assessment of the efficacy and pharmacogenetic effects of different therapeutic
agents used in preventive trials. We pursue these studies by asking what effects, if any, the use
of genotype restricted sampling could have had on previously conducted clinical trials. We
consider actual genetic variations identified in recent genetic association studies for this
purpose (Manolio et al. 2008). We compute relevant sample size and efficiency calculations
by constraining the effects of the genotype and drug responses considered to those observed
in actual genetic association studies as well as actual clinical trials. With these constraints, we
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ultimately calculate a realistic estimate of the upper bound (in terms of efficiency) on the effect
that genotype-restricted sampling can have on the sample size requirements of clinical trials
that leverage genetic variations that are characteristic of those identified in recent GWA studies.
Our studies point to the potential – and a way of assessing that potential – that genotype-
restricted sampling can have on realistic future clinical trials. We also consider limitations of
our studies as well as areas for further research.

METHODS
Genotype-Restricted Clinical Trials and Sample Size Calculations

As noted, the goal of our studies is to assess the utility of recently identified disease-associated
genetic variations in the design of preventive clinical trials whose entry is limited to individuals
with a particular genotypic profile. We chose actual historical preventive clinical trials whose
design and conduct could have benefited from such genotype-based entry restrictions either to
make the study more efficient by increasing the pool of individuals likely to develop the
outcome for which a drug/intervention was designed to prevent or to test for pharmacogenetic
effects. We chose clinical trials contrasting the frequency of a simple binary outcome measure
among treated and non-treated. By considering data from actual clinical trials, we can constrain
the impact that genotype-based sampling might have had on them in realistic ways. We used
a simple contingency table framework for evaluating the impact of genotype-based sampling,
as outlined in Table 1a. Values for rates of the outcome among individuals on placebo, Rp, and
active drug/intervention, Ri, were obtained from the trials themselves. Genotype frequencies,
α, and reported odds ratios for a particular genotype, ORg, measuring the strength of the
association of that genotype to a specific outcome matching those investigated in the chosen
clinical trials were obtained from the literature as well.

We assumed that among the individuals participating in a trial, the rate of the outcome among
individuals on placebo, Rp, could be conceived of as a weighted average of the rates of the
outcome among individuals with a certain genotype, , and without a certain genotype, ,
with weights given by the frequency of the genotype in the population at large; i.e., since the
rate of the outcome among individuals on placebo should reflect the rate of the outcome in the
population at large. Barring any substantial biases in the way subjects were recruited into the
trial, the outcome rate among those on placebo is:

(1)

If the rate of the outcome among individuals treated with the placebo who also possess a
particular genotype is known, then one can recover the rate among individuals without the
genotype from equation 1:

(2)

The odds ratios reported in the literature measuring the strength of the association between a
particular genotype and an outcome of interest is:

(3)
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By substituting  from equation 2 into equation 3 and solving for  we get:

(4)

which can be solved through the use of the reported outcome rates from published clinical trials
and the reported genotype frequencies and odds ratios from published association studies.

Typically, one would not know the rates of the outcome among individuals with, , and
without, , the genotype, since this would be a function of the differential effect (if any) of
the intervention among individuals with the genotype. If we assume that there is no differential
effect (i.e., no pharmacogenetic effect of, e.g., a curative drug or preventive intervention) then
effectively, , although  and  since, if the drug/intervention is not toxic,
Ri< Rp. If there is a pharmacogenetic effect, then possibly  and . Equations 1–
4 can be used to assess situations involving a pharmacogenetic effect if assumptions are made
about , although given the constraint imposed by equation 1, one might want to consider the
restriction that , since violation of this assumption would suggest that the intervention
actually carries an adverse potential or can be even considered ‘toxic’ for individuals without
the genotype (i.e., the intervention actually raises the rate of the outcome for the individuals
treated with the intervention to a level higher than when treated with the placebo).

To determine the number of individuals needed to be screened (i.e., genotyped) in order to
identify a requisite number of individuals with a particular genotype for a genotype-restricted
trial, we used the negative binomial distribution with frequency parameter equal to the genotype
frequency. To compute sample size and power we used standard formula for comparing two
proportions (equation 6.1 of Schlessleman .1982; equations 4.14 and 4.15 of Fleiss, Levin, and
Paik 2003)., as well as standard formula for interaction analyses for the contingency table
setting in Table 1b (pages 193–198 in Schlessleman .1982).

It is important to consider the assumption that there are not substantial differences or biases in
the way subjects are selected for clinical trials as opposed to case/control-based genetic
association studies. In many preventive trials, individuals deemed at high risk for the adverse
condition or outcome hypothesized to be prevented by a particular drug or intervention are
sampled. The criteria for entry into the trial therefore leverages knowledge of known risk
factors for the adverse condition in question. Individuals chosen for a trial on the basis of known
risk factors are thus not likely to be like control individuals in case/control studies, and possibly
even unlike individuals chosen as representing prevalent cases of the condition in such studies.
However, remarkably, many, though not all, genetic variations that have been identified as
associated with particular disease-related conditions, such as myocardial infarction (MI) and
type II diabetes, via GWA studies are not themselves associated – or at most only weakly
associated – with many of the traditional risk factors for those diseases (see, for example,
Talmud et al. 2008; Aulechenko et al. 2009; Bouatia-Naji et al. 2009; Lyssenko et al. 2008).
In fact, it is relatively easy to verify this by simply comparing the most strongly associated
variations with a particular disease condition with the most strongly associated variations with
risk factors for those disease conditions using available databases
(http://geneticassociationdb.nih.gov/). Thus, sampling individuals according to genotype can
be considered a way of further enriching the sample for subjects predisposed to the adverse
condition in question beyond whatever risk factors might also be considered. This ‘enrichment’
effect and its influence on sample size is a focus of our studies. Knowing that some genetic
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variations we assessed may be weakly associated with other risk factors used to select
individuals for some of the preventive trials we considered, we suggest that our results on the
potential effect of genotype-based sampling on the sample sizes of those studies be considered
as upper bounds on efficiency.

In addition, we are making the implicit assumption that the accrual of new cases in a preventive
trial who develop a certain condition and who have a certain genotype, relative to those without
a certain genotype, will occur at rates consistent with the odds ratios quantifying the association
between the genotype and the condition obtained from case/control studies of that genotype,
though we constrain these values by the actual overall (i.e., final, end-of-trial) frequency of the
outcome observed in the trial. Thus, we are making the assumption that the accrual of incident
cases of a condition during a preventive trial among individuals with certain genotypes is
proportional to odds ratios quantifying the strength of the association between prevalent cases
manifesting the condition and the different genotypes. This is a fundamental assumption, but
we think it is actually reasonable for a study of the possible effects of genotype restricted
sampling in realistic clinical trial settings.

Recent Clinical Trials
We considered 5 historical clinical trials investigating drugs/interventions to prevent 5 different
diseases. The disease outcomes and drugs examined in these studies are listed in Table 2 and
include a study of Atorvastatin to prevent myocardial infarction (MI) (LaRossa et al. 2005;
note that in the context of trials investigating drugs used to treat MI we also considered the
following additional trials: Yusuf et al. 2000;Antiplatelet Trialists’ Collaborative
1994;Fibrinolytic Therapy Trialists Collaborative Group 1994; Kjekshus et al. 1995; The Epic
Investigators 1994;Yusuf et al. 2001;The Cholesterol Treatment Trialists (CCT) Collaborators
2005); Finasteride to prevent prostate cancer (Thompson et al. 2003); a behavioral intervention
to prevent obesity (Gortmaker et al. 1999); Metformin to prevent type II diabetes (Salpeter et
al. 2008); and antioxidants to prevent Alzheimer’s disease (Heart Protection Study
Collaborative Group 2002).

Also listed in Table 2 are the rates of the disease outcomes among those treated with the drug/
intervention (‘I Rate’) and those treated with placebo (‘C Rate’) in columns 4 and 5,
respectively; the overall reduction in disease outcome rates due to the drug/intervention (‘Red’)
in column 6; the total number of participants in the drug/intervention (‘N I’) and placebo (‘N
C’) arms of the trial in columns 7 and 8, respectively. The column labeled ‘Pow N’ gives the
sample sizes necessary for both the Intervention and Control groups in order to detect the
observed effect assuming a power level of 0.8 and a type I error rate of 0.05; and the column
labeled ‘R Pow/Act’ provides the ratio of the computed sample size necessary to detect the
observed effect (“Pow N”) to the actual total sample sized used in the studies. Note that since
the behavioral intervention trial for obesity and the antioxidant trial for Alzheimer’s disease
did not reveal a difference in outcome rates between the drug/intervention and placebo groups,
a greater sample size is needed to detect the observed difference based on the observed rates
of the outcomes in the drug/intervention and placebo arms of the trial.

Disease-Associated Genetic Variations
We considered a number of recently identified genetic variations that are associated with
common chronic diseases in our assessment of the utility of genotype-based sampling for the
clinical trials listed in Table 2. We specifically chose individual single nucleotide
polymorphisms (SNPs) identified from GWA or other genetic association studies. Although
the SNPs were chosen based on the strength of their association, many other genetic variations
in linkage disequilibrium with the chosen SNPs also exhibit association with the diseases of
interest. The genetic variations chosen for study included SNP rs10757278 in the 9p21 region

Schork and Topol Page 5

J Biopharm Stat. Author manuscript; available in PMC 2011 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



found to be associated with MI (Helgodottir et al. 2007); SNP rs16901979 in the 8q24 region
found to be associated with prostate cancer (Zheng et al. 2008); SNP rs1421085 in the FTO
gene region found to be associated with obesity (Dina et al. 2007); SNP rs10811661 in the
CDKN2A gene region found to be associated with type II diabetes (Diabetes Genetics Initiative
2007); and SNP rs4420638 in the APOE gene region found to be associated with Alzheimer’s
disease (Coon et al. 2007). As an extension of our analyses for single SNP effects, we also
considered the impact of multilocus-based genotype restricted sampling using the 5 SNPs
tested for multilocus effects in the study of prostate cancer by Zheng et al. (2008). These SNPs,
their frequencies, and their odds ratios for association are listed in columns 3, 5, 6 and 7 of
Table 3.

RESULTS
Genotype-Based Sampling for Enrichment of the Trial for Susceptible Individuals

We computed the sample sizes necessary for conducting the trials described in Table 2
assuming that the trials could have been restricted to participants carrying relevant
susceptibility genotypes at the SNP loci listed in columns 3–7 of Table 3. The basic intuition
behind these calculations is that individuals with the susceptibility genotypes are more likely
to develop the disease condition of interest; hence the event rates among the participants
receiving the placebo will be larger than if the participants without the susceptibility genotype
had been sampled. This increase in overall event rates will result in a power increase for
detecting differences in event rates between the drug/intervention and placebo arms – given
that the drug/intervention works – and hence require a smaller sample size for the study.
Column 8 (‘Gen N’) of Table 3 provides the number of cases and controls needed for a study
restricted to entrants with the susceptibility genotypes (i.e., twice the number in column 8
provides the total number of subjects needed for the study) based on equations 1–4. This
number is contrasted with the actual number of participants in the original trial (column 10;
‘R Act’) and the number of participants needed for a study with power 0.8 to detect the effect
reported in the original trial, assuming that the event rates are consistent with the original trial
(column 11; ‘R Pow’).

Also provided in Table 3 is the number of individuals that would have to be screened in order
to identify the appropriate number of individuals with the susceptibility genotype for the
genotype-restricted trial (column 9; ‘Screen’). We have also included standard errors
associated with the number of people who must be screened. Implied and overt assumptions
associated with these calculations are considered in the Discussion section. It can be seen from
Table 3 that limiting the trial to participants with the susceptibility genotypes can lead to more
efficient studies, even in the context of designing studies investigating drugs/interventions that
did not show efficacy in the original study (i.e., the obesity and Alzheimer’s disease studies).
Note that these efficiency gains occur despite the fact the susceptibility genotypes do not have
pronounced effect sizes (i.e., odd ratios) on relevant disease outcomes. However, the efficiency
gains associated with genotype-restricted entry criteria do require the identification of
individuals with the susceptibility genotypes via screening for individuals with the relevant
genotypes, and this would add cost to the study.

We considered the evaluation of the effect of genotype-restricted entry for additional clinical
trials investigating cholesterol lowering drugs and the prevention of MI. Sampling based on
SNP rs10757278 (Helgodottir et al. 2007) was assumed in all the calculations. The results are
described in Table 4 and follow the same format as in Table 3. Table 4 suggests that restricting
entry into the trials on the basis of the rs10757278 genotype would have indeed resulted in
efficiencies relative to the original trial as well as an appropriately powered, but non-genotype-
restricted, trial based on the observed efficacy rates.
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Multilocus Genotype-Based Sampling
We also considered the effect of sampling for trials based on multilocus susceptibility
genotypic profiles. Zheng et al. (2008) studied the risk of prostate cancer as a function of 5
susceptibility SNPs. Zheng et al. (2008) showed that individuals who possessed a greater
number of the susceptibility genotypes had higher risk of prostate cancer. However, the
frequency of individuals with greater numbers of these susceptibility genotypes is relatively
small. We evaluated the effects of genotype-based sampling on the trial investigating
finasteride listed in Tables 2–3 (Thompson et al. 2003). Zheng et al. (2008) also considered
the inclusion of family history in assessing prostate cancer risk over-and-above the SNP
information. We therefore included family history in our calculations. Table 5 describes the
results and is constructed in the same manner as Tables 3 and 4. It can be seen from Table 5
that studies limiting entry to individuals with a greater number of susceptibility genotypes will
lead to more efficient trials than the original trial. However, the number of individuals needed
to be screened to identify carriers of the relevant susceptibility genotypes may be quite large,
as expected, given the fact that individuals carrying multiple susceptibility genotypes are likely
to be rare. It is possible to assess the potential impact of multilocus-based genotype-restricted
sampling on clinical trials even if only single locus results are available by making assumptions
about the combined effects of the individual loci, such as additivity or multiplicativity (Lu et
al. 2009).

Genotype-Based Sampling for Pharamacogenetic Studies
We considered the influence of genotype-based restricted sampling for pharmacogenetic
studies investigating the drugs/interventions listed in Table 2. We first considered situations
in which the reduction in outcomes for treated individuals carrying the susceptibility genotype
was greater than the reduction associated with the treated individuals in the original trial. We
constrained the total rate of events across treated and non-treated individuals in the trials to be
consistent with reported total event rate in the trial. We used the calculations discussed in the
Methods section and plotted the sample sizes necessary for the trials as a function of the fraction
of the reduction in outcome among the treated individuals relative to the untreated groups
(Figure 1). The sample size reflected on the y-axis in Figure 1 provides the number of cases
and controls (i.e., twice the reported number gives the total sample size). We assumed a power
level of 0.80 and type I error rate of 0.05 for the calculations. The arrows underneath the figure
are the points beyond which the assumed rates for the outcome among treated individuals
without the susceptibility genotype – based on the preservation of the observed rate of the
outcome among all treated individuals in the trial (i.e., with and without the susceptibility
genotype) to be consistent with the actual trial – would yield a rate among treated individuals
without the genotype that would be greater than the rate for this group while on placebo, based
on equation (1). Thus, the arrows under the figure essentially give points in the graph beyond
which the calculated efficacy rates for the treated group with the genotype would suggest
toxicity of the drug for those without the genotype given that the total number of event rates
across both the treated and placebo groups is consistent with the original trial (see the Methods
section).

To further investigate pharmacogenetic effects, we again constrained the total event rates
considered in the calculations to the total event rates observed in the actual trials, as before
(see the Methods section), we had to make a number of assumptions about the trial designs
and genotype-specific event rates among individuals treated and not treated. As an initial
analysis, we assumed that an equal number of individuals with and without the susceptibility
genotype would be sampled for a pharmacogenetic trial and that interest was in testing a
treatment × genotype interaction term in relevant contingency table analyses, as this analysis
method has been considered in other theoretical studies of pharmacogenetic trial designs
(Elston et al. 1999). In addition, we assumed that individuals harboring the susceptibility
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genotype would have an odds ratio of 0.8 to develop the condition of interest while on the drug
whereas individuals without the susceptibility genotype would have an odds ratio to develop
the outcome consistent with what was reported in the actual trial.

Table 6 describes some of the calculations for this pharmacogenetic trial setting given that
actual trial data considered in Tables 2–4. The ‘NG Red’ and ‘G Red’ columns, respectively,
provide the percent reduction in outcomes for treated individuals without (“NG”) and with
(“G”) the genotype, respectively, given the assumed odds ratio of 0.8 for individuals with the
susceptibility genotype while on the intervention and the overall disease incidences reported
in Tables 3 and 4. The “PH Pow” column provides the post-hoc power to detect an interaction
effect between the drug and genotype carrier status under the assumption that the odds ratio
associated with the genotype in the intervention group is 0.8 (whereas, again, for control group
the odds ratio is as reported in Tables 2 and 3 based on the actual sample size of the study and
the frequency of genotypes in question). The “Pow N,” “Gen N,” and “R Pow” are the same
as in Tables 2, 3, 4. Keep in mind that the “Gen N” column provides a sample size for a study
determined assuming equal numbers of individuals both with and without the genotype in the
intervention and control groups. Table 6 suggests that if pharmacogenetic effects of the type
modeled here actually influence drugs tested historically, then designing a study with
enrollment based on genotypic profile for recently discovered SNPs could lead to more efficient
trials.

We extended to study considered above to situations in which different assumptions were made
concerning the reduction in disease outcome rates among treated individuals with the
susceptibility genotype. Figure 2 displays the results graphically. The y-axis reflects the sample
size necessary for a study testing an interaction effect, as before, with a power of 0.8 and a type
I error rate of 0.05. The fact that the lines in Figure 2 would go beyond a sample of 5000 if it
was extended reflect the fact that as the reductions in disease outcomes approach those observed
in the actual trial then no pharmacogenetic effect would be detected, given the way in which
we constrained the overall rates to match those in the actual trials considered. Note that for
some of the situations we considered, lines converge on the reductions observed in the actual
trial from reductions less than and greater than this observed reduction. The arrows underneath
the x-axis reflect points beyond which the calculated efficacy rates for the treated group without
the genotype would be higher than the placebo group without the genotypes and hence suggest
toxicity of the drug for individuals with the genotype, as in Figure 1.

DISCUSSION
GWA studies pursued in the last 2–3 years have yielded a number of unequivocal, replicable,
statistical associations between inherited genetic variations and traits and diseases across all
medical disciplines (Manolio et al. 2008). As impressive as these findings are, they raise many
questions. For example, many of the genetic variations identified in these studies are not in
known functional regions of the genome, raising questions about their ultimate biological
significance. In addition, the genetic variations identified to date for any one disease typically
explain only a small fraction of the risk of developing that disease, raising questions about not
only the missing heritability accounted for by other genetic variations contributing to the
disease, but also the potential clinical utility of the current genetic associations.

The use of genetic variations to restrict entry into clinical trials has been proposed and evaluated
theoretically by Simon and colleagues (Simon and Maitournam 2006; Maitournam and Simon
2005). The motivation for the studies by Simon and colleagues was to assess potential
efficiency gains in clinical trials limited to participants possessing a genetic profile that is
known to respond better to the drug in question. These calculations assumed a pharmacogenetic
effect; i.e., individuals with the genotype respond better to the treatment than individuals
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without the genotype. We have considered trials designed to make use of genotype-restricted
entry criteria on two fronts: 1. leveraging genotype-based sampling in order to simply enrich
the trial for individuals predisposed to the condition or outcome the drug/intervention was
designed to prevent; and 2. in order to test pharmacogenetic effects. We did this in the context
of genetic variations identified from recent GWA studies and in the context of the results from
actual historical clinical trials. In this way we could evaluate potential utility of recently
identified genetic variations in genotype-restricted clinical trials that are realistic in terms of
the efficacy of actual drugs/interventions. Our results suggest that, despite the low effect sizes
of recently identified genetic variations from GWA studies, realistic clinical trials making use
of these genetic variations for restricting entry into the trial can lead to efficiency gains.
However, there are a few issues that should be discussed.

First, clinical trials leveraging genotype-restricted entry must identify individuals with the
genotypes in question. This would require screening. If the necessary genotypes are rare, then
a large number of individuals would have to be screened (e.g., Table 3–5). Depending on the
costs of screening individuals relative to the conduct of the trial, a genotype-restricted trial may
be more expensive. In addition, most high-throughput and cost effective genotyping
technologies work in batch, where costs are minimized by processing a large number of samples
at once. Sampling individuals for a clinical trial would likely be more akin to screening and
involve point-of-care diagnostics whereby subjects are tested sequentially to gain immediate
feedback on their eligibility in the trial over some period of time. Second, we assumed that the
participants in the historical trials considered were not already enriched for the susceptibility
genotypes also considered. Clinical trials designed to study a drug/intervention to prevent a
disease outcome often recruit individuals that are at risk for the disease outcome of interest.
Susceptibility genotypes are likely to predispose individuals to the traditional factors used to
recruit patients into a trial (e.g., obesity, elevated cholesterol level, etc. or a study investigating
a drug/intervention used to prevent heart attack). Therefore, the clinical trials investigated here
may have been enriched for individuals with the susceptibility genotypes. However, it has been
shown to be the case that for many disease conditions the genetic variations associated with
that condition are often associated independently of other risk factors (Talmud et al.
2008;Aulechenko et al. 2009;Bouatia-Naji et al. 2009;Lyssenko et al. 2008). The degree to
which a possible ‘overlap’ or redundancy in genotypic and traditional risk factor-based
restricted sampling for a trial affects the results of our calculations is unknown. Therefore we
regard our calculations as ultimately providing upper bounds to the efficiency gains that could
have been obtained through the use of genotype-restricted sampling for the trials that we
considered.
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Figure 1.
Sample size requirements to detect a difference in rates of disease outcomes between an
intervention and control group using genotype-restricted samples based on the overall rates of
the outcome for the trials listed in Table 2 and the genetic factors outlined in Table 3. The color
coding is as follows: dark blue indicates the atorvastatin (MI) trial; pink indicates the finasterid
(prostate) trial; yellow indicates the behavioral intervention (obesity) trial; light blue indicates
the metformin (type II diabetes) trial; and purple indicates the antioxidant (Alzheimers) trial.
The sample size provides the number of cases and controls (i.e., twice the reported number
gives the total sample size). The figure relates the sample size needed to detect a rate difference
with a power level of 0.80 and type I error rate of 0.05 as a function of the assumed decrease
in the rate of the outcome among individuals with the genotype. Constraints on this rate, as
well as the rate for those on placebo, were based on the observed rates and genotype effects in
Tables 2 and 3 and the algebraic identities discussed in the text. The arrows underneath the
figure are the rates of the outcome among treated individuals with the genotype that, based on
the observed rate of the outcome among all treated individuals in the trial, would yield a rate
among treated individuals without the genotype that would be greater than the rate for this
group on placebo from equation (1).
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Figure 2.
Sample size requirements to detect an interaction effect between genotype and intervention on
the rates of disease outcomes assuming that equal numbers of subjects with and without the
genotype were assigned to the intervention and control groups for overall rates of the outcome
associated with the trials listed in Table 2 and the genetic factors outlined in Table 3. Color
coding is the same as that used in Figure 1. The sample size provides the size of each of the
four groups needed for the trial. The figure relates the sample size needed to detect an
interaction effect with a power level of 0.80 and type I error rate of 0.05 as a function of the
assumed decrease in the rate of the disease outcome among individuals with the genotype and
on the intervention. Constraints on this rate, as well as the rates for those on placebo and without
the genotype, were based on the observed rates and genotype effects in Tables 2 and 3 and the
algebraic identities discussed in the text. The arrows underneath the figure are as described in
Figure 1.
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Table 1a

Tabular Format for Evaluating Clinical Trials.

Intervention Placebo

Disease Ri Rp

No Disease 1 − Ri 1 −Rp
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Table 1b

Tabular Format for Evaluating Genotype Sampling-Based Clinical Trials.

Intervention Placebo

Genotype No Genotype Genotype No Genotype

Disease

No Disease
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