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Abstract

Background: Small clinical trials are necessary when there are difficulties in recruiting enough patients for

conventional frequentist statistical analyses to provide an appropriate answer. These trials are often necessary for

the study of rare diseases as well as specific study populations e.g. children. It has been estimated that there are

between 6,000 and 8,000 rare diseases that cover a broad range of diseases and patients. In the European Union

these diseases affect up to 30 million people, with about 50% of those affected being children. Therapies for

treating these rare diseases need their efficacy and safety evaluated but due to the small number of potential trial

participants, a standard randomised controlled trial is often not feasible. There are a number of alternative trial

designs to the usual parallel group design, each of which offers specific advantages, but they also have specific

limitations. Thus the choice of the most appropriate design is not simple.

Methods: PubMed was searched to identify publications about the characteristics of different trial designs that can be

used in randomised, comparative small clinical trials. In addition, the contents tables from 11 journals were hand-

searched. An algorithm was developed using decision nodes based on the characteristics of the identified trial designs.

Results: We identified 75 publications that reported the characteristics of 12 randomised, comparative trial designs that

can be used in for the evaluation of therapies in orphan diseases. The main characteristics and the advantages and

limitations of these designs were summarised and used to develop an algorithm that may be used to help select an

appropriate design for a given clinical situation. We used examples from publications of given disease-treatment

-outcome situations, in which the investigators had used a particular trial design, to illustrate the use of the algorithm

for the identification of possible alternative designs.

Conclusions: The algorithm that we propose could be a useful tool for the choice of an appropriate trial design in the

development of orphan drugs for a given disease-treatment-outcome situation.

Background
Small clinical trials are necessary when there are difficulties

in recruiting enough patients for conventional frequentist

statistical analyses to provide an appropriate answer. These

trials are often necessary for the study of rare diseases as

well as specific study populations e.g. paediatric, geriatric,

individually tailored therapies, regional subpopulations. In

these settings the issue of small sample size has to be faced.

The European Medicines Agency guidelines on clinical tri-

als in small populations (CHMP/EWP/83561/2005) con-

siders the problems associated with clinical trials when

there are limited number of patients available to study and

clearly defines the field of application [1].

Rare diseases are defined on the basis of their low

prevalence, i.e. less than 1 in 2,000 people affected. It

has been estimated that there are between 6,000 and

8,000 rare diseases that may affect up to 30 million people

in the European Union alone, although these figures do

not come from published peer reviewed epidemiological

studies [2,3]. Only about 250 of these diseases have a code

in the existing International Classification of Diseases

(ICD) (10th version) [4]. Rare diseases cover a broad
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diversity of diseases and patients, with about 50% of

those affected being children. About 80% of these rare

diseases have an identified genetic origin involving one

or several genes or chromosomal abnormalities [5]. The

others are caused by infections (bacterial or viral), or

allergies, or are due to degenerative, proliferative or

teratogenic (chemicals, radiations, etc.) causes. Some rare

diseases are also caused by a combination of genetic and

environmental factors [5]. Drugs (including orphan drugs)

are developed for treating these rare diseases, and their

efficacy and safety need to be evaluated but due to the

small number of potential trial participants, a standard

randomised controlled trial is often not feasible [6].

In children the issue is not restricted solely to rare

diseases as the difficulty in recruiting sufficient num-

bers of patients is a problem for even frequent diseases.

This difficulty is mainly due to ethical and psycho-

logical considerations, which not only represent an obs-

tacle to running clinical trials but also to protecting the

children. These considerations need to be taken into

account to design trials which minimise the risk for

individual patients (e.g. minimal numbers of samples

in pharmacokinetic/pharmacodynamic studies) as well

for the whole paediatric population [7]. Consequently,

the use of innovative methodologies enabling fewer

patients to be recruited could become the rule for dose-

finding and efficacy studies in the future.

Clinical trial methodology has evolved since the

mid-20th century so that now well-established and val-

idated methods are available for the design, conduct and

analysis of clinical trials [8]. It is generally accepted that an

appropriate trial design includes a sufficiently large sample

size and statistical power, and methods for minimising

bias to enable the results to be reliably interpreted. The

randomised, parallel-group controlled clinical trial de-

sign is generally considered as the gold standard, but in

some situations it is difficult to use this design. The type

of situation when it is not feasible includes rare diseases

with very low incidence/prevalence, individually tailored

therapies, and specific trial populations. The general re-

quirements for small trials are the same as those for

adequately sized trials, i.e. their design and analysis should

enable a reasonable measure of the treatment effect to be

obtained. The design should include an outcome that

can be measured to determine change or ‘success’, via a

baseline value and an ‘under-treatment’ value for the

outcome.

The minimisation of systematic bias remains funda-

mental, as for the more classical trial designs. These

biases include: selection bias, which is the biased alloca-

tion of patients to treatment or placebo groups; per-

formance bias, which is the unequal provision of care

apart from the treatment under evaluation; detection

bias, which is the biased assessment of the outcome;

attrition bias, which is the biased occurrence and hand-

ling of deviations from protocol and loss-to-follow-up.

These biases can be minimised using validated method-

ology. Good-quality central randomisation can minimise

selection bias. Double-blind follow-up and outcome evalu-

ation can minimise the other biases, and when this is

not possible, the trial outcome should be measured in a

blinded manner, by someone who is not involved in the

patient’s care. Specific methods for the management of

missing data exist, e.g. replacement of missing measure-

ments in designs with intra-individual assessments, and

intention-to-treat analyses. A specific statistical analysis

plan is necessary for all trial designs, and should be

defined, a priori, in the trial protocol; the analysis plan

should be coherent with hypothesis tested and should

include appropriate control of the type I error rate [8].

There are a number of trial designs that have been

proposed as alternatives when the usual parallel group

designs are not appropriate or feasible [9]. Each of these

designs offers specific advantages, but they also have

specific limitations. Thus the choice of the most appro-

priate design is not simple. In addition, for any given

situation, several designs may be possible. We performed

a literature review of alternative trial designs and we

summarise their main characteristics in this paper and

present an algorithm that can be used to select the most

appropriate design(s) for given disease-drug-outcome

situations. To illustrate the use of the algorithm, we will

discuss case studies of published clinical trials, to ascer-

tain if alternative study designs could have been used.

Methods
PubMed was searched using combinations of the terms

given in Table 1 in the title field, with no limitations in

terms of language published up to end of 2010, to iden-

tify publications about the characteristics of different

trial design methods that can be used in randomised,

comparative small clinical trials, other than the standard

randomised controlled trial design. In addition, the ta-

bles of contents for 11 journals were hand-searched; the

years for each journal are indicated in Table 1.

The characteristics of the identified trial designs and

their advantages and disadvantages were summarised.

The assessment of advantages and limitations of each

design was based on the experience of the authors and

that of experts and academic opinions. Based on these

characteristics, we identified decision nodes, and then

developed an algorithm that can be used in practice to

select the most appropriate trial design.

Results
Results from literature search

A total of 1420 abstracts were identified. After screening

the titles and abstracts and obtaining full papers for
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selected articles we identified a total of 75 publications

that reported information about the methods for vari-

ous randomised, comparative trial designs that could

be used in for the evaluation of therapies in orphan

diseases.

Summary and general characteristics of randomised,

comparative trial designs used in practice

The main characteristics and the advantages and limita-

tions of the 12 trial designs (adaptive randomization

designs were grouped in one single category) that were

identified are summarised in Figure 1 and Table 2 [10-24].

Some examples of trials using the different designs are

given in Table 3 [12,25-49].

Parallel group design

In a parallel group design trial, individuals are random-

ized to receive the tested treatment or control. This is

the most commonly used design, which is possible in al-

most any situation, but requires larger sample sizes than

other designs [24].

Factorial design

With the 2 × 2 factorial design trial, participants are ran-

domized to treatment A or corresponding placebo to

test one hypothesis, and randomized again within each

group to treatment B or corresponding placebo to test a

second hypothesis, thus enabling two different hypoth-

eses to be tested simultaneously. This design is based on

the parallel group design. It also requires that there is no

interaction between treatments A and B. If interaction

exists, then loss of power is possible in case of separate

analyses of the four different combinations. This design

enables the measurement of an effect or an interaction

which otherwise might not be apparent.

Cross-over design, Latin square, N-of-1

Each participant in a cross-over trial receives two treat-

ments in a random order and acts as their own control.

Latin-square design differs from cross-over design in

terms of the number of studied treatments; latin-square

design is used when more than two treatments are com-

pared in the same trial. For example when three treat-

ments are considered in the trial, the corresponding

latin-square involves three treatment periods and two

wash-out periods occurring between each treatment

period for each of the three groups of patients.

N of 1 trials or single-subject designs are defined as time-

series designs in which an intervention is evaluated in one

single patient. A typical single patient trial consists of ex-

perimental/control treatment periods repeated a number of

times. The order of treatment is randomly assigned within

each treatment period pair. Formally, this design is

known as a structured within-patient randomized con-

trolled multi-crossover trial design. Usually, the pri-

mary objective of such a trial is to determine the

treatment preference for the individual patient.

For cross-over trials, as for all intra-patient designs,

the disease must be stable, and the patient’s health status

must be identical at the beginning of each treatment

period. There can be a carry-over effect, if the treatment

effect from the previous period is still present during the

following period. To avoid this, a wash out period is

generally added between each treatment period of the

trial. The duration of follow-up for the patient is therefore

longer than for a parallel design, and there is a risk that a

significant number of patients do not complete the study.

Table 1 Search strategy for the identification of articles

on the methods used for small clinical trials

Terms combined in PubMed search

• (“Rare diseases” OR “orphan*”) AND
(“Epidemiologic Methods” OR “Research Design” OR
“Clinical Trials as Topic”)

• Rare disease*

• Clinical trial*

• Clinical research

• Withdrawal

• Winner*

• Loser*

• Sequential

• Adaptive

• Delayed start

• Early escape

• N-of-1

• Randomi*

• Placebo phase

• Three stage

Journals (years) hand-searched:

• Statistics in Medicine (1990–2010)

• Orphanet Journal of Rare Diseases (2006–2010)

• Controlled Clinical Trials (2000–2004)

• Contemporary Clinical Trials (2005–2010)

• BMC Medical Research Methodology (2001–2011)

• Journal of Biopharmaceutical Statistics (1991–2012)

• Biometrical Journal (1990 – 2012)

• Statistica Sinica (1991–2012)

• Journal of Statistical Planning and Inference (1990 – 2012)

• Journal of the American Statistical Association (1990–2012)

• American Journal of Biostatistics (2010 – 2012)

* = truncation symbol used in PubMed search.
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The delayed start design

In this design an initial randomised placebo controlled

phase is followed by a phase during which all patients re-

ceive the active treatment. This design can be used to as-

sess disease progression as well as disease relapses (or

other short term outcomes). This trial design requires that

the treatment periods are sufficiently long for a thera-

peutic effect to be obtained, that as few as possible pa-

tients are lost-to-follow-up (and if possible, the same

number in both groups) and that there are a sufficient

number of follow-up visits to measure the treatment effect

to allow a precise estimation of the treatment effect slope.

The limitations of this design include the fact double-

blinding is only really present in the first trial period, since

with this design in the second period all the patients re-

ceive active treatment. In addition, the evolution of the

symptoms during the follow-up can enable the treatment

group for the previous period to be identified. This can in-

duce an evaluation bias. A carry-over effect from the first

to the second period cannot be excluded, as well as a

training effect if the primary criterion is a score. Hence,

this type of trial is almost always explicative (i.e. evaluates

the effect of the treatment on the symptoms and the evo-

lution of the disease), losing all its pragmatic repercus-

sions, unlike, for example, a classical parallel group trial

with a follow-up equivalent to the two periods in the de-

layed start design.

Minimising time on inactive treatment or placebo:

randomised withdrawal, early escape, randomised

placebo phase, stepped wedge designs

With the randomised withdrawal design, all eligible pa-

tients with the disease being studied receive open-label

treatment for a specified period to identify a subgroup of

patients who can successfully achieve a pre-defined level

of response. The patients in this subgroup are then ran-

domized to continue the tested treatment or to receive a

placebo in a double-blind fashion. The randomised with-

drawal design aims to evaluate the optimal duration of a

treatment in patients who respond to the treatment. In

the randomised early escape design, for the patients who

do not respond to therapy, time on ineffective treatment

is minimised. Both these designs are combined in the

three-stage randomised trial design. In the other possible

designs (randomised placebo phase, stepped wedge trials)

the time spent on placebo is minimised, and all patients

receive the active treatment at the end.

Adaptive randomisation (play the winner, drop the looser

designs)

The play-the-winner and the drop-the-loser designs aim

to favour the group with the best chance of success by

increasing the probability of patients being randomised

to that group. For adaptive randomization designs, the

procedure is best described by using the urn model

which is common in the statistical literature; in the urn

there are various types of balls representing particular

treatments; patients accrue sequentially and at each

stage, the probability of allocating a particular treatment

to a given patient depends on the number of various

types of balls in the urn. The response of each patient

after treatment plays an essential role in the determin-

ation of subsequent compositions of balls in the urn.

In the randomized play the winner (PW) procedure,

the basic strategy is to ‘reward’ more balls to successful

treatments. The urn contains K different types of balls,

A: parallel groups

B: cross-over C: factorial

D: N-of-1

E: randomised placebo phase F: stepped wedge G: randomised withdrawal

Figure 1 Schematic representation of some randomised clinical trial designs.
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Table 2 Summary of the characteristics of the various randomised, comparative trial designs (it is assumed for all designs that the control group is a placebo)

Study design Main characteristics Randomisation Main advantages Main disadvantages

Parallel groups
(comparison
between
groups) [24]

Patients are assigned to a treatment
group for the duration of the trial.

Randomisation to one of two or more
treatment groups, with a pre-specified
randomisation ratio.

Design simple to understand and to
implement.

Larger sample size often required, compared
with other designs.

Treatment groups can have different
numbers of patients.

Difficulties with recruitment possible, if
placebo-controlled.

Analysis and interpretation of results
is simple.

Cannot estimate the contribution of inter- and
intra-patient variability to the overall variability.

Factorial Can answer two or more questions
with one trial

Patients are randomised twice, once for
treatment A or placebo and then for
treatment B or placebo

Time-saving for the trial sponsor Need to be sure that there is no interaction
between treatments A and B

Requires fewer patients to obtain the
answer to two or more questions

Cross-over Patient receives both of two treatments,
A and B, in a pre-specified sequence.
Patients act as their own control.

Randomisation to a pre-specified
treatment sequence.

Smaller sample size than parallel
groups.

Stable chronic diseases (assumes patient’s
state is comparable at the start of both
periods of treatment).Endpoint must not be
sensitive to learning processes.Requires a
wash-out period between treatment periods.
Follow-up is at least twice as long compared
with corresponding parallel group trials. The
analysis must confirm the absence of
treatment - period interaction

Results depending only on within-
patient variability.

Often used in healthy volunteers (for
phase 1 clinical trials)

Latin square More than two treatments to compare Randomisation to a pre-specified
treatment sequence.

Same as for cross-over design. Same as for cross-over design, except carry-
over is controlled (similar properties as those
for Latin square design).

Balanced design, i.e. every treatment
(or dose) appears only once in each
sequence and each treatment period.

N-of-1
[14,19,23]

Only one patient and design aims to
assess effects of several treatments
in one individual

The order of treatment(s) and placebo
periods are randomly assigned for the patient

Provides an estimate of individual
effectiveness (personalized medicine)

Same as for cross-over design. Needs a stable,
chronic disease

Patients are more likely to have better
adherence to treatment, and
understand their disease and
treatment better

Delayed start
[10,12,16]

Two phases: initial placebo controlled phase
(patients randomised to treatment or
placebo) followed by active control phase
(all patients receive treatment) – those in
the initial placebo group have a delayed
start

In first phase, patients randomised to early
start group (treatment) or delayed start group
(placebo)

Allows more patients to receive active
treatment

At the start of the second phase, the patients
are not comparable. No real blinding for the
second period; carry over effect possible.

Can distinguish effects on symptoms
and effects on the disease evolution

Randomized
placebo-phase
[13]

All patients receive the tested treatment in
the end – but have varying lengths of time
on placebo.

Randomisation of time from enrolment to
starting tested treatment

Can be used for disease-modifying
therapies, in diseases with a rapid,
unfavourable evolution. All patients
receive active treatment

Variable length of placebo period reduces
statistical power

Assumes that a response will occur
sometime after an effective treatment is
given, so that patients who start the
treatment earlier should, on average,
respond sooner

Low and intermediate potency therapies show
large variability for response

Limited ability to estimate size of treatment
effect
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Table 2 Summary of the characteristics of the various randomised, comparative trial designs (it is assumed for all designs that the control group is a placebo)

(Continued)

Stepped
wedge [11]

All patients receive tested treatment in the
end. Intervention allocated sequentially to
participants (either as individuals or clusters
of individuals)

For a 5-step wedge design, all patients start
with control then for the following five time
periods individual or clusters randomised to
treatment to finish in the last period with all
patients receiving tested treatment

Useful when there is a prior belief
that treatment will do more good
than harm

There might be a risk of contamination
between intervention participants, and a need
for blind assessment of outcome

Also, when an innovation cannot be
delivered concurrently to all units

Randomised
withdrawal

Used to assess treatment continuation in
patients who are responding to the
treatment.

Randomisation of responders to continue
treatment or switch to placebo

Reduces the time on placebo since
only responders are randomised to
placebo.

For use in chronic diseases, Not suitable for
unpredictable diseases (e.g. spontaneous
remission) or those with slow evolution. The
treatment effect is overestimated since only
responders are included (and compared to
placebo)

All patients initially receive the tested
treatment; responders are randomised to
continue treatment or to receive placebo

Can assess if treatment needs to be
continued or can be stopped

Possible carry-over effect for adverse effects.

Early escape Patients withdrawn if they satisfy a priori
failure criterion

Randomisation to active treatment or placebo Reduces the time on placebo or in
treatment failure.

Difficult to define a binary failure/success
outcome.

Analyse failure rate, so minimises
exposure to ineffective treatment

Only short-term efficacy evaluated.

Loss of power if significant number of patients
‘escape’

Three-stage[15] Initial randomised placebo-control phase, a
randomised withdrawal stage for
responders, and a third randomised phase
for placebo non-responders who
subsequently respond to treatment

Randomisation to treatment or placebo and
randomised withdrawal for responders

Three separate (independent)
assessments of efficacy which are
then combined (Fisher’s method) to
derive a single overall p-value.

Applicable only to chronic conditions where
both response to therapy and withdrawal of
therapy can be assessed.

Care should be taken to allow the withdrawal
phase to be sufficiently long so that the drug
can be completely washed out and the
clinical effects of therapy reversed.

Subjects may barely meet criteria for being a
responder and would consequently forgo
active treatment even though they may have
benefited from it.

Since fewer patients may be available in the
initial stage of the trial, the ability to precisely
determine initial response rates may be less
than with a traditional randomized trial
design.

May be less suited for controlled assessment
of safety

Fewer patients required compared
with parallel group design.

Reduces the time on placebo or non-
efficacious treatment.

May evaluate the efficacy of a
therapeutic agent in a particular
patient subpopulation when efficacy
in the general patient population has
already been established.
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Table 2 Summary of the characteristics of the various randomised, comparative trial designs (it is assumed for all designs that the control group is a placebo)

(Continued)

Adaptive
randomization
designs -play
the winner
[17,20]

An adaptive randomization design. The probability of being randomised to one
group is modified according to the results
obtained with previous patients. It favours the
group with favourable results (play the
winner), or penalise the group with
unfavourable results (drop the looser); it can
be generalised to multi-treatment clinical
trials, and delayed responses (Generalized
drop the looser)

Reduces the number of patients
receiving a less effective treatment.

Unequal sample size reduces power.

Need to have binary outcome, (success/
failure)

In some situations, the number of patients
who have actually received one of the
treatments is very low.

Could improve patient recruitment
due to better satisfaction

-drop the
losers [18]

-generalised
drop the loser
[21,22]
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representing K different treatments. When a patient

arrives, a ball is drawn at random with replacement. If

it is a type i ball, the patient receives treatment i. A

successful response to the treatment results in the addition

of a type i ball to the urn. If the response is a failure, a

different ball is added to the urn, this ball being partitioned

according to the existing proportion of balls for other treat-

ments in the urn.

In the drop the loser (DL) procedure, instead of adding

balls to reward successes, balls are removed when fail-

ures are observed. In the urn, besides treatment balls,

there are immigration balls. When an immigration ball

is selected, balls for all types will be added (except immi-

gration), preventing the total elimination of any type of

treatment balls. The DL rule was reported to have small

variability in terms of treatment attribution and high

statistical power and has been shown to yield satisfactory

results in terms of reducing the number of failures.

Nevertheless, adaptive randomization has some limita-

tions, i.e. a lack of clear methodology to cope with delayed

test responses which are common in clinical studies

and its application is limited to clinical trials with bin-

ary responses.

Decision nodes

The decision nodes were empirically derived from the

requirements and limitations of each specific design as

well as from their advantages. We identified the design

characteristics that seemed most likely to guide the choice

of a specific design:

� reversible or irreversible outcomes

� fast (defined as up to a few weeks) or slow response

to treatment

� possibility of minimising the time on placebo

Table 3 Examples of clinical trials that have used the different designs

Study design Examples

Parallel groups • Phosphodiesterase-5 inhibition for pulmonary hypertension in heart failure [31]

• Vigabatrin in infantile spasms due to tuberous sclerosis (comparative parallel design) [27]

• Stiripentol in Dravet syndrome (placebo controlled parallel design) [28]

Factorial • Aspirin and simvastatin for pulmonary arterial hypertension [35]

Cross-over • Amantadine in Huntington disease [40]

• Oral sildenafil therapy in severe pulmonary artery hypertension [45]

• Sirolimus therapy to halt the progression of ADPKD [42]

Latin square • Plasma exchange for induction and cyclosporine A for maintaining remission in Wegener’s granulomatosis [47]

• Assessment of disease flare in patients with systematic lupus erythematosus [33]

N-of-1 • Amitriptyline in fibromyalgia [34]

• Tramadol to treat chronic cough [37]

• L-arginine in ornithine transcarbamylase deficiency carrier [32]

Delayed start • Rasagiline in Parkinson’s Disease [16,41]

Randomised placebo-phase • Low dose phenelzine in the chronic fatigue syndrome [39]

Stepped wedge • Long-term efficacy of HBV vaccine to prevent liver cancer and chronic liver disease [49]

• School-based anti-smoking campaign, (delivered by one team of facilitators who travel to each school)

• Sure Start programme in the UK (http://www.ness.bbk.ac.uk)

Randomised withdrawal • Withdrawal of hydroxychloroquine sulfate in systemic lupus erythematosus [48]

• Etanercept in children with polyarticular juvenile rheumatoid arthritis [38]

• Vigabatrin withdrawal randomized study in children with epilepsy [26]

• Antipsychotic withdrawal with Alzheimer’s Disease [25]

• Stiripentol withdrawal design in children with partial epilepsy [29]

Early escape • Intravenously golimumab in patients with active rheumatoid arthritis [36]

• Pain control for post-operative pain [46]

Three-stage • Etanercept in children with polyarticular juvenile rheumatoid arthritis [15,38]

Adaptive randomisation • Prevention of postoperative venous thromboembolism in digestive surgery [43,44]

• Reduction of maternal-infant transmission of Human Immunodeficiency Virus Type 1 with zidovudine [30]

• No example found for the ‘drop the loser’ design
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� possibility that all patients received active treatment

by the end of the trial

� possibility of performing intra-patient or inter-

patient comparisons.

Algorithm development and testing

These decision nodes were used to design the algorithm

(Figure 2). To test this algorithm, we took some exam-

ples of clinical trials that used one of these designs and

worked through the decision nodes to see what alterna-

tive designs would have been possible.

Case study 1

The first example involves an n-of-1 trial that assessed

the efficacy of L-arginine vs placebo in a patient with

ornithine transcarbamylase deficiency (OTCD) [32].

Female carriers of this autosomal genetic disorder may

be asymptomatic, or have symptoms ranging from protein

aversion only, to profound neurological impairment and

death due to secondary encephalopathy. Arginine supple-

mentation is required, but it is not certain if mildly symp-

tomatic females will benefit from this treatment. An

n-of-1 trial in a mildly symptomatic woman with alterna-

tive weeks of placebo and L-arginine was performed. The

patient’s symptoms were measured on days 5 and 6 of

each weekly period; three treatment pairs of L-arginine

and placebo, each with two measurements, were used to

minimise bias. The results showed consistently higher

scores for L-arginine than for placebo. The outcome in

this example is reversible, and the response is rapid so,

using the algorithm, all designs would be possible (left-

hand side of the decision tree). At the third decision node,

if it was decided to minimise time on placebo, seven dif-

ferent designs would remain possible. Since this treatment

is intended as a long-term treatment, and in view of the

encouraging results from this n-of-1 trial, larger scale trials

could be designed to ensure that all patients received

active treatment by the end of the trial; in this context,

delayed start, randomised placebo phase and stepped

wedge designs could be considered.

Case study 2

Another example that was used to test the algorithm was

a randomized, blinded withdrawal trial of intravenous

immunoglobulin in patients with polyarticular juvenile

rheumatoid arthritis resistant to other treatments [50].

The outcome was ‘clinically important improvement’, which

is reversible, but relatively slow (>3 months). If the investi-

gators had wanted to minimise time on placebo, they could

have used the delayed start, randomised placebo phase or

stepped wedge designs. The randomized withdrawal design

is suitable for a chronic disease. In this example, the au-

thors justified the choice of trial design on the grounds of

ethics; reducing the time on placebo (and preventing long-

term harmful effects due to worsening of the disease).

Case study 3

A trial with a play-the-winner design assessed the effi-

cacy of enoxaparin given before or after digestive surgery

to prevent venous thromboembolism [51]. In this trial,

the outcome, venous thromboembolism, is irreversible

and the response under treatment is rapid. In addition,

both groups received active treatments, since the time of

treatment start, before or after surgery, was randomised.

In the algorithm, we can see that four other trial designs

could have been used. However, in this context, some of

the designs would not be possible; e.g. randomised pla-

cebo phase, and stepped wedge. Using a parallel group

or factorial trial design for simultaneous comparison of

two treatments with each of their controls (provided

there is no interaction) would have been possible.

Case study 4

The final example is a trial with a delayed start design

to assess a potentially disease-modifying neuro-protective

drug, rasagiline in patients with Parkinson’s disease [16].

The primary endpoint was based on the Unified Parkinson’s

Disease Rating Scale (UPDRS; a 176-point scale with higher

numbers indicating more severe disease); this outcome

is reversible and the response can be considered to be

slow. Possible designs are: randomised placebo phase,

stepped wedge design, both of which would have also

minimised time on placebo and ensured that all patients

received active treatment in the end. However, the se-

lected design is the only one able to measure the treat-

ment effect on the symptoms and the evolution of the

disease. Three hypotheses had to be tested (sequen-

tially), in order to conclude that the treatment was

efficacious in this trial:

1. the superiority of the treatment over placebo: first

period, between weeks 12 and 36;

2. the superiority of the early start over the deferred

start (comparison of the difference in effect over the

combined periods 1 and 2, week 72 vs. baseline; and

3. the non-inferiority of early vs. deferred start

(comparison of the effect slopes in the second

period, between weeks 48 and 72.

Discussion
In this review of alternative clinical trial designs for the

evaluation of interventions in the setting of rare diseases

we have identified 12 possible designs. Based on the

characteristics of these trial designs we have developed

an algorithm and have illustrated its use through exam-

ples of published trials. These examples show that alter-

native designs to those used in the publications would
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have been possible. Factors, such as objective(s) of the

trial, number of patients needed, length of trial, and

how the variability is handled, could be important in

the choice of the most suitable trial design. A recently

published review provided an algorithm with six alter-

native designs [52]. Although this seems to be a simpler

approach to decision-making than our approach, our

algorithm includes 12 alternative designs, all of them

being randomised designs.

One limitation to our algorithm is that we have arbi-

trarily selected decision nodes to go through the algo-

rithm but other nodes are possible, for example, stable

disease or not. These proposed decision nodes were

selected based on the experience of two of the authors

(CC and PN) and are not based on objective criteria.

This proposition can be debated by the scientific

community and will need to be tested before it can

be validated.

In this paper, we addressed the design of a small pivotal

trial where one experimental treatment is compared with

a control. We did not address the design of clinical

programmes for rare diseases, seamless approaches which

can combine dose selection and confirmation in the

same trial, or dose (and regimen) finding trials [53-55].

Other approaches, that we can call ‘meta-methods’ or

‘orthogonal methods’ can minimise the number of patients

needed if applied to some of the ‘basic’ designs considered

in our algorithm. For example, meta-analyses of clinical

trials, including prospective meta-analyses, Bayesian infer-

ential methods, statistical techniques such as sequential

analyses (e.g. triangular tests) and sample size reassess-

ment methods could contribute to minimise the sample

size. However, the fact that sample size reassessment could

contribute to minimize the sample size is theoretical, as

common practice is to use sample size reassessment to

increase rather than decrease sample size (but when

used with group sequential boundaries, the design as a

whole can contribute to diminish the sample size).

Based on the algorithm that was developed we can see

for any given disease-outcome situation that there is

generally more than one design that could be used. Other

factors could be incorporated into the selection of the

most appropriate design, such as statistical power, trial

duration for patients, investigators and trial sponsors,

Figure 2 Schematic representation of trial design algorithm.
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and more generally the costs involved. This second

stage in the decision process will require building models

of the pair: disease-treatment that be used to simulate

the results from each design before selecting the best

design for the specific research question. This approach

will be developed in the setting of the CRESim project

(Rare disease: use of clinical trial simulation for the

choice and optimisation of study design), funded by

the European Commission PRIOMEDCHILD ERA-NET

Programme [56]. One deliverable from this project will be

the development of a web-based platform for performing

in silico experiments to assess different designs for drug

evaluation in children with rare diseases. The algorithm

could also be useful in other settings, such as specific

small sub-populations of common diseases and in settings

where recruitment is likely to be very difficult.

Conclusions
The algorithm that we propose seems to be a useful tool

in the case of rare diseases and the development of

orphan drugs as well as for specific populations where

recruitment could be difficult. Use of this algorithm will

facilitate the choice of the most appropriate design for

a given disease-treatment-outcome situation.

Competing interests

The authors declare that they have no competing interests.

Authors’ contributions

All the authors contributed to the conception of this project and the

analysis and interpretation of the trial designs in the setting of the CRESim

and Epi-CRESim project groups. They were all involved in critically revising

the manuscript for important intellectual content and they have all

approved this final version.

Acknowledgements

CRESim was funded by the ERA-NET PRIOMEDCHILD Joint Call in 2010.

The authors would like to thank their EUDIPHARM students Sabine Marteil,

Marion Blanc, Elise Mai, Margot Chalaye, Mathilde Gaultier for the initial

literature search and selection and preliminary analyses of the trial designs,

under the supervision of two of the authors (CC and PN). They also would

like to acknowledge writing and editorial assistance provided by Margaret

Haugh (MediCom Consult) which was funding through the CRESim grant.

Members of the CRESim Project Group: Leon Aarons; Agathe Bajard; Clément

Ballot; Yves Bertrand; Frank Bretz; Daan Caudri; Charlotte Castellan; Sylvie

Chabaud; Catherine Cornu; Frank Dufour; Cornelia Dunger-Baldauf; Jean-Marc

Dupont; Roland Fisch; Renzo Guerrini; Vincent Jullien; Behrouz Kassaï; Patrice

Nony; Kayode Ogungbenro; David Pérol; Gérard Pons; Harm Tiddens; Anna

Rosati.

Members of the Epi-CRESim Project Group: Corinne Alberti; Catherine Chiron;

Catherine Cornu, Polina Kurbatova; Rima Nabbout.

Author details
1Hôpital Louis Pradel, Centre d’Investigation Clinique, INSERM CIC201/

UMR5558, 28, Avenue du Doyen Lépine, Bron 69677 cedex, France. 2CHU

Lyon, Service de Pharmacologie Clinique, 8 rue Guillaume Paradin, Lyon

BP8071, 69376 cedex 08, France. 3University of Lyon 1, UMR 5558, CNRS

Lyon, 8 rue Guillaume Paradin, Lyon BP8071, 69376 cedex 08, France. 4Senior

Expert Statistical Methodologist, Novartis Pharma AG, Basel CH-4056,

Switzerland. 5INSERM U663 «Epilepsy in childhood and brain plasticity »,

Hopital Necker - Enfants Malades, Paris, France. 6Univ Paris Diderot, Sorbonne

Paris Cité, 75019, Paris, France. 7AP-HP, Hôpital Robert Debré, Unité

d'Epidémiologie Clinique, 75019, Paris, France. 8Inserm, CIE5, 75019, Paris,

France. 9Pediatric Neurology Unit and Laboratories, Children’s Hospital A.

Meyer-University of Florence, Florence, Italy. 10University Paris Descartes,

Inserm UMR 663, Paediatric Committee -EMA (London UK), Head PIP WP

(AFSSAPS), Cochin - Saint Vincent de Paul Hospital, Paris, France. 11Erasmus

University Medical Center, Sophia Children’s Hospital, P.O. box 2060,

Rotterdam 3000 CB, The Netherlands. 12Unité de Biostatistique et

d’Evaluation des Thérapeutiques, Centre Léon Bérard, Lyon 69373, France.

Received: 9 October 2012 Accepted: 21 February 2013

Published: 25 March 2013

References

1. CHMP: guideline on clinical trials in small populations (CHMP/EWP/83561/

2005). 2012. www.ema.europa.eu/docs/en_GB/document_library/

Scientific_guideline/2009/09/WC500003615.pdf: Accessed on: 9 October.

2. EURORDIS: What is a rare disease?. 2011. http://www.eurordis.org/content/

what-rare-disease: Accessed on: 31 October.

3. The Council of the European Union: Council recommendation of 8 june 2009

on an action in the field of rare diseases. 2013. 2009/C 151/02 http://eur-lex.

europa.eu/LexUriServ/LexUriServ.do?uri=OJ:C:2009:151:0007:0010:EN:PDF:

Accessed on: 17 February.

4. World Health Organisation: International statistical classification of diseases and

related health problems. 10 revisionth edition. 2010. http://www.who.int/

classifications/icd/ICD10Volume2_en_2010.pdf: Accessed on: 17 February 2013.

5. EURORDIS: Rare diseases: understanding this public health priority’. european

organisation for rare diseases. 2013. http://www.eurordis.org/IMG/pdf/

princeps_document-EN.pdf: Accessed on: 17 February.

6. Jones B, Kenward MG: Design and analysis of cross-over trials. London:

Chapman and Hall; 2003.

7. Euopean Parliament: Regulation (EC) No 1901/2006 of the European

parliament and of the council of 12 December 2006 on medicinal products for

paediatric use. 2012. http://ec.europa.eu/health/files/eudralex/vol-1/

reg_2006_1901/reg_2006_1901_en.pdf: Accessed on: 9 October.

8. Spilker B: Guide to clinical trials. New York: Raven; 1991.

9. Institute of Medicine: Small clinical trials: issues and challenges. Washington

DC: National Academy Press; 2001.

10. Bhattaram VA, Siddiqui O, Kapcala LP, Gobburu JVS: Endpoints and

analyses to discern disease-modifying drug effects in early Parkinson’s

disease. AAPS J 2009, 11:456–464.

11. Brown CA, Lilford RJ: The stepped wedge trial design: a systematic

review. BMC Med Res Method 2006, 6:54.

12. Clarke CE: Are delayed-start design trials to show neuroprotection in

Parkinson’s disease fundamentally flawed? Mov Disord 2008, 23:784–789.

13. Feldman B, Wang E, Willanc A, Szalai JP: The randomized placebo-phase

design for clinical trials. J Clin Epidemiol 2001, 54:550–557.

14. Guyatt GH, Heyting A, Jaeschke R, Keller J, Adachi JD, Roberts RS: N of 1

randomised trials for investigating new drugs. Control Clin Trials 1990,

11:88–100.

15. Honkanen VE, Siegel AF, Szalai JP, Berger V, Feldman BM, Siegel JN: A

three-stage clinical trial design for rare disorders. Stat Med 2001,

20:3009–3021.

16. Olanow CW, Rascol O, Hauser R, Feigin PD, Jankovic J, Lang A, Langston W,

Melamed E, Poewe W, Stocchi F, Tolosa E: A double-blind, delayed-start trial

of rasagiline in Parkinson’s disease. N Engl J Med 2009, 361:1268–1278.

17. Rosenberger W: Randomized play-the-winner clinical trials: review and

recommendations. Control Clin Trials 1999, 20:328–342.

18. Sampson AR, Sill MW: Drop-the-losers design: normal case. Biom J 2005,

47:257–268.

19. Scuffham PA, Nikles J, Mitchell GK, Yelland MJ, Vine N, Poulos CJ, Pillans PI,

Bashford G, del Mar C, Schluter PJ, Glasziou P: Using N-of-1 trials to

improve patient management and save costs. J Gen Intern Med 2010,

25:906–913.

20. Stallard N, Rosenberger WF: Exact group-sequential designs for clinical trials

with randomized play-the-winner allocation. Stat Med 2002, 21:467–480.

21. Sun R, Cheung S, Zhang L: A generalized drop-the-loser rule for

multi-treatment clinical trials. J Stat Plan Inference 2007, 137:2011–2023.

22. Zhang LX, Chan WC, Cheung SH, Hu F: A generalized drop-the-loser urn

for clinical trials with delayed responses. Stat Sin 2007, 17:387–409.

23. Zucker DR, Schmid CH, McIntosh MW, D’Agostino RB, Selker HP, Lau J:

Combining single patient (N-of-1) trials to estimate population

treatment effects and to evaluate individual patient responses to

treatment. J Clin Epidemiol 1997, 50:401–410.

Cornu et al. Orphanet Journal of Rare Diseases 2013, 8:48 Page 11 of 12

http://www.ojrd.com/content/8/1/48

http://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/2009/09/WC500003615.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/2009/09/WC500003615.pdf
http://www.eurordis.org/content/what-rare-disease
http://www.eurordis.org/content/what-rare-disease
http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:C:2009:151:0007:0010:EN:PDF
http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:C:2009:151:0007:0010:EN:PDF
http://www.who.int/classifications/icd/ICD10Volume2_en_2010.pdf
http://www.who.int/classifications/icd/ICD10Volume2_en_2010.pdf
http://www.eurordis.org/IMG/pdf/princeps_document-EN.pdf
http://www.eurordis.org/IMG/pdf/princeps_document-EN.pdf
http://ec.europa.eu/health/files/eudralex/vol-1/reg_2006_1901/reg_2006_1901_en.pdf
http://ec.europa.eu/health/files/eudralex/vol-1/reg_2006_1901/reg_2006_1901_en.pdf


24. Kianifard F, Islam MZ: A guide to the design and analysis of small clinical

studies. Pharm Stat 2010, 10:363–368.

25. Ballard C, Hanney ML, Theodoulou M, Douglas S, McShane R, Kossakowski K,

Gill R, Juszczak E, Yu L-M, Jacoby R, for the DART-AD investigators: The

dementia antipsychotic withdrawal trial (DART-AD): long-term follow-up

of a randomised placebo-controlled trial. Lancet Neurol 2009, 8:151–157.

26. Chiron C, Dulac O, Gram L: Vigabatrin withdrawal randomized study in

children. Epilepsy Res 1996, 25:209–215.

27. Chiron C, Dumas C, Jambaque I, Mumford J, Dulac O: Randomized trial

comparing vigabatrin and hydrocortisone in infantile spasms due to

tuberous sclerosis. Epilepsy Res 1997, 26:389–395.

28. Chiron C, Marchand MC, Tran A, Rey E, d’Athis P, Vincent J, Dulac O, Pons G:

Stiripentol in severe Myoclonic epilepsy in infancy: a randomised

placebo-controlled syndrome-dedicated trial. STICLO study group.

Lancet 2000, 356:1638–1642.

29. Chiron C, Tonnelier S, Rey E, Brunet ML, Tran A, d’Athis P, Vincent J, Dulac O,

Pons G: Stiripentol in childhood partial epilepsy: randomized placebo-

controlled trial with enrichment and withdrawal design. J Child Neurol

2006, 21:496–502.

30. Connor EM, Sperling RS, Gelber R, Kiselev P, Scott G, O’Sullivan MJ, VanDyke

R, Bey M, Shearer W, Jacobson RL, Jimenez E, O’Neill E, Bazin B, Delfraissy JF,

Culnane M, Coombs R, Elkins M, Moye J, Stratton P, Balsley J, Pediatric AIDS,

Clinical Trials Group Protocol 076 Study Group: Reduction of maternal-

infant transmission of human immunodeficiency virus type 1 with

zidovudine treatment. Pediatric AIDS clinical trials group protocol 076

study group. N Engl J Med 1994, 331:1173–1180.

31. Guazzi M, Vicenzi M, Arena R, Guazzi MD: Pulmonary hypertension in heart

failure with preserved ejection fraction: a target of phosphodiesterase-5

inhibition in a 1-year study. Circulation 2011, 124:164–174.

32. Hackett A, Gillard J, Wilcken B: n of 1 trial for an ornithine

transcarbamylase deficiency carrier. Mol Genet Metab 2008, 94:157–161.

33. Isenberg DA, Allen E, Farewell V, D’Cruz D, Alarcon GS, Aranow C, Bruce IN,

Dooley MA, Fortin PR, Ginzler EM, Gladman DD, Hanly JG, Inanc M, Kalunian K,

Khamashta M, Merrill JT, Nived O, Petri M, Ramsey-Goldman R, Sturfelt G,

Urowitz M, Wallace DJ, Gordon C, Rahman A: An assessment of disease flare

in patients with systemic lupus erythematosus: a comparison of BILAG

2004 and the flare version of SELENA. Ann Rheum Dis 2010, 70:54–59.

34. Jaeschke R, Adachi J, Guyatt G, Keller J, Wong B: Clinical usefulness of

amitriptyline in fibromyalgia: the results of 23 N-of-1 randomized

controlled trials. J Rheumatol 1991, 18:447–451.

35. Kawut SM, Bagiella E, Lederer DJ, Shimbo D, Horn EM, Roberts KE, Hill NS,

Barr RG, Rosenzweig EB, Post W, Tracy RP, Palevsky HI, Hassoun PM, Girgis

RE: Randomized clinical trial of aspirin and simvastatin for pulmonary

arterial hypertension: ASA-STAT. Circulation 2011, 123:2985–2993.

36. Kremer J, Ritchlin C, Mendelsohn A, Baker D, Kim L, Xu Z, Han J, Taylor P:

Golimumab, a new human anti-tumor necrosis factor α antibody,

administered intravenously in patients with active rheumatoid arthritis:

forty-eight-week efficacy and safety results of a phase III randomized,

double-blind, placebo-controlled study. Arthritis Rheum 2010, 62:917–928.

37. Louly PG, Medeiros-Souza P, Santos-Neto L: N-of-1 double-blind,

randomized controlled trial of tramadol to treat chronic cough. Clin Ther

2009, 31:1007–1013.

38. Lovell DJ, Giannini EH, Reiff A, Cawkwell GD, Silverman ED, Nocton JJ, Stein

LD, Gedalia A, Ilowite NT, Wallace CA, Whitmore J, Finck BK: Etanercept in

children with polyarticular juvenile rheumatoid arthritis. Pediatric

rheumatology collaborative study group. N Engl J Med 2000, 342:763–769.

39. Natelson BH, Cheu J, Pareja J, Ellis SP, Policastro T, Findley TW: Randomized,

double blind, controlled placebo-phase in trial of low dose phenelzine in

the chronic fatigue syndrome. Psychopharmacology (Berl) 1996, 124:226–230.

40. O’Suilleabhain P, Dewey RB: A randomized trial of amantadine in

huntington disease. Arch Neurol 2003, 60:996–998.

41. Parkinson Study Group: A controlled, randomized, delayed-start study of

rasagiline in early parkinson disease. Arch Neurol 2004, 61:561–566.

42. Perico N, Antiga L, Caroli A, Ruggenenti P, Fasolini G, Cafaro M, Ondei P,

Rubis N, Diadei O, Gherardi G, Prandini S, Panozo A, Bravo RF, Carminati S,

De Leon FR, Gaspari F, Cortinovis M, Motterlini N, Ene-Iordache B, Remuzzi

A, Remuzzi G: Sirolimus therapy to halt the progression of ADPKD. J Am

Soc Nephrol 2010, 21:1031–1040.

43. Reiertsen O, Larsen S, Storkson R, Trondsen E, Lovig T, Andersen OK, Lund

H, Mowinckel P: Safety of enoxaparin and dextran-70 in the prevention

of venous thromboembolism in digestive surgery. A play-the-winner-

designed study. Scand J Gastroenterol 1993, 28:1015–1020.

44. Reiertsen O, Mowinckel P, Bjerkeseth O, Lovig T, Thorsen G, Gerner T, Lotveit

T, Larsen S: Characterization of ‘winners’ to enoxaparin in the prevention

of postoperative venous thromboembolism in digestive surgery. Scand J

Gastroenterol 1996, 31:616–621.

45. Singh T, Rohit M, Grover A, Malhotra S, Vijayvergiya R: A randomized,

placebo-controlled, double-blind, crossover study to evaluate the

efficacy of oral sildenafil therapy in severe pulmonary artery

hypertension. Am Heart J 2006, 151:e851–e855.

46. Stamer UM, Grond S, Maier C: Responders and non-responders to post-

operative pain treatment: the loading dose predicts analgesic needs.

Eur J Anaesthesiol 1999, 16:103–110.

47. Szpirt WM, Heaf JG, Petersen J: Plasma exchange for induction and

cyclosporine a for maintenance of remission in Wegener’s

granulomatosis–a clinical randomized controlled trial. Nephrol Dial

Transplant 2011, 26:206–213.

48. The Canadian Hydroxychloroquine Study Group: A randomized study of

the effect of withdrawing hydroxychloroquine sulfate in systemic lupus

erythematosus. N Engl J Med 1991, 324:150–154.

49. The Gambia Hepatitis Study Group: The gambia hepatitis intervention

study. Cancer Res 1987, 47:5782–5787.

50. Giannini EH, Lovell DJ, Silverman ED, Sundel RP, Tague BL, Ruperto N:

Intravenous immunoglobulin in the treatment of polyarticular juvenile

rheumatoid arthritis: a phase I/II study. Pediatric rheumatology

collaborative study group. J Rheumatol 1996, 23:919–924.

51. Bjerkeset O, Larsen S, Reiertsen O: Evaluation of enoxaparin given before

and after operation to prevent venous thromboembolism during

digestive surgery: play-the-winner designed study. World J Surg 1997,

21:584–589.

52. Gupta S, Faughnan ME, Tomlinson GA, Bayoumi AM: A framework for

applying unfamiliar trial designs in studies of rare diseases. J Clin

Epidemiol 2011, 64:1085–1094.

53. Jennison C, Turnbull BW: Confirmatory seamless phase II/III clinical trials

with hypotheses selection at interim: opportunities and limitations.

Biom J 2006, 48:650–655. discussion 660–652.

54. Jennison C, Turnbull BW: Adaptive seamless designs: selection and

prospective testing of hypotheses. J Biopharm Stat 2007, 17:1135–1161.

55. Thall PF: A review of phase 2–3 clinical trial designs. Lifetime Data Anal

2008, 14:37–53.

56. PRIOMEDCHILD ERA-NET programme. 2012. http://www.priomedchild.eu/

fileadmin/cm/wetenschap_en_innovatie/priomedchild/

new_Predicting_the_best_way_to_test_new_drugs.pdf: Accessed on: 18

June.

doi:10.1186/1750-1172-8-48
Cite this article as: Cornu et al.: Experimental designs for small
randomised clinical trials: an algorithm for choice. Orphanet Journal of
Rare Diseases 2013 8:48.

Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit

Cornu et al. Orphanet Journal of Rare Diseases 2013, 8:48 Page 12 of 12

http://www.ojrd.com/content/8/1/48

http://www.priomedchild.eu/fileadmin/cm/wetenschap_en_innovatie/priomedchild/new_Predicting_the_best_way_to_test_new_drugs.pdf
http://www.priomedchild.eu/fileadmin/cm/wetenschap_en_innovatie/priomedchild/new_Predicting_the_best_way_to_test_new_drugs.pdf
http://www.priomedchild.eu/fileadmin/cm/wetenschap_en_innovatie/priomedchild/new_Predicting_the_best_way_to_test_new_drugs.pdf

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Results
	Results from literature search
	Summary and general characteristics of randomised, comparative trial designs used in practice
	Parallel group design
	Factorial design
	Cross-over design, Latin square, N-of-1
	The delayed start design
	Minimising time on inactive treatment or placebo: randomised withdrawal, early escape, randomised placebo phase, stepped wedge designs
	Adaptive randomisation (play the winner, drop the looser designs)
	Decision nodes
	Algorithm development and testing
	Case study 1
	Case study 2
	Case study 3
	Case study 4


	Discussion
	Conclusions
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References

