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Abstract

Background: Phase I trials often include a dose expansion cohort (DEC), in which additional patients are treated at the
estimated maximum tolerated dose (MTD) after dose escalation, with the goal of ensuring that data are available from more
than six patients at a single dose level. However, protocols do not always detail how, or even if, the additional toxicity data
will be used to reanalyze the MTD or whether observed toxicity in the DEC will warrant changing the assigned dose. A DEC

strategy has not been statistically justified.

Methods: We conducted a simulation study of two phase I designs: the “3+3” and the Continual Reassessment Method
(CRM). We quantified how many patients are assigned the true MTD using a 10 to 20 patient DEC and how a sensible
reanalysis using the DEC changes the probability of selecting the true MTD. We compared these results with those from an

equivalently sized larger CRM that does not include a DEC.

Results: With either the 3+3 or CRM, reanalysis with the DEC increased the probability of identifying the true MTD.
However, a large CRM without a DEC was more likely to identify the true MTD while still treating 10 or 15 patients at this

dose level.

Conclusions: Where feasible, a CRM design with no explicit DEC is preferred to designs that fix a dose for all patients in a DEC.

In phase I clinical trial design, it has become common to extend
the protocol beyond the standard dose escalation phase (eg, the
cohorts-of-three “3+3” algorithm, accelerated titration, or con-
tinual reassessment method [CRM] [1,2]), which estimates a
maximum tolerated dose (MTD). This protocol extension, called
a dose expansion cohort (DEC), treats additional patients at the
estimated MTD, sometimes stratifying enrollment of the DEC by
multiple disease sites. The typical aim is to ensure that a suffi-
cient number of patients has been treated at the estimated MTD
by the trial’s completion to begin to characterize efficacy, toler-
ability, and pharmacokinetic or pharmacodynamic (PK/PD) end-
points (3-11). Recent discussions have highlighted the increasing
size and complexity of DECs as well as the need to prospectively

justify corresponding aims and analyses, which may be lacking
(9-11). This paper provides a statistically based assessment of
DECs and offers recommendations based on these results.

A systematic review of 611 single-agent phase I trials pub-
lished from 2006 to 2011 found that 149 (24%) included a DEC,
with the use of DECs increasing over time (9). Thirty-eight of
these trials did not include any specific objectives for the DEG;
among those that did, safety was most common (89 trials,
60%), followed by efficacy (50 trials, 34%). There is also hetero-
geneity in the size of DECs. Among the 149 trials identified by
Manji, et al., the median DEC size was 17, and the range was
two to 271 (9). In 10 case studies from Iasonos and O’Quigley,
seven had a DEC of size less than 25, and the remaining three
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were 43, 97, and 100 (10). Dahlberg, et al. report a median DEC
size of 27 from 60 phase I trials submitted at Harvard in 2011
(11). Reviewing all phase I trials at our institution (University
of Michigan Comprehensive Cancer Center) currently enrolling
patients (as of June, 2014), we found that 54 have a planned DEC
in the trial protocol, with a median size of 19 and range of four
to 105. Trials with a small DEC, eg, fewer than 25 patients, are of
greatest relevance in a phase I context, where safety remains
of primary importance and preliminary evidence of efficacy is
secondary. Because these studies are not statistically powered
to evaluate efficacy, they fall short of being true phase I/II tri-
als. Recent papers have proposed dose-finding designs based
on efficacy and toxicity (12-14). Although DECs may have addi-
tional endpoints beyond toxicity, a DEC strategy should first be
rigorously evaluated with regard to patient safety, both to future
patients, that is, finding the true MTD, as well as patients in the
current trial, that is, treating many current patients at the true
MTD (15-17). Thus, our focus here is on the role of DECs in tradi-
tional phase I designs based on toxicity considerations.

A principled dose escalation mechanism should operate
for the duration of the trial to satisfy the safety metrics just
described. We support this assertion with a simulation study of
trial designs with a 10 to 20 patient DEC. The benefit conferred
by a DEC may depend on the trial design, and we evaluate two
common dose escalation designs: the 3+3 algorithm and the
CRM (18). Because the final sample size of a 3+3 is not predeter-
mined, adding a DEC increases the size of a trial that might oth-
erwise be small. In contrast, the sample size of the CRM design
may be predetermined, leading to a decision between inclusion
of a DEC following completion of the CRM or a larger CRM in
which the dose assignment mechanism operates throughout
the entire trial. In investigator-initiated trials at our institution,
the CRM design is used exclusively, making this decision crucial
and recurrent. To the best of our knowledge, however, the strat-
egy of appending a DEC to a CRM trial has not been statistically
justified. Thus, we consider a small CRM trial paired with a DEC
and an equivalently sized “large” CRM trial with no DEC.

Iasonos and O’Quigley provide guidance for safety monitor-
ing during the DEC and present four strategies for reevaluating
estimated dose-toxicity rates during and after the DEC based
on safety or efficacy data (10). Also included was a simulation
study of the 3+3 design to assess how frequently the final MTD
estimate, after analyzing the DEC data, differs from the initial
MTD estimate. Extending rule-based designs like the 3+3 with
DECs is natural because such trials may otherwise terminate
before enrolling enough patients to precisely evaluate second-
ary objectives such as efficacy or PK/PD (eg, 3-6). The authors
found that the post-DEC MTD estimate from a complete analy-
sis was more accurate than the pre-DEC estimate but did not
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report the frequency in which patients in the trial were assigned
the true MTD.

A final important and distinguishing feature of this paper is
that we differentiate between the final estimated, or selected,
MTD and the true, unknown MTD, the latter being the dose
level that induces dose-limiting toxicity (DLT) in x% of patients,
where x may be selected based on characteristics of a particular
therapy. Treating more than six patients at the estimated MTD is
the motivation for using DECs and drives how precisely efficacy
endpoints such as response rates may be estimated. However,
although it is often implicitly assumed that the MTD deter-
mined from the dose-escalation phase is the true MTD, eg, “[t]he
MTD was defined as the highest dose level with DLTs in <33% of
the patients enrolled in the cohort” (p.700 [4]), this assumption
is not true (19). Rather, this selected dose level is an estimate
of the true MTD based on the limited available data. Given the
small size of phase I studies, it frequently differs from the true
MTD in a much larger population of patients. A DEC comprised
of patients that are not enrolled at the true MTD will be less use-
ful for characterizing later endpoints such as efficacy or PK/PD.

Methods

We conduct a simulation study to investigate variants of the 3+3
and CRM, with and without a DEC of size 10 to 20. These are
listed as follows:

1)  3+3: A rule-based approach to dose assignments. Cohorts
of three patients are enrolled at a dose level, and the high-
est dose level resulting in fewer than two DLTs out of six
patients is the estimated MTD. The variant we used (20)
allows for dose de-escalation.

2) 3+3+DEC: A 3+3 followed by a DEC treated at the estimated
MTD, reestimating the MTD after the DEC.

3) CRM,: A model-based design with sample size equal to the
average sample size from 3+3.

4) CRM+DEC: CRM; followed by a DEC treated at the esti-
mated MTD, reestimating the MTD after the DEC.

5) CRM;: A single “large” CRM with sample size equal to the
average sample size from 3+3+DEC and CRM_+DEC.

The Supplementary Methods (available online) contain
details for implementing the 3+3 and CRM designs and the sen-
sitivity of our results to modeling choices for the CRM. To the
extent possible, we minimized all differences between designs
not explicitly related to the DEC. For all designs, the first three
patients were treated at dose level 2, reflecting a typical practice
of including dose level one as a “fallback.”

We consider six scenarios for the true dose-toxicity relation
over six dose levels (Table 1; Supplementary Figure 1, available

Table 1. True probabilities of DLT for six DTCs evaluated in the simulation study and their corresponding sample sizes

Probability of DLT Dose Level

DTC 1 2 3 4 5 6 n n+15
1 0.02 0.07 0.12 0.18 0.24 0.30 17.6 32.6
2 0.10 0.20 0.30 0.40 0.50 0.60 13.0 28.0
3 0.12 0.16 0.22 0.30 0.40 0.52 14.5 29.5
4 0.14 0.15 0.16 0.17 0.30 0.50 16.5 315
5 0.22 0.30 0.38 0.46 0.54 0.62 12.0 27.0
6 0.30 0.39 0.48 0.57 0.66 0.75 11.2 26.2

*n is the average resulting sample size of the 3+3 design (see the Supplementary Methods, available online, for an explanation of how to account for fractional sam-
ple sizes). The DTCs are ordered by the probability of DLT at dose level one. The maximum tolerated dose is defined as the dose level with probability of DLT = 0.30.

DLT = dose limiting toxicity; DTC = dose-toxicity curve.
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online) and three additional scenarios with three dose levels.
These vary with respect to the dose level corresponding to
the true MTD, defined as the dose level with rate of DLT equal
to 0.30, and the change in slope of the dose-toxicity curve. To
establish equal average sample sizes within each dose-toxicity
curve (DTC), we first simulated 2500 3+3 trials and determined
the average number of patients enrolled (7 in Table 1), excluding
trials that declare all dose levels too toxic. Then, 2500 trials of
CRM; and CRM, were run, enrollingn and +15 patients, respec-
tively, and stopping enrollment only when the estimated DLT
rate at the lowest dose level exceeds 0.35, ie, 0.05 beyond the
rate at the true MTD (Supplementary Results, available online).
Thus, not counting trials that declare all dose levels too toxic,
3+3 and CRM; have equal average sample sizes, and the remain-
ing designs, 3+3+DEC, CRM+DEC, and CRM,, have equal aver-
age sample sizes; this strategy was used in Ji and Wang (21). We
record the number of patients treated at each dose level and the
final estimated MTD, comparing all designs with respect to how
frequently the estimated MTD is the true MTD and how many
patients are treated at each dose level. We evaluate DECs of size
10, 15, and 20 and consider four additional scenarios in which
the target rate of DLT for the CRM designs (and true MTD) is 0.25
rather than 0.30.

Results

Probability of Selecting the True MTD

For each DTC, Figure 1 plots as circles the proportion of trials
that selected each dose level. Within each column, the total area
of the circles is the same, allowing for between-column com-
parisons. The shaded row corresponds to 0.30, ie, the true MTD,
and values in these rows are annotated. A design performs well
when the shaded circles are large. Supplementary Figures 2 and
3 (available online) give analogous results for DECs of size 10 and
20, respectively, Supplementary Figure 4 (available online) gives
analogous results under three DTCs using three dose levels,
and Supplementary Figure 5 (available online) gives analogous
results under four DTCs with the true MTD defined as the dose
level with probability of DLT equal to 0.25 rather than 0.30. The
following relative comparisons remain almost identical with
respect to these additional settings.

Comparing 3+3 and 3+3+DEC in Figure 1 shows that rea-
nalysis of the data after the DEC can increase the probabil-
ity of selecting the true MTD, which confirms the findings of
Iasonos and O’Quigley (10). This holds true for all DTCs consid-
ered except DTC 6, in which the lowest dose level is the true
MTD. Comparing CRM, with CRM+DEC, in DTCs 1, 2, 5, and 6,
CRM+DEC more frequently identifies the true MTD (respective
differences of 0.09, 0.05, 0.07, and 0.11). In DTCs 3 and 4, the dif-
ferences between CRM, and CRM_+DEC are small, less than 0.04,
and within simulation variability. In four out of six DTCs, using
an equivalent average number of patients, CRM is more likely to
select the true MTD than 3+3. Adding the DEC, CRM+DEC more
frequently selects the true MTD than does 3+3+DEC in all but
DTCS.

CRM, more frequently selects the true MTD than CRMs+DEC:
CRM, is preferred in DTCs 2 through 4 (respective differences of
0.06, 0.10, and 0.15), and CRMs+DEC is preferred in DTC 6 (0.07).
For DTCs 1 and 5, the differences are within simulation vari-
ability. Intuitively, when CRM; selects a dose that is close to the
MTD, such that the subsequent DEC patients are treated at or
within one dose level of the true MTD, the MTD is accurately
reestimated at the trial’s completion. These results favoring

CRM, also hold when we use the same two-parameter model to
reestimate the DLT rates at the end of the trial for both CRM, and
CRMs+DEC. (Supplementary Results, available online).

Number of Patients Treated at the Estimated and
True MTD

Often, DECs are used to ensure that more than six patients have
been treated at the estimated MTD by trial’s end. Table 2 pre-
sents statistics relevant to this metric: the probabilities of treat-
ing at least 10 or 15 patients at the estimated or true MTD. Also
included is the probability of declaring all doses too toxic. For all
six DTCs, 3+3+DEC most frequently declares all doses too toxic,
followed by CRM, and then CRMs+DEC. As we will discuss, how-
ever, this comparison does not take into account what may hap-
pen in reality when toxicity is observed during the DEC. Table 2
also presents the proportion of trials which, at completion, have
treated at least 10 or 15 patients at the final estimated MTD, and
no method is uniformly best with respect to this.

However, in the context of the dual safety objectives of
a phase I trial, a more important metric is the joint prob-
ability of selecting the true, rather than estimated, MTD and
treating at least 10 or 15 patients at this dose level, which is
necessarily smaller than the previous metric. With respect to
10 patients, CRM, is best in DTCs 1 through 5, reflecting its
superiority at finding the true MTD. As before, the exception
to this is DTC 6, in which 3+3+DEC is best. With respect to 15
patients, CRM, is preferred in DTCs 1 through 4. By the nature
of the 3+3+DEC design, either 2 through 6 or 21 patients are
assigned the true MTD, depending on whether the initial
3+3 selects the true MTD. In summary, although reanalysis
with the DEC data can increase the accuracy of estimating
the MTD, a DEC approach still depends on the dose escala-
tion scheme and is not necessarily ideal for ensuring many
patients receive the MTD.

Discussion

Our results demonstrate that, when the dose-finding portion
of a phase I trial enrolls approximately 12 to 18 patients, a 10
to 20 patient dose expansion cohort substantially increases
the probability of selecting the true MTD, regardless of design.
Even CRM,, which itself more frequently selects the true MTD
than 3+3, benefits from the addition of the DEC. Based on this,
the use of expansion cohorts to further characterize toxicity
would seem to be supported by our results, provided all data
are reanalyzed at the trial’s completion. However, a provision
for how the DEC data will be analyzed is often not made (9-11).
Furthermore, the probability that the DEC following the 3+3 was
assigned the true MTD, which is equal to the probability that the
3+3 identifies the true MTD, is very small in the scenarios we
considered (0.16-0.33) (Figure 1). Randomly choosing a dose level
to be the estimated MTD would yield a similar probability, 1/6 or
approximately 0.17, of identifying the true MTD. This is far from
the implicit assumption that the 3+3 “defines” the MTD. Had we
considered the simpler but more prevalent variant of the 3+3
that does not de-escalate dose assignments, its performance
would likely have been worse. Although the small CRM design
had more success in assigning DEC patients to the true MTD
(0.18-0.46), its performance was also limited by small sample
size. Twelve to 18 patients, the numbers typically enrolled by the
3+3 design, cannot accurately estimate the MTD. The additional
patients from a DEC can increase the likelihood of identifying
the MTD, but only when included in a reanalysis of toxicity data,
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Figure 1. Probabilities of selecting each dose level for six DTCs. The columns correspond to designs, and the rows correspond to the true probabilities of toxicity (the
bottom row denotes the probability of declaring all doses too toxic). Within a column, the area of the circle is proportional to the proportion of simulations that selected
that dose as the MTD. The rows corresponding to the true MTD (closest to 0.30) are shaded gray and annotated with the probabilities of selecting that dose. 3+3 = "3+3’
trial; 3+3+DEC = "3+3’ trial followed by dose-expansion cohort; CRM; = small continual reassessment method trial; CRM+DEC = small continual reassessment method
trial followed by dose-expansion cohort; CRM, = large continual reassessment method trial; DTC = dose-toxicity curve; MTD = maximum tolerated dose
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Table 2. A summary of the simulation study

DTC1 DTC 2
Metric 3+3+ DEC CRM+DEC CRM, 3+3+ DEC CRM+DEC CRM,
Prob (declaring all doses toxic) 0.00 0.00 0.00 0.04 0.02 0.02
Proportion of trials that treat > k k=10 0.55 0.71 0.83 0.55 0.52 0.68
patients at estimated MTD k=15 0.55 0.69 0.69 0.55 0.51 0.36
Proportion of trials that select the true MTD and treat
> k patients at true MTD k=10 0.14 0.31 0.36 0.17 0.22 0.31
k=15 0.14 0.31 0.31 0.17 0.22 0.16
DTC 3 DTC 4
3+3+ DEC CRM+DEC CRM, 3+3+ DEC CRM+DEC CRM,
Prob (declaring all doses toxic) 0.03 0.02 0.02 0.04 0.02 0.02
Proportion of trials that treat > k k=10 0.52 0.57 0.74 0.50 0.54 0.76
patients at estimated MTD k=15 0.52 0.56 0.48 0.50 0.52 0.57
Proportion of trials that select the true MTD and treat
> k patients at true MTD k=10 0.11 0.21 0.35 0.15 0.28 0.48
k=15 0.11 0.21 0.23 0.15 0.27 0.39
DTCS5 DTC6
3+3+ DEC CRM+DEC CRM, 3+3+ DEC CRM+DEC CRM,
Prob (declaring all doses toxic) 0.25 0.15 0.19 0.52 0.34 0.45
Proportion of trials that treat > k k=10 0.52 0.40 0.54 0.37 0.25 0.33
patients at estimated MTD k=15 0.52 0.40 0.27 0.37 0.25 0.14
Proportion of trials that select the true MTD and treat
> k patients at true MTD k=10 0.21 0.16 0.22 0.22 0.13 0.10
k=15 0.21 0.16 0.11 0.22 0.13 0.03

* Included are the proportion of trials declaring all doses too toxic, the proportion treating at least 10 or 15 patients at the estimated MTD, and the proportion treating
at least 10 or 15 patients at the true MTD. 3+3+DEC = "3+ 3’ trial followed by dose-expansion cohort; CRM +DEC = small continual reassessment method trial followed
by dose-expansion cohort; CRM, = large continual reassessment method trial; DTC = dose-toxicity curve; MTD = maximum tolerated dose

and these patients may not necessarily receive the true MTD.
A CRM with no explicit DEC but equal average total sample size
confers this same benefit but is equipped to change dose assign-
ments for all patients.

The reported results corresponding to the sixth DTC, in
which the true MTD was the lowest dose level and 3+3+DEC evi-
dently performed best, do not contradict those of the remain-
ing DTCs, nor do they necessarily suggest that scenarios exist
in which 3+3+DEC is preferred. Rather, the reality of how a DEC
would proceed in this overly toxic scenario is difficult to simu-
late, because a pure approach that ignores the inevitable toxicity
during the DEC would not be implemented (an exception being
if enrollment was very fast during the DEC). In practice, if many
toxicities are observed during a DEC, the investigator will lower
the assigned dose, if possible, or stop the trial, which is an ad
hoc dose-assignment scheme. The results of these overly toxic
DTCs therefore highlight an additional challenge of a DEC strat-
egy, namely prospectively defining how any observed toxicity in
the DEC will be accommodated. In contrast, an equally sized (on
average) CRM design with no explicit DEC, ie, CRM,, automati-
cally adjusts the dose assignment in the presence of toxicity,
taking into account the entire history of the trial. This helps pro-
tect against the overdosing of patients without extemporaneous
adjustments to the dose assignment. As an aside, these results
reiterate the need for a safety dose on which to fallback in the
presence of too much toxicity.

One limitation of our study is that we have focused exclu-
sively on toxicity endpoints. While this is how most Phase I tri-
als are currently conducted, we recognize that, when possible,
it is preferable to involve efficacy assessments in dose-finding
trial designs. An additional limitation of our study is the inabil-
ity of our (and arguably any) prospectively defined algorithm
to capture the way dosing decisions are made in real time by

a data-safety monitoring committee. Such decisions are often
subjective and depend on patient characteristics, lower-grade
toxicities, and other subtleties not captured in our modeling
of DLT data only. In anticipation of phase II study, investigators
want to have experience at a single-dose level, perhaps stratify-
ing enrollment of the DEC based on disease site or other factors.
We acknowledge this role that DECs play; however, the belief
that a DEC provides information to assess other endpoints, eg,
efficacy, from many patients treated at the true MTD is contra-
dicted by the results of Table 2. In light of this, together with
our results that 12 to 18 patients are inadequate for accurately
selecting the true MTD, our recommendation is to allow the dose
escalation mechanism to operate throughout the DEC, moving
away from the incorrect mindset that the MTD has been estab-
lished upon completion of the dose escalation phase and need
not be revisited. Specifically, a trial could enroll all comers for
the first, say, 12 to 18 patients and thereafter stratify enrollment
by disease site, while still allowing for the dose assignment to
change according to a dose escalation mechanism. This rec-
ommendation does not preclude enrolling large DECs of many
dozen patients at multiple disease sites and is, in fact, even
more crucial in such cases where so many patients are at risk
of being enrolled at inefficacious or toxic doses (11). Rather, our
approach acknowledges that MTD estimates based on too few
patients are highly variable (Figure 1). If the dose-assignment
mechanism uses toxicity information from the entire history of
the trial, as it should, dose assignments will change during the
DEC only if the data warrant it. If the trial has indeed arrived at
the true MTD within the first few patients, then many patients
in the DEC will be assigned a single dose (Table 2). Not leverag-
ing all patient data to estimate the MTD is a fundamental flaw
of the 3+3 and a key reason why model-based approaches such
as the CRM can more accurately identify the MTD (1,21-24). Our
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recommendation incorporates the DEC paradigm while preserv-
ing the essential safety imperatives of a phase I trial: selecting
the true MTD and treating many patients at this dose level.
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