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A DECISION ANALYTIC APPROACH TO
DETERMINING SAMPLE SIZESIN A
PHASE |1l PROGRAM

ALLAN PaLLAY, MS
Department of Clinical Biostatistics, Wyeth-Ayerst Research, Philadelphia, Pennsylvania

In this paper we present a decision analytic approach to determining sample size in a
set of Phase Il drug efficacy trials sponsored by a pharmaceutical company. In this
approach we built a model to predict the expected net present value of the drug at varying
sample sizes. We then chose the sample size that maximizes that value. We took into
consideration effects that sample size had on the probability of approval, the cost of the
studies, the time it takes the drug to reach the market, and a variety of other factors. We
found that increasing the sample size increases the chance that the drug will be approved.
On the other hand increasing the sample size increases the cost of the studies and the
time it will take for the drug to reach the market. The model weighs these factors to

produce the expected net present value.
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INTRODUCTION

WE PRESENT A DECISION analytic ap-
proach to determining the sample size in a
set of Phasel || efficacy drug trials sponsored
by a pharmaceutical company. This approach
involvesbuilding amodel using clinical trials
data and postapproval behavior of the mar-
ket, and using this model to predict the ex-
pected net present value (ENPV) of the drug
at varying sample sizes. We then chose the
sample size that maximized that value. (The
ENPV is the current monetary value of a
cash payment which will be received at some
timein the future. X amount of dollarsto be
received in the future is worth less than the
same amount of money received today be-
cause present cash can beinvested toincrease
its value. A present value agorithm deter-
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mines how much a future cash payment is
worth in dollars that are received today. The
net present value subtracts out any costs asso-
ciated with receiving the cash payment. An
expected net present value multiplies the net
present value by the probability that the
money will actualy be received.) In the
model, we considered the effects of sample
size on the probability of approval, the cost
of the studies, the time it takes the drug to
reach the market, and a variety of other fac-
tors. Cost and time to market are important
factorsthat affect the ENPV and are affected
by sample size, but are not taken into consid-
eration in the usual statistical method of de-
termining sample size. Although the impor-
tance of the cost of the studies, the time to
market, and the probability of approva are
intuitively clear, it is not clear how to weigh
them in arriving at a sample size. For this
reason a decision analytic model is very
useful.

Decision theoretic approaches to deter-
mining sample size have been reported by a
number of authors (1-7). The utility func-
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tions in these studies, however, were not
monetary. They were primarily related to de-
riving the maximum public health benefit as
measured by maximizing the number of pa
tients treated with the best drug among a
group of drugs that were tested. The cost of
experimentation was also taken into consid-
eration in Canner (2), Sylvester (5), and Bru-
nier and Whitehead (7).

Berry and Ho (9) used adecision theoretic
model that had a monetary outcome. The
monetary gain function, however, was hypo-
thetical and very simple and the effect of
time to market was not taken into account.
Berry and Pallay (unpublished data; 1999)
used a decision theoretic approach to deter-
mine sample sizein aPhase |11 program and
used a real monetary gain function derived
from a marketing study. The monetary gain
function, however, was taken as fixed and
was not studied, and the effect of time to
market was not taken into account.

In this paper we extend the range of appli-
cation of decision analysisin the sample size
question by including market considerations
in our analysis. We do this by building a
market model and using it to examine the
effect various uncertainties have on the value
of different sample size choices. Aswork in
this paper reflects our real-life experience in
dedling with a particular drug, the drug is
referred to as “Drug X.”

KEY CLINICAL AND
MARKETING ISSUES

Clinical Issues

Drug X is an experimental treatment for a
very serious disease in which death or severe
disability is a common outcome. There are
currently no competing drug treatments in
the class of Drug X. Therefore, any level of
treatment effect by Drug X over placebo will
be an improvement over what is currently
available to patients. Also, previous data
showed virtually no evidence of significant
adverse effects at the doses that will be
tested.

Two essentially identical studies were
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done to assess the efficacy and safety of the
drug, each with placebo and two doses of
Drug X. The doses are the same in these two
studies. The aim was to have two doses that
worked, with the higher dose possibly giving
greater efficacy and the lower dose possibly
having less adverse effects; although signifi-
cant adverse effectswere considered unlikely
at either dose. If the results of the studies are
positive, the company will apply for approval
at the Food and Drug Administration (FDA).
Also, it was decided to complete the trials
and to not stop early for substantial efficacy.

Marketing Issues

Although no drugs that would compete with
Drug X are on the market, a number of com-
peting drugs are in development at other
companies. Available evidence suggests that
these competitors may have similar efficacy
to that of Drug X, and some of them may
have a greater side effect burden. There is,
however, substantial uncertainty about these
points.

The market share that Drug X will take
ismainly afunction of the quality of the drug
relative to its competitors and its order of
entry into the market. The marketing experts
believe that the order of entry into the market
of Drug X is likely to be much more impor-
tant than its relative quality, unless Drug X
differs substantially in risk/benefit from the
others.

INADEQUACY OF THE STANDARD
SAMPLE SIZE FORMULA

The analysis of these studies involves the
comparison of each Drug X dose group
against placebo. We, therefore, consider a
sample size calculation based on an individ-
ual comparison with no adjustment for multi-
plicity. An expert in the field said that an
advantage over placebo of 0.33 units on the
efficacy measure would definitely be clini-
caly significant. Also, we specified the alpha
and beta errors to be 0.05 (two sided) and
0.10, respectively, and the standard deviation
to be 2.2 (based on previous studies). Using
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these values, the sample size per group would
be about 934 patients.

Standard sample size formula ignores ef-
fects of the cost of the studies. The time to
market aso is not taken into consideration.
Both of thesefactors have the effect of reduc-
ing the sample size. Even if we could ignore
cost factors, the main problem with standard
sample size formula is specifying the mini-
mum advantage over placebo that we want
to detect (with specified error rates). The
disease to be treated is very serious, with no
competing therapies and with current evi-
dence suggesting that Drug X will have only
trivial adverse effects. In such a situation it
could be argued that any level of effect of
Drug X that is greater than the effect of pla-
cebo, no matter how small, is clinically sig-
nificant.

OVERVIEW OF
THE DECISION MODEL

The aim of the decision model is to show
how the size of the sample affects the ENPV
of thedrug project. Themodel isasimulation
which operates by simulating multiple possi-
ble clinical trial outcomes and associated
market responses, to produce multiple possi-
blenet present values (NPV's). Thereare mul-
tiple possible NPV s because some of the ele-
ments of the model are expressed as random
variables. The mean of these NPVs for a
given sample size is the ENPV. The optimal
sample size is taken to be the size that maxi-
mizes the ENPV.

Figure 1 gives an overview of how the
simulation model works. It is instructive to
think of the three ovals at the top of the
diagram asthe“clinical component,” the bot-
tom two ovals as the “cost component,” and
the rest in the middle as the “market compo-
nent.” The simulation begins by setting a
sample size and sampling a vaue from the
prior distribution of the efficacy parameter.
These are used asinput into theclinical trials
simulation model. The output of this model
is simulated results of the clinical studies
which are input into the FDA approval
model. The output of this model is “ap-
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proved” or “not approved.” Thisisthecrucia
input into the market component.

The simulation of the market component
aso uses the sample size as an input. It is
used to determine the time it will take Drug
X to be approved. This time, aong with the
efficacy level (based on the value sampled
from the prior) are the inputs to the market
share model. The output of the market share
model (market share) and the output of the
market size model (monetary size of the mar-
ket) areinputsinto theformulathat cal culates
income.

The cost component consists of the cost
of the studies (which is afunction of sample
size) and a set of costs associated with the
production and marketing of the drug (which
are independent of sample size). Approval,
market share, market size, and costs are all
inputs that are used to calculate income. In-
come is, in turn, used to calculate the net
present value.

A DETAILED DESCRIPTION
OF THE MODEL

We begin this section with a description of
the statistical model that forms the basis of
the clinical component. Next, we give a de-
tailed description of each of the elements
shown in Figure 1 and show how they are
put together to cal cul ate theincomeand NPV.

The Statistical Model

There were two studies each with two doses
and placebo. Consider first the high dose
compared with the placebo in one study. Let:

y = the observed advantage for drug X over
placebo on the efficacy measure,

o =the population advantage for drug X
over placebo on the efficacy measure,
and

N =the sample size per treatment group
(with equal allocation in each group).

The statistical modél is:

y=0+g,
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FIGURE 1. Overview of the decision model.

where e is the error term independent of y
with a standard deviation = o.

The same statistical model is used for the
comparison of the low dose group versus
placebo except that 6 is assumed to be lower
by a specified amount. The second study is
modeled in the same way as the first.

Prior Distribution of the Efficacy
Parameter

To determine the probability of getting a sta-
tigtically significant result in a comparison
of a dose group and placebo, it is necessary
to assume a value of the population parame-
ter (9). Inthismodel we assumeadistribution
of values of 8, which is, in essence, a Bayes-
ian prior distribution of the efficacy parame-
ter. The prior was set by the clinical group
and the senior author. It is shown in Figure
2 and represents the best guess as to the dis-
tribution of the popul ation efficacy parameter
before beginning the study. Two other priors
(pessimistic and optimistic views) were used
in sensitivity analyses.

The output of this element of the model
is a randomly sampled value of & from the

prior. It isused as input by the clinical trials
simulation model. It will also be used asinput
into the market share model as will be de-
scribed later.

The Clinical Trials Smulation M odel

Consider first the simulation of the high dose
group versus placebo and the sample size
fixed at N. The simulation uses as input the
sampled value from the prior distribution of
the efficacy parameter (8), and the sample
size per group (N). The steps of the simula-
tion are as follows:

1. A random value is drawn from the distri-
bution of €,

2. A Z type satistic is formed: (o +€)/(a/
VvN), and

3. The Z statisticis classified as“ significant”
if Z is greater than 1.96, a “trend” if Z is
greater than 1.44, and negative otherwise.

To simulate the low dose trial, 0.075 is
subtracted from the sampled population pa-
rameter. Thisreflects the assumption that the
lower dose will give somewhat |ess efficacy.
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FIGURE 2. Prior on the population efficacy base model. A rough assessment of the

clinical meaning of the advantage over placebo scores are as follows: 0 to 0.1 =very

minimal efficacy; 0.1 to 0.2 = minimal efficacy; 0.2to 0.3 =small; 0.3 to 0.5 =fairly good,;
0.5to 0.7 = quite good; 0.7 to 0.9 =very good; greater than 0.9 = outstanding.

The outcome of the clinical trials model for
asingleiteration of the simulationisaclassi-
fication of the comparison of each of the
two dose groups with the placebo group as
“significant,” “supportive,” or “negative” for
the two studies.

The FDA Approval Model

In the first part of the FDA approval model,
each of the two studies is classified as posi-
tive, supportive, or negative. A study is clas-
sified as positive if the high dose is signifi-
cant (regardless of the observed response of
the low dose) or if the low doseis significant
and the high doseisatrend. A study isclassi-
fied as supportive if the high dose is a trend
and the low dose is not positive (If the low
dose were positive the study would be posi-
tive). All other outcomes were classified as
negative. Using this algorithm on both stud-
ies, thefollowing are possible outcomes: two
positive, one positive and one supportive, or
none positive.

Usually, two positive studies are required
for FDA approval but given the seriousness
of the disease and the lack of treatments
something less may be acceptable. There-

fore, we assumed that there is a 25% chance
that only one positive study would be suffi-
cient, a 50% chance that a single positive
along with a single supportive study would
be sufficient, and a 25% chance that two
positive studies would be needed. Using
input from the clinical trials model, the out-
come for a single iteration of the FDA ap-
proval model is “approved” or “not ap-
proved.”

Time to Market

The time to market (in months) for a given
sample size was determined by first calcul at-
ing the total number of patients that are
needed across the two studies and then divid-
ing by the expected enrollment rate per
month. In addition, thetimeto start the study,
the time to produce an application to the
FDA, and the time until FDA approval were
also estimated, and added to the time to do
the studies. The outcome of asingleiteration
of the simulation is the number of months
until the drug will reach the market. This
number of monthsis the same for each itera-
tion of the simulation since al of the ele-
ments are fixed. The number of months until



370

market changes (in linear fashion), however,
when the simulation is run with a different
sample size.

The Monetary Size of the Market

To estimate the monetary size of the market,
the number of patients who might receive
Drug X therapy is estimated for each year,
beginning at the year the studies started (re-
ferred to hereafter as Year 1), and going out
15 years. For each of these years, this number
is multiplied by the estimated price of the
treatment to obtain the monetary size of the
market for that year. The monetary size of
the market is assumed to increase at a uni-
form rate up to the 12" year (hereafter re-
ferred to as Year 12). The price of the drug
is reduced by 70% in Year 13 because the
patent will expire. The outcome from the
market size model is the monetary size of
the market for each year up to Year 15. These
values are independent of the sample size
and are constant for each iteration of the sim-
ulation.

The Market Share Model

The market share model is based on a model
developed by Notvest (unpublished data;
1998). The aim of the market share model is
to estimate the percent of the market that
Drug X will receive for each year up until
Year 15. It takes into account the time it
takes Drug X to reach the market, possible
competitors (the greater the number of com-
petitors the less the share), and the level of
efficacy of Drug X (the greater the efficacy
the more the share). The level of efficacy for
any iteration of the model is the value of the
population efficacy parameter that issampled
from the prior distribution.

In the market share model we assumed
the existence of four possible competitors
(labeled drugs A, B, C, and D). Drugs A, B,
and C are actual drugs under development at
other companies. Drug D is another hypothe-
sized competitor that is unknown to us but
assumed to exist. The outcome from the mar-
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ket share model is the percent of the market
that Drug X getsfor each year until Year 15.

Costs

There are two categories of costs. The first
is the cost of the two studies which is deter-
mined by the per-patient fee that is paid to
investigators. The second category of cost
includes costs of: goods sold, sales and mar-
keting, general administrative, taxes, and
other supportive studies. These costs are in-
dependent of the sample size.

Income and NPV

Figure 3 shows how theincomeis calcul ated
for each of thefirst five years for an iteration
of the model. The first line shows the mone-
tary size of the market for each year (M;).
The next line shows the estimated proportion
of patients who will receive Drug X as deter-
mined by the market share model (p). In
this figure possible approval of the drug will
occur in Year 3. Therefore, the proportion of
themarket is zero in Years 1 and 2. Note that
the year that approval is applied for varies
according to the sample size, with higher
sample sizes making this year later in time.

Next are costs. In Years 1 and 2 these
costs are the costs of the studies and other
costs associated with the development pro-
gram. In the later years these costs are those
associated with production and marketing.
Next is an indicator variable for drug ap-
proval, with a=1 if approved and a=0 if
not approved. All of the above lines are com-
bined in the next line as shown. Note that the
costs in the first two years will be incurred
regardless of approval. For the next three
years, the revenues and the costs are only
realized if the drug is approved (a=1). To
account for taxes 37.5% of the income (or
loss) at each year is subtracted out.

The ENPVswere based on approximately
6000 iterations for each sample size. For the
sensitivity analysis approximately 3000 iter-
ations were used for each sample size.
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Year
1 2 3 4 5
Market Size M1 M2 M3 M4 Ms
($ Millions)
Market Share 0 0 P P+ ps
(%)
Costs C; C, Cs Cs Cs
($ Millions)
Approval - - a a a
(a=1or0)
Pretax Income -G -C, aM;ps-Cs)  a(Myps-Cs)  a(Msps-Cs)

FIGURE 3. Calculations of the pre-tax income for each year.

Sensitivity Analyses

The model in which the assumptions are
based on the best guesses of the various ex-
pertsisreferred to as the “base model.” This
isin contrast to models where various alter-
native assumptions are used to check the sen-
sitivity of the model to these assumptions.
The values of the alternative assumptions
were generated through discussions between
the author and various experts. Most of the
aternative values represented an upper and
lower valuelevel for what isfelt to be reason-
ably possible.

AN EXAMPLE OF ONE ITERATION
OF THE MODEL

The Clinical Component of the Model

Table 1 shows the results from one iteration
of the “clinical component” of the model. It
is based on a sample size of 250 per dose
group. The simulation begins, as shown in
the third column of the table, with a sample
from the prior distribution of the population
efficacy parameter (mean advantage over
placebo). Note that this value is the same for
the high dose in the two studies. To calculate
the population value for the low dose, 0.075
was subtracted from the high dose value.
Next an “error” term isadded as described in
the statistical model. The smulated observed

score in the next column is the sum of the
population and error scores, and the z score
is the observed score divided by the standard
error. As shown in the next column, for this
iteration of the model, the high dose in Study
lissignificant, thusyielding apositive study.
The high dose in Study 2 is a “trend,” thus
yielding a supportive study.

The next column, “FDA Criterion,” shows
the outcome of a sample from the random
variable describing what might be the mini-
mal requirement for approva by the FDA.
In this case at least one positive and one
supportive outcome arerequired, thusfor this
iteration, FDA approval would have been
achieved. Note that had the sample for the
“FDA Criterion” random variableyielded the
need for two positive studies the outcome for
this iteration of the simulation would have
been “not approved.”

The Market and Costs Component

In the first part of the “market component”
of the model the number of months it will
take Drug X to reach the market iscal cul ated.
With a sample of 250 patients per treatment
group and three treatment groupsin two stud-
ies atotal of 1500 patients will be required.
The enrollment rate is expected to be 112
patients per month so it is estimated that the
studieswill take about 13 months. Additional
time will be required to start the studies, to
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FIGURE 4. ENPV versus sample size for various prior distributions.

collect and enter the data upon completion, to
write up and submit an application to the FDA,
and for FDA review. With al of these times
added in, the total time until market with 250
patients per group is 38 months. This means
that income would potentialy start flowing
into the company in the fourth year.

The next parts of the model are displayed
in Table 2. The second row shows the esti-
mated monetary size of the market (in mil-
lions of dollars) for each of 15 years. This
is egual to the number of patients who could
potentially get Drug X treatment (if Drug X

got 100% of the market) times the price. The
size of the market drops considerably in Year
13 because the patent will expire and the
price will be reduced.

The next row shows the share that is ex-
pected for Drug X. This value came from the
market share model. The product of these
two lines gives the revenue. Next are the
various costs that were outlined in the last
section. The revenue minus the costs gives
the income and then this income is subjected
to taxes to get the net income or cash flow.
To account for additional cash flow after the
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15" year, $67 million was added as a final
value in the cash flow. This cash flow was
entered into a present value formulato give
the ENPV. For thisiteration of the model the
ENPV was $574 million. Note that had the
clinica component of the model yielded a
“not approved” outcome there would be no
positive cash flow.

Figure 4 is a graph of sample size versus
ENPV. The middle plot is generated from the
base model. The maximum ENPV occurs at
about 250 patients per group. The distribu-
tion of the NPVsfor arun of the model with
250 patients is shown in Figure 5.

DYNAMICS OF THE MODEL

The following set of analyses were aimed at
gaining a deeper understanding of the key
elements that caused the ENPV to reach a
maximum at the sample size of about 250.
One goal of achieving this understanding is
to explain the somewhat unexpected result
that the maximum ENPV occurred at amuch
lower sample size than the sample size de-
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rived from the use of the standard statistical
sample size formula.

Effect of Sample Size on Probability
of Approval and Monetary Value
if Approved

There are many componentsin the model but
the key dynamic is as follows. Sample size
has a perfect direct linear relationship with
time to market. Increasing sample size (and
therefore the time to market) decreases the
amount of money that will be made if the
drug is approved. Cost of the studies in-
creases with sample size but analyses reveal
that the effect of thisfactor isrelatively small
compared with the others. On the other hand,
increasing sample size increases the proba-
bility that the drug will get approved, and,
therefore, increases the probability that any
money will be made at al. The functiona
relationship among these factorsis shown in
Figure 6. In this graph the NPV of the drug,
if approved, is plotted against sample size
and scaled based on values on the y-axis at

630
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FIGURE 5. Distribution of net present values based on a sample of 250 per group and
the base model.
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proval for three fixed competitors.

the left side of the plot. The probability of
approval (referred to hereafter as “prob-
approve’) is plotted against sample size on
the same graph but is scaled based on values
shown on the y-axis at the right side of the
plot. (The values in the graph are based on
adlightly simplified version of the model in
which the random variables in the market
side of the model are fixed at single values.
The first three competitors—A, B, and C—
definitely enter the model, but the last com-
petitor, D, does not. Fixing these values
makesit easier to createtheplotsand analysis
shows that the change does not substantially
change the results or the underlying dynam-
ics of the model.)

The plot helps explain why the sample
size chosen by the decision analysis is so
much lower than that chosen by using the

standard formula. First, the standard method
does not take the time until market into ac-
count at all. (Recall that time until market is
alinear function of samplesize.) In addition,
the negative impact on the monetary-value-
if-approved of increasing sample size is re-
lentlessly linear, while the positive impact of
increasing sample size on the prob-approve
diminishes with increasing sample size.

Another factor that helps explain the sub-
stantial difference between the sample sizes
given by the decision analysis and the stan-
dard formula relates to the relationship
between prob-approve and the prior dis-
tribution of the efficacy parameter. The prob-
ability of approval islargely afunction of the
probability of getting a significant difference
between a Drug X dose group and the pla-
cebo group.
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The decision approach incorporates the
possibility that the efficacy parameter is so
high or so low that increasing sample size
makes very little differencein the probability
of approval. In those regions of true efficacy,
large samples tend to decrease ENPV. Thus,
the optimal sample sizes calculated using the
decision model are much less than those cal-
culated with the standard approach.

DISCUSSION

Increasing sample size increases the chance
of approval, but it also reduces the amount
of money that can be made, mainly be-
cause of the delay in getting the drug to mar-
ket. The importance of these two factors is
clear, but it is not clear how to weigh them
in arriving at a sample size. For this reason
an anaytic moddl is extremely useful. On
the other hand, it is also clear that the model
did not capture al of the complexities of
the clinical and commercial situation. For
example, the considerations used by the FDA
and other regulatory agencies to determine
approval involve an analysis of many factors,
some of which no one could predict before
seeing the data. Also, the market model is
an obvious simplification of all the forces
that determine economic vaue. For these
reasons, we did not see the sample size that
isderived fromthismodel asthefinal answer.
Rather, it is seen as a “baseline value” in
which the key pieces of information have
been integrated.
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