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Abstract: Enrichment designs usually consist of two or three stages, where the first stage

serves as a screening process for selecting a certain subpopulation, and the succeeding

stages serve to distinguish the treatment effect from the placebo effect, within the selected

(enriched) subpopulation. The efficiency of its efficacy (response) detection comes at the

expense of the ability to make inferences for the general population; that is, the results

are valid only for the selected subpopulation. At the same time, if a valid partitioning

of the population is proven, then it might be viewed as evidence of “latent” classifiers,

which can be targeted for a search. Statistical analysis commonly makes explicit use of

the outcomes from only the selected subpopulation (final stage). Some simple models

can take advantage of the outcomes from all stages. Most published studies using these

designs have been conducted in the field of clinical oncology, but enrichment designs have

become increasingly popular in various therapeutic areas.

Enrichment designs for evaluating certain treatments or drugs had been used for decades before Hall-
strom and Friedman [1], Temple [2], and Pablos-Mendez et al [3] gave them formal discussion and definition
in 1990s. In such designs, a subpopulation is selected or screened out from the general population for
an experimental study. The procedure for selection of such a subpopulation is called enrichment [2]. The
goal of the design is to enhance the signal of an external intervention in the enriched subpopulation and
separate it from the interference of many other undesired factors. The discussion and employment of
such designs can be traced back to the 1970s [4]. Recent years have seen these designs gain great popularity
in many different disciplines, particularly in the field of clinical oncology.

The enrichment intentions can be roughly classified into the following categories [2].
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r Variance suppressing selection. Selecting the most homogeneous subpopulation, such as those
patients with the greatest tendency to adhere to the study protocol, those whose cholesterol level
falls within a certain range, or those with a similar tumor size and health condition [5].

r Response enhanced selection. Identifying the subpopulation with the strongest potential magnitude
of response, such as improvement in mental condition, extension of survival, or reduction in tumor
growth rate [6–9].

r Target responder selection. Choosing the subpopulation that is more likely to respond or to expe-
rience an event than the general population, such as people who responded to a treatment at the
initial stage, or those with a recurrent history of a certain event [10, 11].

These selection maneuvers are not mutually exclusive. An enrichment process can often achieve more
than one of the above objectives. An effective enrichment can greatly increase the power of detecting
the target treatment effect (if only for the selected subpopulation). However, a very strict, multistage
(See Multistage design) enrichment process may lead to a small subpopulation size, and consequently
to lower statistical precision (See Accuracy and Precision)or to a prolonged recruitment period. An ideal
enrichment design should be based on a careful trade-off between these two aspects.

There are many variants of enrichment designs. Figures 1, 2, and 3 show some relatively simple
schemes.

The randomized discontinuation trial (RDT) (Figure 1) was first proposed by Amery and Dony [4] as
an alternative to the classic placebo (or comparator)-controlled, randomized clinical trial (RCT) (See
Randomized Controlled Trials) to reduce the trial’s duration and the degree of the patients’ exposure
to inert placebo. In this design, after all of the eligible population have provided informed consent for
randomization, they are assigned to an experimental treatment at the first stage. This stage is called the
open stage [4]; at the end of the open stage, the individuals’ responses (often surrogate endpoints) are
collected and evaluated by the study clinician. The individuals who had no response or showed serious
adverse effects are excluded from the study. The rest (open-stage responders) are then randomized (See
Randomization: Overview) to a placebo or to the experimental treatment (or a comparator) in a double-
blind fashion (See Single and Double-Blind Procedures).

The first stage serves as a filter for removing those who are unlikely to respond to treatment. The
rationale is that the nonresponders would contribute little information about the population for whom
the treatment can be useful. The second stage serves to distinguish whether the treatment adds anything
over the placebo effect.

A commonly accepted assumption with an RDT is that “the treatment will not cure the condition
during the open stage” [4]. For this reason, an RDT is generally applied under conditions that require
sustained use of a therapy [6, 12, 13], such as stabilizing tumor growth or treating some chronic disease.
Another often accepted assumption with this design is that the treatment effect at the open stage will
not carry over to the second stage. In oncology, this might mean that the tumor growth rate is uniquely
defined by the treatment and is changed as the treatment is changed [6].

Traditionally, the statistical analysis of an RDT uses only the outcomes from the second stage, treating
it as an RCT rendered on the enriched subpopulation. Capra [14] compared the power of an RDT with
that of an RCT when the primary endpoints are individuals’ survival times. Kopec et al [7] evaluated the
utility and efficiency of the RDT when the endpoints are binary (See Binary data); they compared the
relative sample size required for the desired power of the RDT versus the RCT under various scenarios
and parameter settings. Fedorov and Liu [10] considered maximum likelihood estimation of the treatment
effect for binary endpoints. With some moderate assumptions, they incorporated the information from
the open stage into their inference.
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Figure 1. The diagram of a randomized discontinuation trial.

The placebo run-in trial (PRIT) (See Run-In Period) is another often used enrichment design [15, 16]. It is
very similar to the RDT in its setup structure, except that the block “experimental treatment” is replaced
by “placebo treatment” and “responders” by “compliers” (Figure 2).

An assumption with the PRIT design is that the participants behave coherently throughout the trial.
If a patient’s adherence to the protocol is poor during the placebo run-in, then his adherence will be poor
during the second stage, and vice versa. This design can be more efficient than a conventional RCT when
the compliance of the general population is known or expected to be poor [5] or “when poor adherence is
associated with a substantial reduction of therapy” [17]. Davis et al [18] examined the efficiency of the PRIT
design through empirical evaluations, in the setting of evaluating a cholesterol-lowering drug for elderly
patients. The analyses were carried out using the outcomes from the second stage only, as if it were a
conventional RCT.

Both RDT and PRIT designs are fairly simple schemes. In reality, researchers often employed these
designs with certain modifications to meet each study’s requirements. Sometimes RDT and PRIT are
even used in combination. For example, Fava et al [11] proposed a study design they named the ‘Sequential
Parallel Comparison Design’ for their psychiatric disorder study (see Figure 3 for the design diagram).
The first stage of the design consists of three double-blinded (DB) arms: two placebo arms and one
treatment arm with unequal randomization (usually more patients are on the placebo arms). Only the
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Figure 2. The diagram of a placebo run-in trial.

Figure 3. Study design for a major depressive disorder trial. DB, double blind. (From Fava et al [11].)
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nonresponders of the first stage continue to the second stage, and they are assigned in a double-blinded
way to the active treatment or placebo, depending on the arm they were on at the first stage. The rationale
behind the design is that “since patients on the second stage have already ‘failed placebo’, their placebo
response will be reduced.” The data analysis of this design is similar to RDT and PRIT. Fava et al [11] have
discussed the statistical model for the design and the design optimization.

1 Models

In most publications, it is (implicitly and explicitly) assumed that the general population consists of K
subpopulations:

N (x,2) =

K∑

k=1

BkN(x,2kj), j = 1, 2, . . . , J , (1)

where x is the endpoint of interest (which can be a collection of several variables), Bk is a fraction of
the k-th subpopulation, N(x, 2kj) is the distribution density of x in the k-th subpopulation under the j-th

treatment, 2kj are unknown parameters defining the distribution of x in each subpopulation, N (x,2) is
the marginal distribution of x, and the vector 2 comprises all Bk and 2kj. The goal can be the estimation of
all components of 2, or typically a subset of 2, such as the fraction of responders Bk* and the parameters
2k*j. In popular settings for continuous x, N(x, 2kj) is a normal density with 21kj = :kj = E(x | k) and
22kj = Fkj

2 = Var(x|k). In this case, the parameters of interest can be : ′k∗ j , : ′′k∗ j and Bk*, where j′ and j′′

denote two comparative treatments, and the other parameters can be viewed as nuisance (See Nuisance
Parameters). Often the parameter estimation is complemented or replaced by hypotheses testing.

The population model [1] should be complemented by models that describe the evolution of the response
to treatment, and the observation processes. For instance, the enrichment process of an RDT is often
achieved using only surrogate endpoints at the end of the first stage, which are less accurate measures
than the primary endpoints (See Primary Efficacy Endpoint), and can lead to misclassification of treatment
responders (See Misclassification error; Misclassification models) and nonresponders (Figure 1). Fedorov
and Liu [10] proposed to model such an imperfect enrichment process through the introduction of false-
positive and false-negative detection rates. This model builds the connection between the outcomes at
the first and the second stages, and hence makes it possible to use the observed information from both
stages by constructing the complete data likelihood.

In other settings [6], the outcome at the first stage is x(t1) (e.g., tumor size) at moment t1, while at the
final stage it is x(t1 + t2). Thus, a model describing the relationship between x(t1) and x(t1 + t2) is needed.
In oncology, x(t) can be a tumor growth model. With this model in place, the optimal selection of t1 given
t1 + t2 can be considered [6, 8].

2 Design and Efficiency

In terms of design, the choice of randomization scheme, rates of randomization, and selection of the
length of the first stage can be diversified in many ways. Let us consider a simple RDT design (Figure
1) with binary outcomes as an example. Figure 4 shows the efficiency comparison between an RDT
design and an RCT with two equal arms [10]. Suppose that, at the end of the open phase, 10% of the
responders to an active treatment are misclassified as nonresponders, and that 10% of the nonresponders
are misclassified as responders. The x-axis represents the population response rate to placebo, and the
y-axis the increase in the response rate due to the treatment, the estimation of which is the primary
interest. Numbers next to each curve indicate the fraction of patients randomized to the placebo arm in
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Figure 4. The area below each curve corresponds to the rate for which a randomized discontinuation trial
(RDT) is superior to a randomized controlled trail (RCT) given the fraction of patients randomized to placebo.

the second stage of an RDT (usually the smaller value is more ethical). In the region under each curve,
the RDT dominates the RCT in terms of efficiency. This figure demonstrates that an RDT has better
performance under some scenarios (particularly when the treatment effect is small).

However this efficiency gain is not universal, even in this simple, idealized setting. For more realistic
cases, careful selection of models, combined with ethical and logistical considerations, is essential. In
some publications [6, 8, 9, 14], investigators use the Monte Carlo simulations to compare different designs.

3 Applications

Majority of applications of enrichment designs are in the field of clinical oncology. Typical examples
include a study with enrichment screening based on preliminary data on erlotinib [19], a study of a cytostatic
antineoplastic agent [9], and a study of the putative antiangiogenic agent carboxyaminoimoidazole in
renal cell carcinoma [20]. Temple [21] provided a review and discussion of enrichment designs in cancer
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treatments. For the early development of molecularly targeted anticancer agents, RDTs were employed
to select sensitive subpopulations when an effect assay for such separation was not available [6, 8]. Other
applications of enrichment designs can be found in children’s health research [22, 23], clinical research in
psychiatry [11, 24, 25], cardiac arrhythmia suppression study in cardiology (See Cardiology and cardiovascular
disease) [26], and a few other therapeutic areas [27–30].

Similar enrichment strategies can also be found in some two-stage surveys [31]. Freidlin and Simon [8]

evaluated cytostatic drugs using a design in which they expected only certain patients to be sensitive to
their target treatment.

4 Discussion

Because the goal of enrichment is to separate certain subpopulations from the general population and
randomize only the selected subpopulation in the trial, the enrichment design is usually only capable of
detecting the efficacy rather than effectiveness. This type of efficacy distinction is often of main interest
in oncology, which is the reason that RDT is frequently used for screening for a treatment activity. As
certain assumptions are satisfied, the efficacy detection can be greatly enhanced. The work by Kopec et
al [7] illustrated that, when compared with an RCT, the sample size required for an RDT can be reduced
by more than 50%. Fedorov and Liu [10] showed that the increase in efficiency of efficacy detection can
be even higher if additional assumptions are made and the information from the open stage can be
seamlessly included.

However, enrichment designs are not always superior to other designs, even when all of the ethical
and logistical conditions are acceptable. For example, studies that have compared the relative efficiency
between RDTs and the classic RCT [7, 8, 10, 32] have found that the RCT can be more efficient under
certain conditions, even when the separation of the subpopulation at the first stage is perfect (i.e., no
misclassifications).

Other limitations of enrichment designs include:

1. The benefits of using enrichment designs come at the expense of the applicability of the study results
to the general population. The Coronary Drug Project Research Group study (See Coronary Drug
Project) [22] illustrated the effect of compliance on the conclusions for the enriched subpopulations
and the general population.

2. The recruitment process for an enrichment design could last much longer than for a conventional
RCT.

3. The use of surrogate endpoints of RDT at the first stage can affect the performance of enrichment
process. Fedorov and Liu [10] showed the consequences of misclassification on design efficiency in
the first stage of an RDT.

4. The screening phases (the run-in phase for PRIT and the open phase for RDT) are not free; they
cost the sponsors time and money and come with errors [33, 34]. In general, an enrichment design
should undergo a cost-benefit analysis [35] in which efficiency is not the only contributor to the
utility function.

The enrichment (selection) process is not universally applicable to all scenarios, and may prove ethically
controversial [36–38], even though its rationale is well supported and it has been natural to apply to the
most commonly reported applications. Researchers must scrutinize the validity of the assumptions and
consider the possible ethical issues (See Medical Ethics and Statistics; Ethics in Research) associated with
enrichment before the design is carried out.
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