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Background: More than 95% of published phase I trials have used the 3 + 3 design to identify the dose to be recom-
mended for phase II trials. However, the statistical community agrees on the limitations of the 3 + 3 design compared with
model-based approaches. Moreover, the mechanisms of action of targeted agents strongly challenge the hypothesis that
the maximum tolerated dose constitutes the optimal dose, and more outcomes including clinical and biological activity
increasingly need to be taken into account to identify the optimal dose.
Patients and methods:We review key elements from clinical publications and from the statistical literature to show that
the 3 + 3 design lacks the necessary flexibility to address the challenges of targeted agents.
Results: The design issues raised by expansion cohorts, new definitions of dose-limiting toxicity and trials of combina-
tions are not easily addressed by the 3 + 3 design or its extensions.
Conclusions: Alternative statistical proposals have been developed to make a better use of the complex data generated
by phase I trials. Their applications require a close collaboration between all actors of early phase clinical trials.
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introduction
Two main statistical approaches are used in phase I trials to
identify the dose recommended for phase II trials, usually taken
as the maximum tolerated dose (MTD) [1]. Algorithm-based
methods, mainly represented by the 3 + 3 design (formerly called
Fibonacci), the rolling six and the accelerated titration design, can
be distinguished from model-based methods such as the contin-
ual reassessment method (CRM) and its variations (escalation
with overdose control [2], time to event CRM [3] etc.).
Recent reviews of published phase I clinical trials have shown

that the vast majority of trials (98.4%) use the former [4] and
that the overall duration of the trials is not markedly reduced
when using the CRM. It is also well known that the 3 + 3 design
is much easier to implement as basically no computation is
required.
Is there any reason to question the relative performance of

these two competing approaches? Yes, if we consider that 25%
of the oncology agents registered by the FDA are labeled at a
dose different from that identified in phase I trials [5]. Not to
mention the numerous drug developments that may have been
prematurely interrupted due to the use of an inadequate dose

level. Furthermore, six patients are clearly insufficient to provide
an accurate estimate and the statistical community agrees on
the limitations of the 3 + 3 method [6]. More conceptually, the
mechanisms of action of targeted agents strongly challenge the
hypothesis that the MTD systematically constitutes the optimal
dose, which is the basis of the 3 + 3 design.
Using various statistical contributions and reviews, we show

that the 3 + 3 design gives a lower chance of identifying the right
dose compared with the CRM, and importantly it has major
limitations to address the challenges of targeted agents for
which the optimal dose may be lower than the MTD. Objectives
of phase I trials are increasingly complex and the DLT after the
first cycle may not be the only relevant endpoint. CRM and
extensions cover the needs for dose finding and allows addres-
sing more complex questions.

methods
In oncology, the dose at which >33% of patients experience
dose-limiting toxicity (DLT) is deemed too toxic. With the 3 + 3
method, the MTD is then the highest dose at which at most one
patient out of six patients (i.e. 17%) experience DLT. With the
CRM, this is the dose associated with a prespecified rate of DLT,
which is usually set between 20% and 30% by physicians to
match the previous definition. Another target could be selected
if we are willing to accept a higher or lower risk of toxicity.
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3 + 3 design and extensions (‘algorithm-based
methods’)
This design proceeds in cohorts of three patients treated at in-
creasing dose levels [7]. Dose escalation stops as soon as at least
two out of three or six patients experience DLT at that dose
level. The following criticisms have been raised: too many
patients tend to be treated at low and probably ineffective doses;
dose escalation may be too slow because of an excessive number
of escalation steps; too few patients tend to be treated close to
the MTD, which may result in a substantial residual uncertainty
about the MTD and the safety of the dose [7]. To address some
of the limitations of the 3 + 3 design, Simon et al. proposed
several accelerated titration designs based on the idea, intro-
duced by Storer [8], of initially treating only one patient per
dose level, and reverting to a 3 + 3 design as soon as a first DLT,
or two grade 2 toxicities are observed [9].

CRM and extensions (‘model-based methods’)
The CRM is a statistical approach based on the principle that
each patient should be allocated to the dose most likely to be the
MTD, in other words, the dose for which the estimated risk of
DLT is closest to the target. Estimates of the risk of DLT are
based on a model that relates the probability of DLT to the dose
level [10]. Although numerous implementation of the CRM
exist, the sketch is as follows: (a) the first patient or group of
patients is treated at the lowest level; (b) the DLT outcome is
measured; (c) the model of the dose–toxicity relationship is
fitted to previous observation(s), which in turn provides esti-
mates of the risk of DLT at each dose level; (d) the process is
repeated from step (b) for the next patients and the knowledge
of the dose–toxicity relation is continuously updated until a
stopping rule is met [11]. A final estimate of the risk of DLT to-
gether with some measure of precision are computed. Starting
dose may not be the first dose, as it is common practice to
define levels −1 and −2 that are visited only if the starting dose
is excessively toxic. Figure 1 illustrates the steps (b and c) of re-
assessment of the dose–toxicity relationship of a hypothetical
trial in which the first five patients tolerated doses 1, 2, 3, 3 and
3, respectively, and patient 6 experienced DLT at dose 4. The
proportion of DLT at each dose is 0 for doses 1–3 and 1 for dose
4; they are represented by dots. The solid line indicates the
model fit; dose 3 associated with 14% risk of DLT, which is
closest to the 20%-target—is the best current estimate of the
MTD and is allocated to patient 7. In this example, we suppose
that patient 7 tolerates dose 3; the model is fit again and the
risk of DLT is updated leading to recommend dose 4 for the
next patient. The dose–toxicity relationship is continuously
reassessed.
A complete description of implementation of this model can

be found elsewhere [7, 12]. The main aspects that interest us
here are that all data collected at a given timepoint are used to
reassess the dose–toxicity relationship, and not only the last
cohort, as with the 3 + 3 model; therefore, the more data are col-
lected the more precise becomes the estimate of the MTD,
which provides a powerful tool to reassess the risk of DLT in ex-
pansion cohorts. Furthermore, the model can be easily enriched
to control the risk of overdosing, to account for late/delayed
events [3, 13], to identify an MTD adjusted to patient

characteristics as in phase I trials on different populations [14], or
to incorporate intermediate grades in the MTD evaluation [15].

results

3 + 3 versus CRM
A recent review compared the efficiency of the 3 + 3 and CRM
in first-in-man phase I trials of targeted agents administered as
single agents [16]. The median number of dose levels escalated
in trials using a standard ‘3 + 3’ design was 6 compared with the
10 levels explored in trials that used the CRM. This range corre-
sponded to a median ratio between the highest dose and the
starting dose of 9 and 30 for the 3 + 3 and the CRM, respectively.
However, the mean number of patients enrolled in trials using
the CRM was lower (44 versus 38). Analysis of the allocated
doses showed that the mean number of patients exposed to doses
exceeding the MTD was twice as high in trials using a standard
‘3 + 3’ design or an accelerated titration design compared with
trials using a CRM (9 versus 4). The 3 + 3 was then associated
with slower dose escalations, larger sample size and, more im-
portantly, an increased risk of overdosing. A review of all trials
using model-based methods (single agents or combinations)
showed that implementation of the CRM and derivatives was
safe for the patients [17].
These results should be interpreted cautiously, as the investi-

gators may have chosen to use the CRM when they expected
that a large range of dose levels would need to be escalated.
Comparisons based on published data are instructive, but
should be completed by comparisons of the same clinical
setting. However, it is not possible to strictly apply a method
that would require say 44 patients on retrospective data where
only 38 patients had actually been treated. Simulations carried
out on virtual patients are therefore preferred. Statistical simula-
tions have consistently demonstrated that the 3 + 3 design is
outperformed by new dose-escalation designs such as the CRM:
the chance of correctly identifying the MTD was 20% lower
with 3 + 3 method compared with CRM for various scenarios
and comparable sample sizes except when the MTD was the
first or second dose level [18]. The 3 + 3 method tended to be
overly conservative and to identify a dose lower than the MTD
[19]. The risk of overdosing was slightly higher with the CRM
compared with the 3 + 3. Lastly, the CRM appears to be very
sensitive to DLT occurring early in the trial, which may slow
down dose escalation and lead to conservative operating charac-
teristics [12]. The 3 + 3 design, are much more robust to this
type of early events that are sometimes due to misclassified
clinical symptoms related to disease progression.
Notably, the probability of correct selection of the MTD was

usually <60% for all methods explored in simulations [18]. In
other words, we expect that, in 40% of trials, the identified dose
is higher than or less than the MTD. Performance may be much
better in special scenarios with very few dose levels for instance.
On average, it is unreasonable to expect a miracle solution, as
shown by the performance of a theoretical ‘optimal’ method
that assumes that all patients could be treated at all dose levels
[20]. These statistical works show that even if the 3 + 3 is inferior
to the CRM, the main limit of dose finding is not the design or
the method but the sample size and the endpoint. As strikingly
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illustrated on the database of 54 trials collected by the European
Organization for Research and Treatment of Cancer (EORTC)
[21], 25 000 adverse events possibility related to treatment were
reported, but only the 161 DLTs were used to define the MTD,
resulting in a massive loss of information.

safety evaluation in the expansion cohort
To address the concern of insufficient experience after six
patients regarding toxicity and activity, cohorts of additional
patients are commonly treated at the MTD. The main objective
of these ‘expansion cohorts’ is to investigate the toxicity of the
agent(s) with sample sizes ranging from four to several hundred
patients [22]. However, no statistical methods are used to
monitor toxicity, reassess the risk of DLT and possibly refine the

MTD if more toxicity is reported. The 3 + 3 that uses only the
three last observations is not adapted to address these objectives.
For instance, if two grade 3–4 toxicities are observed after eight
additional patients, the 3 + 3 is helpless to determine whether or
not the risk of severe toxicity is too high.
A clear distinction between the dose escalation and the expan-

sion cohort is not optimal and a seamless transition with con-
tinuous monitoring of the risk of DLT is more natural and more
effective. The CRM and derivatives can be applied during the ex-
pansion cohort. They afford a simple way to continuously re-
assess the risk of toxicity without suspending accrual and hence
without extending the trial duration; all data collected at given
timepoints (for instance every five patients) are analyzed even
when some evaluations are pending. If the dose tested in the
expansion cohort appears to be excessively toxic, the dose level

A

B

Observed and estimated risk of DLT after 6 patients: P(DLT at dose dk)=Xk 

a

Observed and estimated risk of DLT updated after 7 patients: P(DLT at dose dk)=Xk 

a

Figure 1. Estimated dose–DLT curves in a simulated trial with five dose levels (d1–d5) after patients 6 (black line in A and B) and 7 (gray line in B). Dark gray
(red online) dots represent the proportion of DLT at each dose level (empirical frequencies), the black (blue online) line corresponds to the targeted percentile
of the dose–toxicity relation (20%); circled doses are the doses closest to the target, corresponding to the best current estimate of the MTD; this dose is recom-
mended for the next patient.
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can be refined. This approach would improve patient safety and
optimize the accuracy of the final recommendation. The 3 + 3 is
not sufficiently flexible to conduct early phase trials in which
several dozens of patients may be treated.

MTD and optimal dose
To document the optimal dose and not only the MTD, clinical
and biological activity endpoints are increasingly investigated in
addition to DLT. Recent reviews have even reported that ∼25%
of the published single-agent phase I trials do not identify an
MTD due to the lack of dose-limiting toxicities [21]. Algorithm-
based approaches such as the ‘5/6 design’ proposed to target a
biological endpoint do not integrate both toxicity and biological
endpoints [23]. Model-based methods have therefore been
developed to identify a dose associated with a certain activity
rate and an acceptable toxicity risk [24–26]. Relationships
between the dose and both toxicity and activity are investigated,
which allows evaluating the trade-off between toxicity and activ-
ity. Integration of more than one endpoint in the analysis is
better achieved using model-based methods. Currently efficacy
is mainly evaluated during the expansion cohort treated at the
MTD but the optimal dose is usually not reassessed.

chemoradiation trials and cumulative risk of toxicity
Due to the specificities of radiotherapy, delayed severe toxicity
may commonly occur. In chemoradiation trials, the recom-
mended DLT assessment period is 4–6 months after treatment
initiation [27]. When the 3 + 3 method is used, accrual has to be
suspended until the three patients have completed the DLT as-
sessment period. This considerably increases the trial duration.
Consequently, most phase I chemoradiation trials use a relatively
short DLT assessment method (<3 months) in order to apply the
3 + 3, which may lead to underestimation of the overall risk of
severe toxicity [27].
The time-to-event CRM addresses these issues, as patients

with partial follow-up can still be analyzed to reassess the risk of
DLT [3]. It allows continual enrollment of patients, assigning
fractional weights proportional to follow-up to patients who
have not experienced toxicity. At the cost of a slightly increased
risk of overdosing, the overall duration of the trial is drastically
reduced. For instance, inclusion of 25 patients at four levels, with
the MTD being the third one that would require 36 months with
the 3 + 3, can be achieved in 13 months with the tite-CRM [28].
The risk of overdosing can be high if the accrual rate is very
rapid compared with the timing of DLTs.

incorporating multiple cycles in the evaluation
of the RP2D
The EORTC set up the DLT and toxicity assessment recommen-
dation group for early trials of targeted therapies (DLT-
TARGETT) [21, 29]. A key element was that toxicity at all cycles
should be used to recommend a dose for the phase II trials. The
recommended dose for ceritinib could have been different if
such a comprehensive approach had been used, as 62% of the
patients treated at the MTD required a dose reduction after
cycle 3 [30]. Once again, the 3 + 3 is not really suitable to
achieve this goal, as any data beyond cycle 1 are discarded. As
illustrated by Doussau et al., the CRM can be extended to

evaluate the risk of DLT at each cycle using models for longitu-
dinal data [31]. In a reanalysis of three trials, the authors
obtained a more accurate estimate of the MTD and in one trial
they detected an increased risk of DLT after repeated treatment
cycles, suggesting late or cumulative toxicity. However, the chal-
lenge of incorporating dose modification and dose delay in such
an assessment requires further statistical developments in close
collaboration with pharmacologist and investigators.

combination trials
The 3 + 3 is the method most commonly used to find the
optimal dosage of two agents [32]. However, in order to apply
this method, only a limited preselected set of increasing dose
levels can be studied. For two agents, the median ratio of the
number of planned combinations to the number of possible
combinations was 0.67 [32], with no guarantee that the optimal
combination is included in the preselected set (see Figure 2 that
describes two possible sets of ordered doses). Much current stat-
istical research aims at either determining the complex interrela-
tionship between the two agents [33] or at taking advantage of
the ordering of dose levels [34]. As several combinations may
match the MTD definition, an activity endpoint is then interest-
ing to select the better of the two combinations. Model-based
methods have been extended to relate the risk of DLT to the
dose of each agent and to incorporate an activity endpoint [26].
Although few trials using these approaches have been published
to date, they appear to be very promising.

discussion
The fundamental assumption ‘the more the better’ is strongly
debated for several classes of agents such as small molecules or
antibodies [35, 36]. In this case, we cannot generally identify the
optimal dose with the 3 + 3 method, which is a simple algorithm
to identify a dose with two DLTs. While phase I trials were for-
merly limited experiments designed to describe the toxicity
profile, they are now expected to provide a more comprehensive
evaluation of the benefit–risk ratio. Compared with previous
decades, phase I trials now address more objectives and more
complex questions. In this respect, they more closely resemble
dose-ranging trials carried out in other diseases. As shown in

Agent A

d1

d4

d3

d2

d1

d2 d3 d4

A
ge

nt
 B

Figure 2. Two possible sets of predefined combinations of agents A and B
to be explored in a dose-escalation trial using the 3 + 3; combinations
outside the dark gray (orange online) and black (blue online) lines are not
tested.
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clinical examples and statistical simulations, model-based
methods outperform the 3 + 3 design in terms of their ability to
identify the correct MTD, the percentage of patients treated at a
dose close to the MTD and the range of dose levels explored.
More importantly, model-based methods can be considerably
enriched in order to be adapted to new objectives. The DLT as
the primary endpoint of phase I trials is clearly a major limita-
tion to the statistical efficiency of any dose-finding method.
Development of strong translational research with repeat biop-
sies, as well as functional imaging or immune monitoring in
early phase trials, should rapidly provide much more sensitive
indicators of the treatment effect. Data integration is not pos-
sible with the 3 + 3.
Considerable experience has been acquired with the 3 + 3

design, and it has been shown to work reasonably well empirical-
ly for chemotherapies with narrow therapeutic indexes. However,
the lack of flexibility of the method makes the 3 + 3 poorly
adapted to conduct contemporary complex early phase trials of
targeted agents. Several statistical methods have been tailored for
these new challenges that include methods for combination
therapy or immunotherapy. Statisticians and investigators need
to work together to carry out successful trials.
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