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A B S T R A C T

Purpose
We provide a comprehensive review of adaptive phase I clinical trials in oncology that used a
statistical model to guide dose escalation to identify the maximum-tolerated dose (MTD). We
describe the clinical setting, practical implications, and safety of such applications, with the aim of
understanding how these designs work in practice.

Methods
We identified 53 phase I trials published between January 2003 and September 2013 that used
the continual reassessment method (CRM), CRM using escalation with overdose control, or
time-to-event CRM for late-onset toxicities. Study characteristics, design parameters, dose-
limiting toxicity (DLT) definition, DLT rate, patient-dose allocation, overdose, underdose, sample
size, and trial duration were abstracted from each study. In addition, we examined all studies in
terms of safety, and we outlined the reasons why escalations occur and under what circum-
stances.

Results
On average, trials accrued 25 to 35 patients over a 2-year period and tested five dose levels. The
average DLT rate was 18%, which is lower than in previous reports, whereas all levels above the
MTD had an average DLT rate of 36%. On average, 39% of patients were treated at the MTD, and
74% were treated at either the MTD or an adjacent level (one level above or below).

Conclusion
This review of completed phase I studies confirms the safety and generalizability of model-guided,
adaptive dose-escalation designs, and it provides an approach for using, interpreting, and
understanding such designs to guide dose escalation in phase I trials.

J Clin Oncol 32:2505-2511. © 2014 by American Society of Clinical Oncology

INTRODUCTION

There has been an ongoing debate1,2 regarding the
use of new dose-escalation methods in oncology.3

The increased accuracy of novel designs in estimat-
ing the maximum-tolerated dose (MTD), along
with the fact that they can reach the MTD faster,
makes them appealing.4-6 The greater flexibility of
adaptive approaches allows investigators to address
more involved clinical issues, such as patient heter-
ogeneity, treatment scheduling, and combination
therapies, in a single study. However, model-based
adaptive designs are viewed as complex and difficult
to implement in real time and are not easily under-
stood by clinicians. It is not easy to anticipate ongo-
ing dose recommendations, and the approach
requires input from a multidisciplinary team. It has
been argued that in certain cases, the recommenda-
tion of such designs might violate our clinical intu-
ition. In this article, we address the question of how

adaptive designs work in practice by providing a
review of phase I trials that have used model-based
algorithms to guide dose escalation and find
the MTD.

The performance of model-based designs has
been evaluated in the literature through simulated
studies.3 For example, given hypothetical data, we
can evaluate when the method escalates, de-
escalates, or stays at the same level; where patients
are likely to be treated; and how often the true MTD
or a dose close to the MTD is selected.7 Several au-
thors have shown through simulations and theoret-
ical derivations that model-based designs are more
accurate and efficient than the 3 � 3 design, because
they reach the MTD faster and treat most patients at
or near the MTD.1,5,7-9 Although simulations enable
us to assess to what extent such behavior is desirable,
simulations are not convincing to clinicians. We rec-
ognize it is challenging to conceptualize the implica-
tions of a large number of similar hypothetical
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studies. For this reason, we illustrate the behavior and safety of such
designs in the clinical setting through a review of completed case
studies. A review of the safety of these designs based on real trials is
lacking in the literature, and we aim to provide this in our review.

We summarize a number of key questions (Table 1), such as
whether adaptive dose-finding designs are safe, and whether they treat
patients at a therapeutic dose interval; whether they tend to overdose
or underdose; whether they take too long to complete because of
nonstaggered accrual; and how many patients they require for com-
pletion. Our review assesses the flexibility of these designs to deal with
different treatment schedules, heterogeneity of patient populations in
terms of disease type or prior treatment, drug combinations, and
accommodation of different disease settings. Finally, we discuss spe-
cific examples of clinical trials and summarize the current state of
phase I designs.

METHODS

Search Strategy

In September 2013, we conducted a search of trials and abstracts in the
PubMed database that were published between January 2003 and September
2013. The search was limited to phase I or dose-finding trials in humans that
used the continual reassessment method (CRM), CRM designs using escala-
tion with overdose control (EWOC-CRM),10 and CRM designs that allow for
time to event or late-onset toxicities (TITE-CRM).11 We searched PubMed for
articles with the search terms listed in the Appendix (online only).

Outcome Measures

The following parameters describing the study design and disease setting,
safety, and optimal treatment allocation were extracted from each article:

● Disease setting, treatment type (agent type, single- or multiple-agent
regimen), dose-limiting toxicity (DLT) definition, and timeframe of
DLT observation.

● Patient population, MTD for � one group of patients, and evaluation of
safety for single or multiple schedules.

● Overall DLT rate, primary outcome (total number of DLTs divided by
number of evaluable patients), and toxicity above the MTD (proportion
of DLTs observed among patients treated above MTD; key question 1).

● Overdose, underdose, and treatment at the MTD (proportion of patients
treated above, below, and at MTD, respectively); the proportion of patients

treated within the MTD plus or minus one level is reported (key question 2).
● Trial duration and sample size (key question 3).
● Design parameters and model specifications: acceptable toxicity rate, cohort

size, planned sample size, and number of dose levels (key question 4).

RESULTS

We identified 64 potentially eligible articles (Fig 1) published between
January 2003 and September 2013 through our search, as well as 39
articles through other sources (Pediatric Brain Tumor Consortium,
articles that cited EWOC-CRM or CRM or similar). Forty-nine arti-
cles were excluded primarily because they described methodology
without a completed phase I trial. After these exclusions, 53 phase I
trials in patients with cancer were included in the final synthesis.

Design Setup and Trial Flexibility

The Data Supplement lists protocol-defined clinical parameters
for each trial, such as the aim of the trial, disease setting, agent or
treatment type, DLT definition and DLT observation timeframe (cy-
cles), design and model parameters, and other relevant details.
Through these details, we aim to describe each specific trial and pro-
vide a qualitative review and understanding of how the trial design was
set up. On average, these trials enrolled 35 patients, with 25 patients
evaluable for DLT; they were completed within approximately 25
months, tested five dose levels, and targeted an acceptable toxicity rate
of 26% (range, 10% to 33%; Table 2). Fifty-four percent of trials (28 of
52) tested a single-agent regimen, and 46% (24 of 52) tested a combi-
nation regimen. The average DLT timeframe of observation was 38
days (median, 28 days), corresponding to approximately two 21-day
cycles. Excluding radiation therapy trials, the average DLT window of
observation was 28 days. There was one early-phase chemoprevention
trial in patients with a history of breast carcinoma that aimed to find
the MTD.42 The safety profile of such a trial and the patient population
(without disease at study entry) could have skewed our results. To

Table 1. Key Questions Review Aims to Address Regarding Model-Based
Designs

Question Outcome

Are model-based dose-escalation
designs safe?

DLT rate and toxicity rate above MTD

Are model-based designs treating
patients at subtherapeutic
levels?

Underdosing and overdosing;
percentage of patients treated at
MTD or within MTD

Do model-based phase I trials
result in longer trial duration?

Trial duration

Is sample size too large? Sample size
Are these designs flexible

enough to deal with different
schedules, patient
populations, or drug
combinations?

Specific parameters such as
acceptable toxicity rate, No. of
groups, model assumptions, and
DLT window of observation

Do designs recommend
counterintuitive escalations?

Specific examples

Abbreviations: DLT, dose-limiting toxicity; MTD, maximum-tolerated dose.

Identified through 
database searching

(n = 64)

Additional records identified 
through other sources

(n = 39)

Records after duplicates removed
(n = 102)

Records screened
(n = 102)

Full-text articles assessed 
for eligibility

(n = 102)

Studies included in synthesis
(n = 53)

Full-text articles excluded (n = 49)
  Methodologic articles (n = 27)
  Nonmodel-based (n = 15)
    design
  Noncancer related (n = 2)
  Reporting studies prior (n = 2)
    to 2000
  Phase II setting (n = 1)
  Described a protocol, (n = 1)
    not the results
  Animal study (n = 1)

Fig 1. Trials included in this review; trial search and selection PRISMA (preferred
reporting items for systematic reviews and meta-analyses) diagram.
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Table 2. Results for Each Study: DLT Rate and Treatment Allocation by Trial

Study
No. of
Groups

No. of
Levels

No. of
Evaluable
Patients Target

DLT Rate
Toxicity

Above MTD

Patients
Treated Below

MTD

Patients
Treated at

MTD

Patients
Treated
Above
MTD
(%)

Patients
Treated
Within
MTD
(%)No. % No.� % No. % No. %

Thornton et al12 1 5 15 0.20 NR NR NR NR NR NR 9 of 15 0.60 NR NR
Harvey et al13 1 7 30 0.33 NR NR NR NR 8 of 30 0.27 3 of 30 0.10 NA 0.53
Ben-Josef et al14 1 6 51 0.25 11 of 51 0.22 3 of 9 0.33 22 of 51 0.43 20 of 51 0.39 0.18 0.88
Tsien et al15 1 5 38 0.25 7 of 38 0.18 5 of 16 0.31 13 of 38 0.34 9 of 38 0.24 0.42 0.74
Schneider et al16 1 4 12 0.30 5 of 12 0.42 NA NA NA NA NA NA NA NA
Reardon et al17 1 2 13 0.20-0.35 4 of 13 0.31 NA NA NA NA NA NA NA NA
Sinha et al18 1 3 19 0.3 5 of 19 0.26 3 of 12 0.25 1 of 19 0.05 6 of 19 0.32 0.63 1.00
Mehnert et al19 1 5 16 0.25 0 of 16 0.00 0 0.00 13 of 16 0.81 3 of 16 0.19 0.00 0.38
Lonial et al20 2 3 19 0.33 1 of 19 0.05 0 0.00 NA NA NA NA NA NR

3 20 0.33 1 of 20 0.05 0 0.00 NA NA NA NA NA NR
Guillot et al21 1 4 31 0.33 8 of 31 0.26 4 of 11 0.36 2 of 31 0.06 18 of 31 0.58 0.35 0.97
Morita et al22 1 3 13 0.20 4 of 13 0.31 2 of 5 0.40 0 0.00 8 of 13 0.62 0.38 1.00
Broniscer et al23 2 5 27 0.25 6 of 27 0.22 6 of 14 0.43 6 of 27 0.22 7 of 27 0.26 0.52 0.74

3 15 0.25 3 of 15 0.20 3 of 6 0.50 3 of 15 0.20 6 of 15 0.40 0.40 1.00
Saji et al24 1 5 16 0.33 3 of 16 0.19 0 0.00 10 of 16 0.63 6 of 16 0.38 0.00 0.56
Freedman et al25 1 1 8 0.2 3 of 8 0.38 NA NA NA NA NA NA NA NA
Mackler et al26 1 5 31 0.30 4 of 31 0.13 0 0.00 14 of 31 0.45 17 of 31 0.55 0.00 0.84
Geoerger et al27 2 3 25 0.20 7 of 25 0.28 3 of 8 0.38 6 of 25 0.24 11 of 25 0.44 0.32 1.00

3 13 0.20 3 of 13 0.23 1 of 2 0.50 0 0.00 11 of 13 0.85 0.15 1.00
Khuri et al28 1 5 21 0.20 7 of 21 0.33 4 of 9 0.44 3 of 21 0.14 9 of 21 0.43 0.43 0.81
Eder et al29 1 6 33 0.30 2 of 33 0.06 2 of 9 0.22 20 of 33 0.61 4 of 33 0.12 0.27 0.58
Muler et al30 1 4 18 0.20 4 of 18 0.22 4 of 8 0.50 5 of 18 0.28 5 of 18 0.28 0.44 1.00
Geoerger et al31 2 4 24 0.20 4 of 24 0.17 2 of 4 0.50 6 of 24 0.25 14 of 24 0.58 0.17 0.88

3 20 0.20 2 of 20 0.10 0 0.00 12 of 20 0.60 8 of 20 0.40 0.00 0.70
Rathkopf et al32 2 1 8 0.25 1 of 8 0.13 NA NA NA NA NA NA NA NA

1 8 0.25 6 of 8 0.75 NA NA NA NA NA NA NA NA
Bailey et al33 2 5 50 0.20-0.35 9 of 50 0.18 4 of 5 0.80 7 of 34 0.21 16 of 34 0.48 0.15 0.79
Borghaei et al34 Many Continuous 52 0.10 6 of 39 0.15 NA NA NA NA NA NA NA NA

1 of 13 0.08 NA NA NA NA NA NA NA NA
Mathew et al35 1 6 22 0.30 11 of 22 0.50 8 of 10 0.80 0 0.00 12 of 22 0.55 0.45 0.82
Angevin et al36 1 2 19 NR 3 of 19 0.16 2 of 4 0.50 0 0.00 15 of 19 0.79 0.21 1.00
Sharma et al37 2 3 20 0.20-0.35 1 of 20 0.05 0 0.00 13 of 20 0.65 7 of 20 0.35 0.00 0.70

2 8 0.20-0.35 2 of 8 0.25 1 of 2 0.50 0 0.00 6 of 8 0.75 0.25 1.00
Sessa et al38 1 9 93 0.16-0.33 8 of 93 0.09 0 0.00 69 of 93 0.74 24 of 93 0.26 0.00 0.45
Bendell et al39 1 6 30 0.33 6 of 30 0.20 1 of 3 0.33 11 of 30 0.37 16 of 30 0.53 0.10 0.83
Markman et al40 1 8 57 0.33 3 of 57 0.05 0 0.00 46 of 57 0.81 11 of 57 0.19 0.00 0.42
Roberts et al41 2 4 15 0.30 3 of 15 0.20 1 of 3 0.33 9 of 15 0.60 3 of 15 0.20 0.20 0.80

4 14 0.30 3 of 14 0.21 1 of 4 0.25 7 of 14 0.50 3 of 14 0.21 0.29 0.79
Crew et al42 1 3 30 0.25 5 of 30 0.17 1 of 3 0.33 16 of 30 0.53 11 of 30 0.37 0.10 1.00
Feng et al43 2 8 13 0.15 2 of 13 0.15 0 0.00 11 of 13 0.85 2 of 13 0.15 0.00 0.62

9 10 2 of 10 0.20 NA NA NA NA NA NA NA NA
Tevaarwerk et al44 1 8 24 0.33 1 of 24 0.04 0 0.00 19 of 24 0.79 5 of 24 0.21 0.00 0.46
Fouladi et al45 1 3 21 0.25 3 of 21 0.14 0 0.00 3 of 21 0.14 18 of 21 0.86 0.00 1.00
Satoh et al46 3 1 40 0.30 NR NR NR NR NR NR NR NR NR NR

3 20 0.30 0 of 20 0.00 0 0.00 4 of 20 0.20 16 of 20 0.80 0.00 0.90
4 19 0.30 6 of 19 0.32 0 0.00 4 of 19 0.21 15 of 19 0.79 0.00 0.84

Warren et al47 1 10 44 0.25 2 of 44 0.05 0 0.00 NA NA NA NA NA NA
Fouladi et al48 2 6 29 0.25 3 of 29 0.10 3 of 3 1.00 20 of 29 0.69 6 of 29 0.21 0.10 0.55

5 21 0.25 2 of 21 0.10 0 0.00 15 of 21 0.71 6 of 21 0.29 0.00 0.67
Peereboom et al49 2 16 0.33 1 of 16 0.06 0 0.00 11 of 16 0.69 2 of 16 0.13 0.00 0.31

16 0.33 4 of 16 0.25 3 of 4 0.75 9 of 16 0.56 3 of 16 0.19 0.25 0.56
Loeb et al50 1 6 12 0.30 4 of 12 0.33 3 of 6 0.50 4 of 12 0.33 2 of 12 0.17 0.33 0.42
de Bono et al51 1 7 26 0.33 4 of 26 0.15 1 of 1 1.00 19 of 26 0.73 2 of 26 0.23 0.04 0.42
Grossman et al52 2 4 31 0.33 4 of 31 0.13 2 of 6 0.33 13 of 31 0.42 12 of 31 0.39 0.19 0.81

3 17 0.33 1 of 17 0.06 0 0.00 NA NA NA NA NA NA
Gururangan et al53 2 3 10 0.25 3 of 10 0.30 3 of 4 0.75 0 0 6 of 10 0.60 0.40 0.80

3 11 0.25 3 of 11 0.27 3 of 4 0.75 2 of 11 0.18 5 of 11 0.45 0.36 1.00

(continued on following page)
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account for this, we calculated all summary measures with and with-
out the trial by Crew et al,42 and the average DLT rate remained
unchanged: 18.31% with and 18.33% without. In general, model-
based designs can be used in settings where the acceptable DLT rate
or threshold varies, because this is a design-tuning parameter, and
it can be set specific to each protocol or type of drug. This is evident
from the fact that the acceptable DLT rate established at the outset
in different trials in this review varied from 10% to 33%.

To account for late-onset adverse events (AEs) as DLTs without
slowing accrual, TITE-CRM was used in eight of 53 trials; CRM with
continuous dosing was used in nine of 53 trials; 12 trials used CRM-
EWOC; and one trial used lower-grade toxicities. The remaining 23
(43%) of 53 trials used the original CRM, as introduced by O’Quigley
et al.3 These trials included two-stage designs, where the model guided
escalation only in the second stage after the occurrence of the first
DLT, and/or used a design with varying cohort sizes.

Safety, Therapeutic Treatment, and Efficiency

One of the most important questions in a phase I trial is safety.
The observed DLT rate in these trials was 18% (range, 0% to 75%),
much lower than the acceptable DLT rate of 26% (Table 2). The
acceptable DLT rate is the threshold we plug into the design and call
the model to find the dose level that is associated with that rate. In these
trials, investigators defined 10%, 20%, 25%, 30%, or 33% as an accept-
able rate in different trials. The trials that had a high observed DLT rate
(� 50%) are described in detail. Among patients enrolled in dose
levels above the MTD, 36% of patients had DLTs. This is also consis-
tent with the 3 � 3 design, which has a DLT rate � 33% in doses above
the MTD. Nineteen percent of patients were treated at levels above the
MTD, and given a sample size of 25 patients, on average, we can expect
4.7 patients treated above the MTD. Thirty-nine percent of patients
were treated at the MTD, 39% of patients were treated at levels below

the MTD, and 74% of patients were treated at levels within one level
from the MTD. These results confirm previous studies5,7 showing that
on average, � 10 patients are treated at the MTD when using model-
based designs. All of these results are consistent with the statistical
literature that has shown identical summary measures through
simulations.1,3,5-8 Appendix Table A1 (online only) lists additional
summary measures, such as trial duration and accrual rates. Next, we
address whether these designs provide recommendations that may be
counterintuitive or clinically not acceptable in the context of spe-
cific trials.

A review of Table 2 shows that there are unique trials with a high
DLT rate above the MTD. The choice of the starting dose level and
dose range in general is a common problem in phase I clinical trials,
because preclinical models are not necessarily informative to human
studies.65 Often, the selection of the starting level or the actual dose
increments between consecutive levels are based on preclinical models
with notable uncertainty. Whether we start experimenting near the
MTD or potentially too far below the MTD is typically not known in
practice.16 For this reason, treating patients in cohorts of six without
updating the model is not advised with these adaptive methods, be-
cause they lose their advantages of acting on the observed toxicities
and reaching the MTD faster.35 Another important question is what to
do while waiting for the DLT results of already included patients who
have been observed for less than the DLT observation period when a
new patient presents for enrollment. In the trial by Muler et al,30 for
example, 19 patients were enrolled in 15 months, and the observation
timeframe for the DLT was 9 weeks. In the setting of late-onset AEs,
designs can either be aggressive and move through the levels quickly
without waiting for the full observation/follow-up of previous pa-
tients, or be more cautious by waiting for late toxicities before enroll-
ing new cohorts of patients. Model-based designs can be updated at
any time, and the conflict of fast accrual and late-onset toxicities is

Table 2. Results for Each Study: DLT Rate and Treatment Allocation by Trial (continued)

Study
No. of
Groups

No. of
Levels

No. of
Evaluable
Patients Target

DLT Rate
Toxicity

Above MTD

Patients
Treated Below

MTD

Patients
Treated at

MTD

Patients
Treated
Above
MTD
(%)

Patients
Treated
Within
MTD
(%)No. % No.� % No. % No. %

MacDonald et al54 1 7 31 0.25 0 of 31 0.00 NA NA NA NA NA NA NA NA
Neuenschwander et al55 1 15 27 0.30 4 of 27 0.15 2 of 2 1.00 16 of 27 0.59 9 of 27 0.33 0.07 0.56
Kieran et al56 1 5 32 0.20 9 of 32 0.28 4 of 9 0.44 18 of 32 0.56 5 of 32 0.16 0.28 0.59
Pollack et al57 3 4 23 0.20 6 of 23 0.26 2 of 6 0.33 6 of 23 0.26 11 of 23 0.48 0.26 0.87

3 20 0.20 2 of 20 0.10 2 of 8 0.25 3 of 20 0.15 9 of 20 0.45 0.40 1.00
4 12 0.20 0 of 12 0.00 NA NA NA NA NA NA NA NA

Grossman et al58 2 3 12 0.33 2 of 12 0.17 2 of 3 0.67 3 of 12 0.25 6 of 12 0.50 0.25 1.00
5 18 0.33 2 of 18 0.11 1 of 3 0.33 12 of 18 0.67 6 of 18 0.33 0.00 0.33

Gururangan et al59 1 5 23 0.20 3 of 23 0.13 2 of 4 0.50 12 of 23 0.52 7 of 23 0.30 0.17 0.61
Cheng et al60 Many Continuous 78 0.1 8 of 78 0.10 NA NA NA NA NA NA NA NA
Schöffski et al61 1 14 34 0.20 4 of 34 0.12 2 of 5 0.40 22 of 34 0.65 7 of 34 0.21 0.15 0.65
Garrison et al62 2 3 31 0.20 9 of 31 0.29 6 of 9 0.67 6 of 31 0.19 16 of 31 0.52 0.29 0.74

4
Gilbert et al63 2 9 30 0.30 2 of 30 0.07 2 of 3 0.67 21 of 30 0.70 6 of 30 0.20 0.10 0.40

3 9 0.30 3 of 9 0.33 3 of 3 1.00 3 of 9 0.33 3 of 9 0.33 0.33 1.00
Rowinsky et al64 2 7 36 0.20 5 of 36 0.14 2 of 3 0.67 20 of 36 0.56 13 of 36 0.36 0.08 0.69
Summary

Mean 5 24 0.26 0.18 0.37 0.39 0.39 0.19 0.74

Abbreviations: DLT, dose-limiting toxicity; MTD, maximum-tolerated dose; NA, not applicable; NR, not reported.
�Indicates No. of DLTs among patients treated above MTD.
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relevant in any design and has been discussed in previous articles.66,67

More details about these two trials and a third trial are presented in the
Appendix (Appendix Table A2; Appendix Figs A1 and A2, on-
line only).

DISCUSSION

This review confirms that adaptive phase I designs pose no safety
concerns. We show that on average, these trials require 25 patients to
test five to six levels. The average observed DLT rate of these studies
was 18%, which is lower than that in previous reports.30,35 These
results are in agreement with reports from the statistical literature that
were based on simulated trials.4 The toxicity rate above the MTD was
35%; 19% or, on average, four to five patients per trial were treated
above the MTD, illustrating these designs are aligned with clinical
expectations in real trials. These designs are efficient in terms of sam-
ple size and short trial duration, and they locate the MTD rapidly and
accurately, with most patients treated at or near the MTD. This review
also illustrates that model-based designs are flexible in addressing
multiple objectives in a single trial. For example, a study of combina-
tion agents where two schedules are being evaluated,20 studies with
drug combinations where both agents are being escalated,24,27 and
studies aiming to find different MTDs for different patient groups (for
example, based on the use of enzyme-inducing antiepileptic drug use
or metastatic v primary disease) were also presented here.49 Typically,
investigators carry out separate phase I trials to establish different
MTDs in heterogenous patient groups or schedules, which leads to
increased use of resources.

Another important finding of this review is that the designs are
flexible through the model parameters. This is important in early-
phase clinical trials or first-in-man trials, where it is quite reasonable to
include other auxiliary information not included in the model (phar-
macokinetics, results from ongoing phase 0 studies, type, onset and
resolution of AEs) in the decision to escalate. We suggest that the clinical
teambeable tooverridetherecommendationof themodelwhendictated
by clinical reasoning. A discrepancy of one level for some patients, but
certainly a minority, would not pose a serious risk. However, it is not
advisable to override the dose recommendations of the model consis-
tently to the point where the model is disregarded completely.

Other authors have reviewed the acceptability of model-based
designs,2 provided methodologic advancements, or examined the re-
lationship of dose and benefit.68 Rogatko et al2 reported how often
phase I trials follow a statistical design and, if they do, the time lag
associated with their use. Our review is different, in that we provide
extensive details on the design and conduct of these trials so that
investigators have the necessary tools to evaluate their utility based on
safety data from real trials. We limit our review to studies using the
CRM and present them in detail. One of the limitations of this review
is that we obtained all reported information from published articles;
thus, not all of the AE information (attribution, onset, patient charac-
teristics) and parameters that the investigators used when they carried
out these trials were reported. Few trials (two of 53) reported on the
practical difficulties encountered or how the designs were carried out
between the clinical team and statisticians in real time.

Another limitation is that we could not confirm from published
reports how many trials required mandatory or optional biopsies at
baseline and whether this affected accrual rates or enrollment. Phase I

studies have increasingly evaluated targeted therapy in specific patient
populations where efficacy and safety are important criteria before
moving forward to new studies. Whether certain biomarkers relate to
clinical response is also a question these studies aim to answer with the
use of biopsies from archived or fresh tumor. In our review, 14 of 53
studies reported that they had collected biopsies (in one, biopsies were
mandatory; in 13, they were optional), and 12 of 14 trials reported
specific results based on biopsies, mostly exploring biomarkers and
their relationship to clinical response. These results do not preclude
other exploratory analyses from tumor biopsies that were not reported
in these articles. In addition, dose-expansion cohorts are often added
once the MTD is found, with the aim of further evaluating safety and
obtaining preliminary evidence of efficacy in disease- or histology-
specific patient populations. We believe design considerations of
dose-expansion cohorts are important, and more research is
needed to understand how to best match the objective of each
study and the mechanism of action of a specific drug (cytotoxic,
molecular, biologic, immunotherapeutic, and so on) with the ap-
propriate dose-escalation design.69

The dose-escalation designs we present aim to find the MTD,
defined as a dose with an acceptable DLT rate (eg, 30%), so there is a
uniform definition of MTD, consistent with the objective of the de-
sign. There are phase I studies that aim to find the minimum effective
dose or biologically effective dose and designs that take into account
antitumor activity or other response end points in addition to
safety to decide the recommended phase II dose. If the dose-
toxicity curve plateaus and a secondary criterion, such as immune
response or T-cell response, are used to select the minimum effec-
tive dose in settings where immunotherapy is being evaluated,
model-based designs can easily be modified to address this objec-
tive. Ongoing research is being performed to modify current de-
signs to answer these objectives.70

Phase I studies that aim to find the MTD of a single agent in a
homogeneous group of patients pose no difficulties when the MTD
happens to be close to the starting dose.71,72 Challenges arise in studies
in which a heterogeneous patient population is involved, combination
therapies or various treatment schedules are evaluated, toxicity attri-
bution is not clear, and the definition of drug- versus disease-related
toxicity is ambiguous. All of these challenges can be handled within the
framework of model-based adaptive designs.73-75 Information ob-
tained from preclinical data typically informs us regarding the range of
tested dose levels, but it can never be accurate as to the safety profile of
a drug in humans. This is the reason more efficient and accurate
designs should be used in phase I trials.
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Appendix

Search Terms

We searched PubMed for articles with the following terms: (Clinical Trials, Phase I [Mesh] OR “Phase I” OR “Phase 1”) AND
(Models, Statistical[Mesh] OR “Continual Reassessment Method”[All Fields] OR “CRM”[All Fields]) AND (“Maximum Tolerated
Dose”[All Fields] OR MTD[All Fields]) AND (“dose escalation”[All Fields] OR escalation[All Fields] OR “drug overdose”[MeSH
Terms] OR “drug overdose”[All Fields] OR “overdose”[All Fields] OR EWOC[All Fields] OR “time to event”[All Fields] OR
TITE[All Fields] OR “late onset toxicity”[All Fields] OR “late onset toxicities”[All Fields] OR “dose-response relationship,
Drug”[MeSH Terms] OR “drug overdose”[MeSH Terms]) AND (“neoplasms”[MeSH Terms] OR “neoplasms”[All Fields] OR
“cancers”[All Fields] OR “neoplasms”[MeSH Terms] OR “neoplasms”[All Fields] OR “neoplasm”[All Fields] OR “neoplasms-
”[MeSH Terms] OR “neoplasms”[All Fields] OR “neoplasms”[MeSH Terms] OR “carcinoma”[MeSH Terms] OR “carcino-
ma”[All Fields] OR “carcinoma”[MeSH Terms] OR “carcinoma”[All Fields] OR “carcinomas”[All Fields] OR “tumour”[All
Fields] OR “neoplasms”[MeSH Terms] OR “neoplasms”[All Fields] OR “tumor”[All Fields] OR “tumours”[All Fields] OR
“neoplasms”[MeSH Terms] OR “neoplasms”[All Fields] OR “tumors”[All Fields] OR “tumour”[All Fields] OR “neoplasms-
”[MeSH Terms] OR “neoplasms”[All Fields] OR “tumor”[All Fields] OR “tumours”[All Fields] OR “neoplasms”[MeSH Terms]
OR “neoplasms”[All Fields] OR “tumors”[All Fields] OR Lesion[All Fields] OR Lesions[All Fields] OR “neoplasms”[MeSH Terms]
OR “neoplasms”[All Fields] OR “neoplasia”[All Fields]). To capture articles that failed to mention the dose-finding algorithm in
the abstract, title, or MESH term, we also searched Web of Science (version 5.11) for articles that cited one of these methods
(continual reassessment method [CRM] or CRM designs with escalation with overdose control). Trials reported in abstracts from
conference proceedings that were not published as articles in a peer-reviewed journal were not included. Studies that were classified
as commentaries, reviews, editorials, or reported methodologic methods without a completed phase I or dose-finding trial, and
studies conducted in a nononcology setting, were excluded from the analysis. Authors of the included trials were contacted and
asked to provide data on the primary outcome (dose-limiting toxicity rate) if those data had not been reported in the article itself.

Specific Case Studies

Trial one: phase I trial of platelet-derived growth factor receptor inhibitor imatinib mesylate and docetaxel in patients with prostate cancer.
The study35 consisted of a lead-in period where patients were treated with imatinib mesylate at 600 mg/m2 daily in single or divided doses
for 30 days and a combination-therapy phase. Patients who received � 80% of the prescribed drug were eligible for combination therapy,
where they received intravenous docetaxel at one of the six tested dose levels for 4 consecutive weeks (days 1, 8, 15, and 22). Details of the
statistical design are listed in the Data Supplement. Dose escalation for docetaxel with imatinib at a fixed dose was guided by CRM, starting
from 30 mg/m2 as the initial dose level and treating patients in cohorts of six. The maximum-tolerated dose (MTD) was defined as the dose
of docetaxel in combination with imatinib at 600 mg that achieved a dose-limiting toxicity (DLT) rate closest to 30%. The study enrolled
28 patients; 22 were evaluable for toxicity assessment within cycle one. Zero DLTs were observed among the first six patients treated at dose
30 mg/m2, and CRM recommended escalation to 45 mg/m2, where three of four patients experienced a DLT (Appendix Fig A1). Note that
the decision to enroll four patients at dose 45 mg/m2 was a result of the cohort size, because the design called for assignments of cohorts
of six. However, because of excessive toxicity, this cohort stopped early, and on the basis of the data from 10 patients, the model was
reevaluated. CRM correctly de-escalated to dose 35 mg/m2, and a cohort of six patients was assigned to that level. This dose was still too
high in terms of toxicity, because five of six patients experienced DLTs. CRM recommended another de-escalation to dose 30 mg/m2,
where three of six patients experienced DLTs, at which point the trial was terminated. The MTD for docetaxel based on the updated model
was 30 mg/m2 in combination with 600 mg/m2 imatinib in a 6-week cycle, with an observed DLT rate of three (25%) of 12.

The choice of the starting dose level and dose range in general is a common problem in phase I clinical trials, because preclinical
models are not necessarily informative to human studies.65 Overexposing patients to excessive risk because the starting dose is, in
retrospect, too toxic is not specific to the dose-escalation design. However, we can minimize this risk by enrolling fewer patients in each
cohort and by avoiding skipping dose levels. In this trial, had the cohort size been three, CRM would have recommended de-escalation of
two levels after three patients were treated at dose 45 mg/m2 to dose 30 mg/m2. Similarly, if three instead of six patients were treated at dose
35 mg/m2, a further de-escalation would have been recommended to level 30 mg/m2, thus exposing fewer patients to excessive risk that
resulted in the observed number of DLTs (five of six) at 35 mg/m2. The last cohort based on the model should have been treated one level
lower, at dose 25 mg/m2, based on the data from 16 patients. On the basis of the data from all 22 patients, the model recommendation is
level two—25 mg/m2—with a predicted DLT rate of 28% (model-predicted DLT rates for all six levels: 16%, 28%, 43%, 53%, 58%, and
64%, respectively). However, the recommended phase II dose was level three—30 mg/m2—with an estimated DLT rate of 43%, which
investigators considered sufficiently safe in this setting, because only three (25%) of 12 patients experienced DLTs.

Trial two: phase I trial of cisplatin with gemcitabine in pancreatic cancer. The aim of the study30 was to find the MTD of cisplatin that
could be added to full-dose gemcitabine and radiation therapy (RT) in patients with pancreatic cancer. Treatment consisted of two 28-day
cycles of chemotherapy, with RT administered during the first cycle of chemotherapy. Radiation and gemcitabine doses were held
constant, while the dose level of cisplatin was assigned based on CRM designs that allow for time to event or late-onset toxicities
(TITE-CRM). RT was administered daily in 2.4-Gy fractions five times weekly, for a total of 36 Gy, beginning on day 1 of the first cycle.
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Gemcitabine 1,000 mg/m2 was administered over 30 minutes on days 1, 8, and 15 of a 28-day cycle. Cisplatin was administered
intravenously 1 to 2 hours after gemcitabine in 250 mL of 0.9% saline over 30 minutes on days 1 and 15 of a chemotherapy cycle. After
combination treatment with chemotherapy and RT, a second cycle of gemcitabine and cisplatin was administered. The initial dose of
cisplatin was 30 mg/m2 and escalated to a target dose of 50 mg/m2. The protocol implemented a restriction that at least two patients must
have completed therapy of at least 9 weeks at the lower level before the first patient could be assigned at a higher level. As a result of this
restriction, four patients were treated at 30 mg/m2 and four evaluable patients at 40 mg/m2, although the model indicated a higher MTD
(Appendix Fig A2). After zero DLTs in eight patients, there was escalation to dose 50 mg/m2. Seven patients were treated at dose 50mg/m2,
with two of seven experiencing DLTs, because the recommendation was to remain at the same dose level. However, patient No. 16 was
de-escalated to a dose of 40 mg/m2 because of concerns about a potential DLT for patient No. 15, and patient No. 17 was treated at a level
of 50 mg/m2 because the DLT of patient No. 15 had not yet been established. After patient No. 17 had a DLT and previously enrolled
patients No. 12 and 15 developed late-onset toxicities that counted as DLTs, patient No. 18 was treated at dose 30 mg/m2. The model
recommended level 40 mg/m2 as the final MTD (estimated DLT rate, 0.20; observed DLT rate, zero of five; acceptable toxicity rate, 0.20).
The criticism is that at the level above the MTD, four (50%) of eight patients had been exposed to DLTs. As Appendix Figure A2 shows,
this trial experimented at three levels, two of which had no DLTs. The dose-toxicity curve in this trial is too steep, jumping from 0% to 50%
between doses of 40 and 50 mg/m2; hence, the model and the investigators recommended 40 mg/m2, with an observed DLT rate of zero.

In this trial, the accrual rate was much greater than the rate at which the DLTs could be observed, because 19 patients were enrolled
in 15 months, and the observation timeframe for DLTs was 9 weeks. This raises the question of what to do while waiting for the DLT results
of already included patients who have been observed for � 9 weeks when a new patient presents for enrollment. The investigators chose
to use the TITE-CRM as opposed to the standard CRM. The standard CRM, in choosing the best current estimate of the MTD at which
to treat, will only make use of patients for whom a DLT assessment can be made definitively. The TITE-CRM uses information on all
included patients, and those patients for whom the follow-up time is incomplete are treated as nontoxicities, although with a model weight
to scale down their influence proportional to their total follow-up time. Once the follow-up time is complete for any individual, a DLT
within that interval counts as a DLT. CRM and TITE-CRM react in the same way to this information. The same is true for a non-DLT if,
at interval completion, it is still a non-DLT. However, CRM ignores patients without a DLT and for whom follow-up is � the entire
9-week interval, whereas TITE-CRM counts it toward a non-DLT at that level. Thus, many such patients, by summing, can count as full
or even several full non-DLTs at the levels at which they are treated. If � one of these weighted non-DLTs turns out to be a late-onset DLT,
the method is behaving in an anticonservative fashion for at least some part of the trial, because an observed DLT has been counted as some
percentage of a non-DLT.11 The effect of this is to push toward more aggressive escalation. Late-onset DLTs were being counted for some
period of the trial as partial non-DLTs, with escalation proceeding accordingly. Subsequently, the model re-evaluated the recommended
level and de-escalated based on the known DLTs when these late-onset DLTs occurred, which is why the final MTD is the correct dose.
Given the fast accrual in this trial and the number of nonevaluable patients for DLTs in the entire 9-week window, eight of 18 patients were
treated at the level above the MTD, because the model could not react to late toxicities until they actually happened. Alternatively,
investigators could have waited for each cohort of three patients to be observed for a full 9-week period (ie, 4.5 months per cohort) and
completed the trial in 27 rather than 15 months.

Trial three: dose-escalation cancer trial. The trial55 was designed with the aim of characterizing the safety, tolerability, and pharma-
cokinetic profiles of a drug. The details of the drug, patient population, and definition of DLT are not given; only the recommendation to
escalate or de-escalate, based on the data, is provided.55 The initial design indicated a total of 15 possible levels ranging from 1 to 250 mg,
with the prior distribution indicating dose level 10 (50 mg) to be the likely MTD before seeing any data. However, the starting dose for the
trial was level one (1 mg), with the prior centered at a dose 50� higher (50 mg) than the starting dose. After zero DLTs were seen in 16
patients treated at levels one to four, a decision was taken by the investigators to skip dose levels five and six and treat two patients at level
seven. At level seven, two DLTs were observed in two patients, and on the basis of these two DLTs among 18 patients, the chosen model,
and the prior information, the recommendation was to escalate to level nine, with an estimated DLT rate of 33%. Furthermore, as the
authors illustrate,55 the reason the estimated rate at level seven was so low (16%) is because the method relies on two initial parameters: an
initial dose-toxicity curve and the prior distribution that controls the uncertainty around the location of the curve. The initial curve was
low (shallow), almost zero in low levels, and increased rapidly at the last levels, and the prior also favored high levels heavily (level 10). As
a result, an enormous amount of data was required to override these strong initial working assumptions. The investigators correctly
identified the initial curve as the problem and illustrated the more sensible choice of a recommendation to stay at the current level (ie, level
seven), which is three levels lower than the prior assumption (ie, level 10). The recommendation to stay at the same level is reasonable given
the previous data supporting no DLTs at any of the lower levels. Note that the recommendation would be de-escalation to level six had we
followed the model from the beginning of the trial, as summarized in Appendix Table A2. Appendix Table A2 shows how the trial would
have escalated with cautious dose recommendations if the model had been followed from the beginning of the trial. CRM has been shown
to be coherent (ie, it never escalates in presence of DLTs or de-escalates in absence of DLTs), assuming the model has been followed from
the trial onset (Cheung YK et al: Biometrics 58:671-674, 2002).

In this trial by Neuenschwander et al,55 the dose-level allocation decisions made for the first 18 patients did not comply with the
model-based recommendations. This is understandable, given that the a priori model indicated experimenting at level 10 (50 mg) and
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higher, whereas clinical investigators had to start experimentation at the lowest dose (1 mg). In general, investigators need to experiment
at a level indicated by the prior, or they need to use a prior consistent with where they wish to experiment. Here, the prior was indicating
experimentation at level 10, whereas the investigators’ allocation was indicating lower levels. In fact, before seeing any data, the prior
amounts to two DLTs of 17 observations at level seven support level seven to be a safe, acceptable dose.

There are two possible approaches to a CRM trial: either a fully Bayesian approach,3 in which from the outset we experiment at the
level indicated by our prior information or beliefs, or a two-stage design starting out at a low-, or the lowest-, level dose, and we escalate
according to any nonstatistical rule until we run into the first observed DLT.8 Once that first DLT has been observed, we fit our model, just
like in the Bayesian case, and we then continue in the same way. Although this study seems to be Bayesian, the design forced
experimentation far from the recommendation of the Bayesian prior. Starting experimentation at the lowest levels in groups and
escalating until the first toxicities made the design seem to be a two-stage design. However, it is not a two-stage design, because of the
Bayesian prior, and it is not a correctly structured Bayesian design for the first 18 patients. Choosing either a fully Bayesian design or a
two-stage likelihood design with a steadily increasing curve would have avoided the difficulties encountered in this trial (Appendix Table
A3). The solution is not to make use of the seemingly more flexible two-parameter logistic model, because a two-parameter CRM based
on logistic regression has been studied, and it performed less well than the one-parameter CRM, even when the actual observations were
generated by the two parameter model (Shu J et al: Stat Med 27:5345-5353, 2008; discussion 54-55).

Iasonos and O’Quigley

© 2014 by American Society of Clinical Oncology JOURNAL OF CLINICAL ONCOLOGY



Table A1. No. of Patients Enrolled and Evaluable, Accrual Rate, and Trial Duration

Study
No. of
Groups

No. of
Levels

DLT Window
(days)

No. of Evaluable
Patients

No. of Patients
Enrolled

Trial Duration
(months)

Accrual Rate�

(patients per month)

Thornton et al12 1 5 56 15 15 NR
Harvey et al13 1 7 42 30 31 NR
Ben-Josef et al14 1 6 126 51 51 45 1.1
Tsien et al15 1 5 90 38 42 44 1.0
Schneider et al16 1 4 42 12 12 14 0.9
Reardon et al17 1 2 28 13 16 12 1.3
Sinha et al18 1 3 21 19 19 24 0.8
Mehnert et al19 1 5 21 16 16 11 1.5
Lonial et al20 2 3 100 19 NR

3 100 20 39
Guillot et al21 1 4 28 31 31 NR
Morita et al22 1 3 42 13 13 27 0.5
Broniscer et al23 2 5 28 27 72 32 2.3

3 15
Saji et al24 1 5 42 16 17 26 0.7
Freedman et al25 1 1 30 8 8 21 0.4
Mackler et al26 1 5 90 31 33 21 1.6
Geoerger et al27 2 3 28 25 39 13 3.0

3 28 13
Khuri et al28 1 5 21 21 24 9 2.7
Eder et al29 1 6 28 33 33 12 2.8
Muler et al30 1 4 63 18 19 15 1.3
Geoerger et al31 2 4 21 24

3 42 20 51 26 2.0
Rathkopf et al32 2 2 21 16 16 15 1.1
Bailey et al33 2 5 21-28 50 53 11 4.8
Bonghaei et al34 Many Continuous 28 52 52 31 1.7
Mathew et al35 1 6 42 22 28 NR
Angevin et al36 1 2 28 19 20 28 0.7
Sharma et al37 2 3 28 20 24 NR NR

2 21 8 9
Sessa et al38 1 9 28 93 101 25 4
Bendell et al39 1 6 28 30 35 11 3.2
Markman et al40 1 8 28 57 57 26 2.2
Roberts et al41 2 4 21 15

4 21 14 29 23 1.3
Crew et al42 1 3 180 30 40 25 1.6
Feng et al43 2 8 60 13

9 60 10 23 54 0.4
Tevaarwerk et al44 1 8 28 24 24 16 1.5
Fouladi et al45 1 3 28 21 23 NR
Satoh et al46 3 1 14 40

3 14 20
4 14 19 82 23 3.6

Warren et al47 1 10 28 44 51 36 1.4
Fouladi et al48 2 6 28 29 32 NR

5 28 21 27
Peereboom et al49 2 21 16

21 16 57 37 1.5
Loeb et al50 1 6 42 12 13 NR
de Bono et al51 1 7 21 39 39 NR
Grossman et al52 2 4 28 31 31 NR

3 28 17 18
Gururangan et al53 2 3 42 10 42 15 2.8

3 42 11
MacDonald et al54 1 7 28 31 35 20 1.8
Neuenschwander et al55 1 15 NR 27 27 NR
Kieran et al56 1 5 28 32 55 NR

(continued on following page)
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Table A1. No. of Patients Enrolled and Evaluable, Accrual Rate, and Trial Duration (continued)

Study
No. of
Groups

No. of
Levels

DLT Window
(days)

No. of Evaluable
Patients

No. of Patients
Enrolled

Trial Duration
(months)

Accrual Rate�

(patients per month)

Pollack et al57 3 4 56 23 84 36 2.3
3 56 10
4 56 12

Grossman et al58 2 3 21 12
5 21 18 32 27 1.2

Gururangan et al59 1 5 14 23 28 34 0.8
Cheng et al60 Many Continuous 28 78 78 27 2.9
Schöffski et al61 1 14 21 34 41 30 1.4
Garrison et al62 2 3 21 31 31 NR

4 28
Gilbert et al63 2 9 28 30 40 NR

3 28 9
Rowinsky et al64 2 7 21 36 37 NR
Summary

Mean 5 38 25 35 25 1.79

Abbreviations: DLT, dose-limiting toxicity; NR, not reported.
�Accrual rate was estimated by dividing No. of enrolled patients by trial duration (months) when duration was reported.

Table A2. Case Study: Trial Three

Patient No.

Treatment
Initial Curve: Actual
Recommendation�

Updated DLT Rate at
50-mg Dose

Correct Curve: Correct
Recommendation†

Dose (mg) Level DLT Dose (mg) Level Dose (mg) Level DLT

1 1 1 No 50 10 21 1 1 No
2 1 1 No 50 10 17 5 3 No
3 1 1 No 50 10 15 15 5 No
4 2.5 2 No 50 10 13 20 6 No
5 2.5 2 No 50 10 11 25 7 Yes
6 2.5 2 No 50 10 10 15 5 No
7 2.5 2 No 50 10 9 20 6 No
8 5 3 No 50 10 8 20 6 No
9 5 3 No 50 10 8 25 7 Yes
10 5 3 No 50 10 7 20 6 No
11 5 3 No 50 10 7 20 6 No
12 5 3 No 50 10 6 25 7 Yes
13 10 4 No 50 10 6 20 6 No
14 10 4 No 50 10 6 20 6 No
15 10 4 No 50 10 6 20 6 No
16 10 4 No 50 10 5 25 7 Yes
17 25 7 Yes 40 9 38 20 6 No
18 25 7 Yes 40 9 47 20 6 No
Recommended dose 40 9 25 7

NOTE. Initial curve assigns 30% DLT rate at level 10 (50 mg) and low rates at all remaining levels (rates for each respective dose level: 0.01, 0.015, 0.02, 0.025,
0.03, 0.04, 0.05, 0.1, 0.17, and 0.3). Correct curve assigns 30% initial DLT rate (before seeing data) at dose one so that experimentation starts at dose one. Rates
under correct curve for each dose level: 0.30, 0.40, 0.48, 0.56, 0.64, 0.72, 0.80, 0.88, 0.92, and 0.99.

Abbreviation: DLT, dose-limiting toxicity.
�Prior/initial values: 50 mg, level 10.
†Prior/initial values: 1 mg, level one.
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Fig A1. Case study, trial one: phase I trial of platelet-derived growth factor receptor inhibitor imatinib mesylate and docetaxel in patients with prostate cancer. (A) Trial
history (dose units are in mg/m2); (B) observed dose-limiting toxicity (DLT) rate at each dose level. Brackets indicate maximum-tolerated dose; squares indicate DLTs;
circles indicate observed DLT rate; dashed line indicates acceptable/target DLT rate. Data adapted.35
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Fig A2. Case study, trial two: phase I trial of cisplatin with gemcitabine in patients with pancreatic cancer. (A) Trial history (dose units are in mg/m2); (B) observed
dose-limiting toxicity (DLT) rate at each dose level. Brackets indicate maximum-tolerated dose; squares indicate dose-limiting toxicities; circles indicate observed DLT
rate; dashed line indicates acceptable/target DLT rate. Data adapted.30
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