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ABSTRACT ARTICLE HISTORY
The objective of phase 1 oncology dose-escalation trials is to identify the Received 1 May 2025
dose with a toxicity rate that matches or is the closest to the target dose-li- Accepted 30 June 2026

miting toxicity (DLT). There are mainly two categories of design methods for KEYWORDS

phase 1 trials: the rule-based methods and model-based/assisted methods. Dose escalation; maximum
All literature has focused on the designs, mostly on how the various model- number of patients treated
based/assisted methods are better than the 3 + 3 design, which is the most per dose; dose limiting
used rule-based design. The accuracy of dose selection is perhaps the most toxicity; sample size; MTD
important operating characteristics (OC). Our investigation shows that the power

accuracy is more consequentially affected by the maximum number of

patients treated per dose (MPTPD) than by the type of designs. Simulation

examples show that the model-based BOIN and CRM design has lower

accuracy for dose selection than the 3 + 3 design with the same cohort size

and the same MPTPD. Larger MPTPD is associated with larger sample sizes.

Simulations show that selection accuracy improves with increasing MPTPD

(hence sample sizes). Our findings suggest that the design of phase 1 trials

should include consideration of the balance between MPTPD, sample size

and expectation of selection accuracy. Rule-based designs that are tiered by

cohort sizes and MPTPD are proposed. These designs perform similarly with

the BOIN and CRM designs with identical cohort sizes and MPTPD, but can be

used without any software.

1. Introduction

A phase 1 dose-escalation trial aims to identify the dose with a toxicity rate that is closest to a target
DLT. The dose whose toxicity matches the target DLT is commonly referred to as the maximum
tolerated dose (MTD). There are mainly two categories of design methods for such trials: the rule-
based methods and model-based/assisted methods (Tourneau et al. 2009; LoRusso et al. 2010;
Kurzrock et al. 2021). The rule-based methods do not need any software and are easy to understand
and execute. The 3 + 3 design (Storer 1989) is the best-known rule-based design and has been the main
target of criticism by researchers who prefer model-based/model-assisted designs. There are several
model-based methods, including but not limited to, continual reassessment method (CRM)
(O’Quigley et al. 1990; O’Quigley and Shen; Cheung 2011), the modified toxicity probability interval
(mTPI) design (Ji and Wang 2013), the Bayesian logistic regression model (BLRM) (Neuenschwander
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et al. 2008), and Bayesian Optimal Interval Designs (BOIN) (Liu and Yuan 2015). All literature aimed
at exploring new methods to improve upon the 3 + 3 design. With almost no exception, all discussions
have been on designs. The impact of MPTPD and sample size, although intuitively obvious, has not
been studied in depth. In this article, unlike in all current literature, the focus is not on the type of
designs, but on the impact of MPTPD, cohort size and consequently the sample size. In this article,

e The impact of MPTPD on various designs is investigated by systematic isolation of MPTPD
under matched design settings.

e Simulations show that small MPTPD leads to uniformly poor performance across designs
(including BOIN and CRM).

e We propose tiered rule-based designs with performance comparable to BOIN/CRM with the
same MPTPD.

2. Background
2.1. Elements of dose-escalation designs

In a dose-selection trial, several doses (say, K doses) of a new drug are given to patients in sequentially
increased dosages. Let ry, ..., rx denote the rate of DLT for each dose, ny, ..., ng the number of
treated patients, and e;, ... , ex the number of observed DLT events at each dose. All designs,
regardless of rule-based or model-based, include two phases: dose escalation and dose selection.

e Dose escalation and upward push: The MTD will not get selected if the escalation does not reach
the MTD. Metaphorically, dose escalation is an upward movement of dose administration. The
upward movement happens when there is an upward push. Higher doses are reached with higher
probability if there are more and stronger upward pushes.

e Dose selection and pullbacks: Overshooting is the situation when the escalation reaches doses
higher than the MTD. In case of overshooting, a pullback to lower doses will be necessary to
reduce the likelihood of selecting doses with high toxicity.

Rule-based methods use the information at the current dose, #; = ¢;/n; to determine whether to
escalate a dose, or stop the dose-escalation process, and then to determine a selected dose, which
may pull back from higher doses. Model-based designs may use the sequence 7y,...,7; to make
similar decisions. Theoretically, model-based designs use all dosing and toxicity information from
all dosed patients, instead of just the information at the current dose. Thus model-based designs
are expected to be more accurate than rule-based designs. Ideally, as few patients as possible
should be treated at doses with low DLT level, so that the trial can escalate quickly. The escalation
should end as soon as it reaches the target DLT level so that as few as patients would be exposed
to high toxicity. Such OCs are subject to the impact of the variation of #;, which is r,(1 —r;)/n;.
Because of the variations, overshooting will be unavoidable. It is desirable that the high doses be
pulled back to doses with lower toxicity level when overshooting happens. A design would be very
efficient if all of these ideal features were achieved. On the other hand, the smaller the n;, the
larger the variation, which reduces the precision/reliability of decision-making regarding dose
escalation and dose selection in the trial. To increase the reliability, it is necessary to reduce the
variation of 7;, and n;’s will need to be large enough. If each of ny, ..., n; is small, then the
combined information from 74, ...,7# may not be much more than that from 7; alone. Modeling,
whether frequentist or Bayesian, will also be subject to large variations, and the theoretical
advantage of model-based designs over rule-based designs may be very limited. In addition, the
correlations between 71,...,7; are often unknown, which could further reduce the usefulness of
modeling.
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In this article, the last tested dose will be referred to as the last dose, or LD. The last dose that
met the escalation criteria will be referred to as the last dose with an escalation, or LDE. Both the
LD and LDE may be a dose in the middle of the dosing sequence (if the escalation stopped due to
observed DLT's) and may also be the highest dose if the observed DLTs at all doses met the criteria
for escalation. The dose that is selected for future efficacy trials will be referred to as the
recommended dose, or RD.

2.2. Designs in the literature

2.2.1. The 3+ 3 design

e Rules for dose escalations: In the 3 + 3 design (Storer 1989), patients are enrolled in cohorts
of 3. If no DLT is observed in the first 3 patients treated at the dose, the dose will be
escalated to the next higher dose. If 1 DLT is observed in the 3 patients, then 3 additional
patients will be treated at the current dose. If no more DLT is observed in the next 3
patients, the dose level will be escalated. If at least 2 DLTs are observed in the 6 treated
patients (the dose escalation can be stopped if two DLTs were observed before 6 patients
have been tested), the dose escalation and the trial stops, and this dose will be the LD.
Hence, if the LD is not the planned highest dose, the observed DLT rate for LD will be 2/
6=0.33.

e Rules for RD selection: If the LDE is the highest dose, then the LDE will be the RD. Otherwise, the
previous lower dose (LD-1) will be the RD. There is a possibility that only 3 patients had been
tested at the LD-1 dose. In some practices, a total of 6 patients will be enrolled at the LD-1 dose.
The dose will be chosen as the RD if at most 1 DLT was observed among the 6 patients. Hence the
observed DLT rate for RD will be either 0/3 =0 or 1/6 = 0.167. This rule for selecting RD results
in a high rate that RD = LD-1.

2.2.2. Model-based designs

There are many mode-based designs, and it is not possible to study all the model-based
designs in one article. For this article, the BOIN design (Liu and Yuan 2015; Yuan et al. 2016;
Yuan and Liu 2021) and Continual Reassessment Method (CRM) (e.g., O’Quigley et al. 1990;
O’Quigley and Shen 1996; Cheung 2011) were used as representatives of model-based designs.
The designs were selected mainly for the following reasons: i) CRM and BOIN are the two
most famous model-based methods (Li et al. 2024). ii) With both BOIN and CRM, the users
can select cohort size, MPTPD, and number of cohorts, or the overall sample size. Thus, both
the BOIN and CRM designs are well suited for evaluating the impact of cohort size and
MPTPD. iii) BOIN R-package (Yuan and Liu 2021) and CRM R-package simCrm.R (CRAN
library) are available for simulations. Similar investigations with other model-based designs
with flexibility on sample sizes may be conducted in future research.

2.2.2.1. The BOIN design. BOIN, Bayesian Optimal Interval Designs, by its name, is an
interval design (Liu and Yuan 2015). In such a design, ¢ indicates a target DLT level. At
each dose level i, two boundaries 0 < Ay;(n;, @) <Ayi(n;,¢) <1 are defined. The dose escalates
if # <Aj(n;, @), and deescalates if #; > Ay(n;,¢). The dose is retained if Ay;(n;, ¢@)<
i <A2i(n;, ). BOIN defines a decision error rate, a(dy;,Ay). There are three hypotheses, Hy; :
ri=¢, Hi: ri=¢,, Hy: ri =¢,, where ¢, denotes the highest toxicity probability that is
deemed subtherapeutic (i.e., below the MTD) such that dose escalation should be made, and
¢, denotes the lowest toxicity probability that is deemed overly toxic such that dose deescala-
tion is required. The posterior distributions of Hy; and H,; are obtained at each dose level, Ay;
and Ay; are chosen to minimize a()y;, A;). The interval (A, Ay;) is the Bayesian optimal interval.
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e Dose escalation rules: the rules escalate, retain, or de-escalate the dose are determined by the
interval (1y;,A5;). The trial stops when the specified number of cohorts for the trial are reached,
or an MPTPD is reached.

e LD: Due to the possibility of de-escalations, the LD may not be the highest administered dose.

® RD selection rules: After the LD has been reached, BOIN determines the RD according to the
posterior distributions of the DLT for all tested doses.

e The BOIN design requires the use of the BOIN software.

With the BOIN design, the user must specify the cohort size, the number of cohorts, and the MPTPD.

2.2.2.2. The CRM design. Inthe CRM model, the dose level of the j-th patient is denoted as Xj, taking
value of Xj, from a range of k values, di, ..., dg (O’Quigley et al. 1990; O’Quigley and Shen 1996). Let
Y; be a binary variable, Y; = 1 indicating observing a DLT event, and Y; = 0 otherwise. The toxicity
response is modeled as Pr(Y; = 1|X; = x;) = E(Yj|x;) = w(x;,a0), where y(xj,a) is a function of
Xj, ag, and ay is a parameter. Different versions of CRM may have different functions v, and different
number of parameters a; (O’Quigley and Shen 1996). The CRM method includes dose escalation and
de-escalation. After each observation, the toxicity level for the doses d, .. . , dx is updated either with
Bayesian method or maximum likelihood approach. In this article, simulations on CRM are based on
the Bayesian method. The estimated toxicity level is then used to determine the next dose level, which
may be an escalation or a deescalation.

With the BOIN design, the user must specify the cohort size, the number of cohorts, the MPTPD,
and the total sample size. The use of CRM requires a software.

3. Operating characteristics of the 3 + 3 design

The target DLT level for the 3 + 3 design is often assumed to be 0.33 or 0.3 (e.g., Storer®). Higher rate of
RD = MTD means higher selection accuracy. This rate depends on the actual toxicity pattern, which is
unknown in practice. The accuracy is usually evaluated in literature through simulations (in which the
toxicity pattern is assumed). In Figure I, the distributions of simulated RD rates are presented. In
Figure la, the toxicity pattern is pl= (0.01, 0.05, 0.1, 0.15, 0.2, 0.25, 0.3, 0.35, 0.4, 0.45). In Figure 1b,
the toxicity pattern is p2= (0.01, 0.1, 0.2, 0.3, 0.4,0.5).

The dose selection rule results in a high chance of a pullback at dose selection, and the likelihood of
RD being equal to LD-1 is very high (0.996 in Figure 1a, and 0.984 in Figure 1b). A main character of
the 3 + 3 design is its small MPTPD (at n=6), which is associated with large variance of the #/’s,
resulting in low precision of escalation decisions. Consequently, the LD and RD curves are spread out
and flat. As discussed earlier, the observed DLT rate for RD will be at most 1/6 = 0.167 unless it is the
highest planned dose. The expected peak of the RD curve will be at a dose with DLT no higher than
0.167. This suggests that the target DLT level between 0.167 and 0.2, rather than 0.3 or 0.33, is more
reasonable for the 3 + 3 design. The simulated RD curves are mainly between tox levels 0.05 and 0.3,
and do not have high concentration at any particular toxicity level, with the highest point of LD and
RD curves at 0.21 for tox pattern p1 (Figure la) and the highest point of LD and RD curves at 0.32 for
tox pattern p2 (Figure 1b). As a result, the rate of RD = MTD will be low (e.g., this rate is no more than
0.21 in Figure la, and no more than 0.32 in Figure 1b), regardless of what the target DTL level is. In
Figure la, the toxicity pattern is p1, the rate of RD = 0.3 was 0.09, and the rate of RD = 0.2 is 0.203. In
Figure 1b, the toxicity pattern is p2, the rate of RD = 0.3 was 0.219, and the rate of RD =0.2 is 0.329.
Both Figures 1(a) and 1(b) confirm that 0.2 is a more reasonable choice for MTD than 0.3 for the 3 + 3
design.

In later sections, simulations are conducted to compare 3 + 3, BOIN and CRM at MPTPD =6.
These simulations show that the poor performance of 3 + 3 arises from limited information per dose
rather than from the rule-based nature of the design per se.
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Figure 1. Analysis of the 3 + 3 design.

4. Simulations: the impact of MPTPD, part |

The simulations in this section investigate the impact of MPTPD by comparing the OCs of 3 + 3, BOIN
and CRM designs. As discussed earlier, it is more reasonable to use 0.2 as the target DLT for 3 + 3 in the
simulations for comparison purposes. Therefore, the simulations will compare 3 + 3, BOIN and CRM
with 0.2 as the target DLT level.

Two main characters of the 3 + 3 design are that the cohort size is 3, and the MPTPD is 6. On the
other hand, the BOIN and CRM design allow users to select cohort size and the MPTPD. In this
section, we present simulations comparing the OC of: i) the 3 + 3 design, cohort size = 3, MPTPD = 6;
ii) BOIN design, cohort size = 3, MPTPD = 6; iii) BOIN design, cohort size = 3, MPTPD = 15; iv) CRM
design, cohort size =3, MPTPD =6; iii) CRM design, cohort size =3, MPTPD = 15. With these
simulations, the 3 + 3 design, BOIN and CRM designs are evaluated under identical restrictions of
cohort size =3 and MPTPD =6, and the BOIN and CRM designs are also evaluated under identical
restrictions of cohort size = 3 and MPTPD = 15.

The most important OC is the percentage of correctly selecting the true MTD, or the rate of RD = MTD.
The relatively small sample size limits the accuracy of identifying the MTD. Therefore, the rate of the RD
being within a range around the target DLT is also a relevant OC. Such a range could be, say, [Target DLT-
0.05, Target DLT +0.05], and named as the “MTD £0.05” interval. The OCs vary, depending on the
toxicity rate pattern of the dose sequences. In real trials, the toxicity pattern is unknown. For our
simulations, we use two patterns, one with a 5% increase in toxicity rates between the doses, and another
with 10% increases. i.e., i) p1= (0.01, 0.05, 0.1, 0.15, 0.2, 0.25, 0.3, 0.35, 0.4, 0.45); ii) p2=(0.01, 0.1, 0.2, 0.3,
0.4, 0.5). The simulations with pl can assess the sensitivity of the escalation strategy, and the rate of
selection in the MTD =£0.05 interrval. The simulations on p2 are mainly for comparing similarity with the
results on pl.

For the 3 + 3 design, there is no specified limit on the total sample size, although the total sample
size cannot exceed 6 times the number of doses. The trial stops according to the escalation rules. For
the BOIN design, the users can choose the maximum number of cohorts for the trial. In all of the
simulations related to BOIN in this article, the number of cohorts is chosen to be 40. For the CRM
method, the maximum sample size is chosen to be 240. For the simulations in Figure 1, the mean
sample sizes for the BOIN method are much smaller than 3 x 40 (cohort size times the maximum
number of cohorts allowed), and much smaller than 240 for the CRM, indicating that the maximum
number of cohorts was never reached for the BOIN design, and the maximum sample size was never
reached for the CRM method, and the trial termination was completely determined by the escalation/
deescalation rules of both designs.

Under the restriction of cohort size 3 and MPTPD = 6 for all three methods, for toxicity pattern p1,
the rate of correctly selecting the MTD (i.e. the rate of RD = MTD) (Figure 2) for the 3 + 3 design was
slightly higher than both BOIN and CRM. For toxicity pattern p2, the rate of correctly selecting the
MTD for 3 + 3 was slightly lower than that for BOIN, and slightly higher than that for CRM. The
average over pl and p2 for 3 + 3 was slightly higher than both BOIN and CRM.
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Correct MTD selection rate, Target DLT=0.2
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Figure 2. Correct MTD selection: 3 + 3 vs. BOIN MPTPD 6 and BOIN MPTPD 15, CRM MPTPD 6 and CRM MPTPD 15.
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Figure 3. Rate of the selection being in the MTD £0.05 interval: 3 + 3 vs. BOIN MPTPD 6 and BOIN MPTPD 15, CRM MPTPD 6 and CRM
MPTPD 15.

In Figure 3, this rate increased for both BOIN and CRM and were both higher than 3 + 3 when
MPTPD increased to 15.

Under the restriction of cohort size 3 and MPTPD = 6 for all three methods, for toxicity pattern p1,
the rate of selection in the MTD =£0.05 interval (Figure 2) for the 3 + 3 design was higher than both
BOIN and CRM. For pattern p2, the rate of correctly selecting the MTD and the rate of selection in the
MTD =£0.05 interrval were the same, because p2 does not include midpoints of x £ 0.05. Hence, the
rate for 3 + 3 is slightly lower than those for BOIN and slightly higher than CRM. The average rate over
pl and p2 for 3 + 3 was slightly higher than those for BOIN and CRM

This rate increased for both BOIN and CRM and were both higher than 3 +3 when MPTPD
increased to 15 (Figure 4).

When MPTPD increased to 15 for BOIN and CRM, the mean sample sizes for these two methods
increased over MPTPD = 6. This shows that the increased precision with MTPTD = 15 is associated
with a considerable increase in mean sample size. These findings confirm that MPTPD and mean
sample size have fundamental impact on the OCs of the BOIN and CRM designs.

Similar simulations with target DLT = 0.25 showed similar patterns (not presented).

The simulations in this section demonstrate that no design performs well under the severely
constrained MPTPD =6.
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Figure 4. Mean sample size: 3 + 3 vs. BOIN MPTPD 6 and BOIN MPTPD 15, CRM MPTPD 6 and CRM MPTPD 15.

5. Cohort size and MPTPD tiered rule-based designs
5.1. Motivation for rule-based design that performs better than 3 + 3

Despite the almost one-sided criticism of the 3 + 3 design in the literature, the 3 + 3 design is still the
most used method (73.85%) in phase 1 oncology dose-escalation trials (Li et al. 2024). The primary
reason for this phenomenon is that it is straightforward, being a rule-based approach that does not
require complex statistical software or real-time computations. Its predetermined rules for dose
escalation or de-escalation are easy for clinicians and researchers to understand and to implement
in a clinical setting. The extensive use of 3 + 3 is solid evidence that there is a robust demand for rule-
based designs that perform better than the 3 +3 design and can give effective options to those
clinicians who desire designs that are simple to implement and yet perform well (as compared with
model-based methods).
This is the motivation for our proposal of the tiered rule-based designs.

5.2. Necessary elements of optimal designs

A desirable design is expected to have the following features:

o Sufficient but not excessive upward push for dose escalation: For doses that are close to the MTD,
the rates of them being the LD should be high, and for doses with very low or very high toxicity,
the rates of being the LD should be low. The rate of LD should peak at the MTD. Adequate
upward push is indicated by a line plot curve of the LD rates (from low dose to high dose) that
peaks at the MTD. Higher precision of dose escalation is indicated by higher peak of LD line plot
curve at the MTD, and sharper drops of the curve away from the peak.

e Adequate pullbacks: The RD should pull back to lower doses if LD is higher than the MTD.
Lower rates of RD above MTD (high toxicity) are desirable.

e The line plot curve of the RD rates (from low dose to high dose) peak at the MTD. Higher
precision of dose escalation is indicated by higher peak of RD line plot curve at the MTD, and
sharper drops of the curve away from the peak.

These features naturally are dependent on target DLT and the dose toxicity pattern. Desirable minimal
optimal criteria for a design are the following:

e The line-plot curve of the LD rates (from low dose to high dose) peaks at the MTD.
e The line-plot curve of the RD rates (from low dose to high dose) peaks at the MTD.
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5.3. Applying the learnings from the 3 + 3 design and impact of MPTPD for the proposed
designs

In the 3 + 3 design, the MPTPD is 6. Also, the escalation often ends too early, because only
two chances of escalations at each dose are possible, after testing 3 and at most 6 patients. In
other words, the upward pushes in the 3 +3 designs are weak. The final dose selection
involves at most 6 patients. Cumulatively, the total sample size for 3 +3 is often smaller
than most model-based designs. The small sample size in the 3 +3 design results in large
variation in # and lower accuracy of selection. These observations suggest that to improve
upon the 3 +3 design, the variance of #; must be reduced, this means that MPTPD must be
increased. However, larger MPTPDs are also associated with larger sample sizes which will
increase the burden on patient enrollment and cost for conducting the trial. Designs that are
tiered based on the size of MPTPD can provide flexibilities and options to trial investigators
and clinicians so that they can select different MPTPDs based on the trade-off between the
desire for higher accuracy and constraint on feasibility. In addition, there must be more
chances for dose escalation. Hence, the proposed rule-based designs include larger MPTPDs
and stronger upward pushes with 4 or 5 chances for escalation (see schematics charts in
Figures 5-7). The simulations in section 4 suggest that the accuracy of dose selection of any
design is highly dependent on the MPTPD. The proposed designs are tiered by cohort size
and MPTPD. They can be applied to target DLTs at 0.2, 0.25, and 0.3. Any ratio of MPTPD
vs. cohort size in a design may be developed with the help of simulations. For convenience
and simplicity, in this article, MPTPD were chosen to be 5 times the cohort size. Therefore,
the proposed designs are said to be cohort-size tiered designs, or simply tiered designs. This
ratio of 5:1 is obviously somewhat arbitrary, but it is flexible enough and provides sufficient
options for trial investigators and clinicians. The designs include cohort sizes from 3 to 10. All
the schematic charts are provided in the online supporting material. Designs with all cohorts
are supported by the software Design and Analysis for Clinical Trials (DACT) at https://www.
innovatiostat.com/software.html, and their OCs can be investigated with simulations using
DACT.

5.4. The cohort 3, 6, and 9 designs

The 3 + 3 design can be clearly described using a flowchart, which is the main reason why it is easy to follow
and implement. Likewise, our proposed tiered designs are illustrated by flowcharts. In practice, the
clinicians only need to follow that chart without needing to use a computer or software, such as in the
case for model-based methods, including BOIN and CRM. The design schematic charts for cohort sizes 3, 6
and 9, and with target DLT = 0.3 are described in this section. The design schematic charts for cohort sizes
3, 6 and 9, and with target DLT = 0.25 and 0.2 are provided in the APPENDIX and the online supporting
material.

5.4.1. The cohort 3 design, target DLT = 0.3
In this design, the increment of patients tested at each dose will be in cohorts of 3, and
chances of escalation will be given at each dose with accumulatively 3, 6, 9, and 12 patients.
At the LD where the dose selection will be made, 15 patients will be treated to increase the
precision of 7;.

The design includes an option such that the user can choose either to or not to check cohort 1 to
decide on whether to escalate. The impact of both options will be evaluated with simulations.


https://www.innovatiostat.com/software.html
https://www.innovatiostat.com/software.html
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Figure 5. The cohort 3 design. Target DLT = 0.3.

5.4.2. The cohort 6 design, target DLT = 0.3

In this design, the increment of patients tested at each dose will be in cohorts of 6, and chances of
escalation will be given at each dose with accumulatively 6, 12, 18 and 24 patients. At the LD where the
dose selection will be made, 30 patients will be treated to increase the precision of #; (Figure 6).

5.4.3. The cohort 9 design, target DLT = 0.3

In this design, the increment of patients tested at each dose will be in cohorts of 9, and chances of
escalation will be given at each dose with accumulatively 9, 18, 27 and 36 patients. At the LD where the
dose selection will be made, 45 patients will be treated to increase the precision of 7;.

6. Simulations
6.1. Impact of MPTPD, part Il

In this section, the impact of MPTPD will be assessed by simulations involving the cohort 3, 6 and 9
designs, and the BOIN and CRM designs with identical cohort size and MPTPD, with target DLT =
0.3. The number of cohorts for the BOIN design is 40, and the maximum sample size for CRM is
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a Cohort 6 design
Dose escalation chart: target DLT rate=0. 3
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Figure 6. The cohort 6 design. Target DLT =0.3.

chosen to be 240. Both are unlikely to be reached, so that the termination of the trial is completely
determined by the BOIN and CRM escalation rules.
In the simulations,

e Line plots for the last dose (LD) will be presented to assess the effectiveness of escalation.

e Line plots for the recommended dose (RD) will be presented to assess the accuracy of dose
selection.

e Mean sample sizes for all designs at all tiers will be presented to demonstrate the association of
cohort size, MPTPD and sample size.

In all literature, the operating characteristics of any design are assessed through simulations, using
assumed toxicity patterns. It is not possible for the assumed patterns to be exhaustive. Therefore, all
such simulation assessments are only partial in nature. Our investigations are no different. As with the
simulations comparing BOIN and CRM vs. 3 + 3 in section 4, the same two patterns, i) p1= (0.01, 0.05,
0.1, 0.15, 0.2, 0.25, 0.3, 0.35, 0.4, 0.45); ii) p2= (0.01, 0.1, 0.2, 0.3, 0.4, 0.5) will be used for the
simulations in this section. Both p1 and p2 are with equally spaced toxicities. The simulations with
pl can assess the sensitivity of the escalation strategy, and the rate of selection in the MTD +0.05
interval. The simulations on p2 are mainly for comparing similarity with the results on pl. In real
trials, the toxicity patterns that are unknown and can be different from either p1 or p2. We note that
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Figure 7. The cohort 9 design. Target DLT =0.3.

the simulations are not intended as quantitative assessments of the OCs of the proposed designs.
Rather, these simulations provide qualitative demonstration that the OCs are consistent across both
patterns and are driven primarily by MPTPD rather than the details of the toxicity curves. Trial
investigators may conduct their own simulations for various assumed toxicity patterns using the
DACT software. However, simulations using the DACT software are not required for the use of the
tiered designs in practice.

Simulations for target DLTs at 0.25 and 0.2 have also been conducted with similar results (not
presented).

Figure 8a shows that the peak of the LD curves increases with larger MPTP for tiered, BOIN and
CRM designs. The curves provide side-by-side comparisons. However, it is too crowded. Figure 8b is
a breakdown of Figure 8a by each design.

In tox pattern pl, the increment of tox rate is 0.05. In Figure 8, all of the LD curves (under p1) for
the tiered cohort 3, 6 and 9 (with MPTPD 15, 30, and 45) designs and CRM MPTPD 15, 30 and 45
peak at the MTD, while all LD curves for BOIN MPTPD 15, 30 and 45 peak at the dose with toxicity
rate of 0.25, just before the MTD, indicating slightly insufficient upward push for escalations for
BOIN.

Figure 9a shows that the peak of the RD curves increases with larger MPTP for tiered, BOIN and
CRM designs. The curves provide side-by-side comparisons. However, it is too crowded. Figure 9b is
a breakdown of Figure 9a by each design.
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In Figure 9, all of the RD (under p1) curves for the tiered cohort 3, 6 and 9 (with MPTPD 15, 30,
and 45) designs and CRM MPTPD 15, 30 and 45 peak at the MTD, while all RD curves for BOIN
MPTPD 15, 30, and 45 peak at the dose with toxicity rate of 0.25, just before the MTD. This resulted in
the rates of RD being the MTD (see also Figure 12), as well as the rates of RD being in the MTD +0.05
interval (Figure 13) for the tiered designs and CRM design being higher than for the BOIN designs at

the same MPTPD levels.

Combining Figures 8 and 9, the tiered designs and the CRM design meet the minimum optimal

criteria with tox pattern pl, while none of the BOIN designs do.

Rate of LD, Target DLT=0.3, Tox pattern p1
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Figure 8a. Line plots for LD, p1, all designs.
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Figure 10a shows that the peak of the LD curves increases with larger MPTP for tiered, BOIN and
CRM designs. The curves provide side-by-side comparisons. However, it is too crowded. Figure 10b is
a breakdown of Figure 10a by each design.

In tox pattern p2, no dose has a toxicity rate of 0.25. Because of the larger increment of tox rate of
0.1, the escalation is faster for all designs. The LD curve for all designs peak at higher doses (compared
with the escalations with p1). Hence, in Figure 10, all of the LD curves, including 3 + 3, the tiered
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Figure 9a. Line plots for RD, p1. All designs.
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Figure 9b. Line plots for RD, p1. By each design.
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cohort 3, 6, and 9 designs, the BOIN MPTPD 15, 30, and 45, and the CRM MPTPD 15, 30, and 45,
peak at the MTD.

Figure 11a shows that the peak of the RD curves increases with larger MPTP for tiered, BOIN and
CRM designs. The curves provide side-by-side comparisons. However, it is too crowded. Figure 11b is
a breakdown of Figure 11a by each design.

In Figure 11, due to faster escalations, all of the RD curves for the tiered cohort 3,6 and 9 (with
MPTPD 15, 30, and 45), and BOIN, CRM MPTPD 15, 30, and 45, peak at the MTD. At each of
MPTPD levels (MPTPD 45, solid lines; MPTPD 30, dashed lines; MPTPD 15, dashed lines), the peaks
of the tiered designs and CRM design are higher than those for BOIN. The peaks are the rate of
correctly selecting the MTD and are also plotted as MTD matching rate in Figure 12

In Figure 10, all LD curves peak at the MTD since no dose has a DLT of 0.25. The peaks for the
CRM and BOIN designs at all MPTPD were higher than those for the corresponding tiered
designs with the same MPTPD. Hence, the escalation for CRM and BOIN is better than the
tiered designs for p2. On the other hand, in Figure 11, the peak of RD for BOIN MPTPD 45
design at the MTD is lower than that for the tiered cohort 9 (MPTPD 45) design and CRM design
with MPTPD 45, despite the peak of LD curve for BOIN MPTPD 45 design at the MTD being (see
Figure 10) higher than the tiered design. In other words, the better LD curves for the BOIN
designs did not result in better RD selection. This suggests that the RD selection rule for model-
based design (in this case BOIN MPTPD 45) may not always be more optimal than for rule-based
designs (in this case, the tiered cohort 9, with MPTPD 45).

In Figures 8-11, all the LD and RD curves have sharper drops from the peaks for all of the
tiered, CRM and BOIN designs with larger MPTPD. i.e., the drops from the peaks for tiered
with MPTPD 45 (the solid curves) are sharper than those for the tiered designs with MPTPD
30 (the dashed curves), which in turn, are sharper than those for the tiered design with
MPTPD 15 (dashed curves). This is because larger MPTPD are associated with smaller
variations, thus the LD and RD have higher concentration around the peaks. The patterns
of drops are similar for CRM and BOIN designs with MPTPD 45 (the solid curves), 30 (the
dashed curves), and 15 (dashed curves), also confirming that larger MPTPD increases
accuracy.

In Figure 12, the rates of correctly selecting the MTD increase in stepwise fashion, according to the
sizes of MPTPD, for all of the design, the CRM, BOIN designs and the tiered designs. The rates for the
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Figure 10a. Line plots for LD, p2. All designs.
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Figure 10b. Line plots for LD, p2. By design.
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Figure 11a. Line plots for RD, p2. All designs.

tiered designs are similar to those of BOIN and CRM designs at all MPTPD levels. Also, the 3 +3
design has the lowest rate of correctly selecting the MTD.

In Figure 13, the rate of RD being in the MTD =+ 0.05 interval increase in stepwise fashion,
according to the sizes of MPTPD, for all the designs, CRM, the BOIN designs and the tiered designs.
The rates for the tiered designs are similar to BOIN and CRM at each corresponding MPTPD size. e.g.,
the rate for the tiered cohort 9 design (with MPTPD 45) is higher than that for the BOIN MPTPD 45
design, etc. Also, the 3 + 3 design has the lowest rate of RD being at doses with tox rate in the MTD
+0.05 interval.
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Rate of RD, Target DLT=0.3, Tox pattern p2
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Figure 12. Rates of RD = MTD.

In Figure 14, the mean sample sizes for pl are larger than those for p2 because the escalations
for pl involve more doses. The mean sample sizes increase in stepwise fashion, for all of the
designs, CRM, the BOIN designs and the tiered designs, according to the increases of the sizes of
MPTPD. The mean sample sizes for the tiered designs are higher than those for the CRM and
BOIN designs at each corresponding MPTPD size. e.g., the sample size for cohort 9 design (with
MPTPD 45) is larger than that for the BOIN MPTPD 45 design, etc. This is because the tiered
designs have stronger upward push than the CRM and BOIN designs, and the dose escalations
reach higher doses.

The tiered cohort 3 design includes an option to skip checking cohort 1 for dose escalation. In
Figures 8-14, Cohort_3_v1 indicates that cohort 1 is checked, while Cohort_3_v0 indicates that
cohort 1 was not checked. In Figures 12 and 13, the rates for correctly selecting the MTD and the
rates of RD being in the MTD =+ 0.05 interval were both higher for Cohort_3_vO than for
Cohort_3_v1. This is because the check at cohort 1 with only 3 patients is subject to larger
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Rate of LD/RD in MTD+/- 0.05 , target DLT=0.3
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Figure 13. Rates of RD in MTD+/- 0.05.
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Figure 14. Mean sample size.

variation and higher inaccuracy, and skipping the check actually improves the accuracy. This
comparison explains to some extent why the 3 + 3 has low accuracy. However, Figure 14 shows
that the mean sample size for Cohort 3_v0 is slightly larger than that for Cohort_3_vl. This
demonstrates again that the cost of higher accuracy is larger sample size.

6.2. Summary of simulations

e The tiered designs, the BOIN and CRM were compared under identical cohort size and MPTPD
restrictions.

e The patterns of impact of MPTPD are similar on the tiered designs, the BOIN and CRM: larger
MPTPDs are associated with higher accuracy of MTD selection

e The accuracy of selection was similar between the tiered designs, the BOIN and CRM for each
cohort and MPTPD.

7. Discussions
7.1. Overall summary of simulations

The simulations in section 3:
e The 3 + 3 design is not based on thorough understanding of its OCs and is not an optimal design.
It lacks accuracy because of the small MPTPD.
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e The simulations were conducted only with two toxicity patterns pl and p2. Interested readers
may conduct their own simulations for any other toxicity patterns to confirm that the 3 +3
design has very low rate of correctly selecting the MTD with any toxicity pattern and any target
DLT level. Hence, the 3 + 3 design is not an advisable design for phase 1 trials.

The simulations in section 4:

e The simulation showed that the BOIN and CRM designs have lower rate of correctly selecting the
MTD and lower rate of RD in the MTD = 0.05 interval than the 3 + 3 design when all designs
were under the restriction of MPTPD =6. The simulations only showed that small MPTPD
results in low accuracy for any design, and should not be interpreted as supporting that the 3 + 3
design should be the design of choice.

e The accuracy of BOIN and CRM designs increases when MPTPD is increased.

The simulations in section 6:

o The size of MPTPD has fundamental impact on the accuracy. Larger MPTPD is associated with
higher accuracy.

o The escalation procedures are more accurate if more patients have been tested at the dose, which
means that larger cohort size and larger MPTPD lead to more reliable escalation decisions.

e Larger MPTPD results in larger mean sample sizes and increases the cost of dose-escalation trials.

e For both the p1 and p2 tox patterns, the tiered designs have similar rates of correct dose selection
and the rates of RD being in the MTD = 0.05 interval as those for the BOIN and CRM designs
with identical cohort size and MPTPD.

Similar to the OC assessments in literature, simulations based on limited assumed toxicity
patterns (i.e., pl and p2) were conducted to compare the OCs of the tiered design, BOIN and
CRM. Such simulations should not be interpreted as precise quantitative evaluations of the
OCs of the designs. The focus should be on the robustness of the OC patterns. The simula-
tions showed that the rate of correctly selecting the MTD were all very low for 3 + 3, BOIN
and CRM designs when MPTPD =6, and thus strongly support the conclusion that no
methods would perform well when the MPTPD is small. In addition, in the simulations in
section 5 the rates of correctly identifying the MTD for the tiered designs were slightly higher
than BOIN design for either pl or p2 for some MPTPD, but slightly lower for some others.
Results like these may suggest that the tiered designs are similar to BOIN but are not
sufficient to suggest that either design is better than the other. However, the simulations
consistently demonstrated the impact of the MPTPD across all designs and for both patterns
pl and p2, and thus strongly support the conclusion that larger MPTPD is associated with
higher dose-selection accuracy.

7.2. Sample size and power consideration in the design of dose-escalation trials

The goal of oncology phase 1 dose-escalation trial is to identify a dose that preserves clinical benefit
with optimal tolerability. Selecting a dose with low toxicity but insufficient clinical benefit, or a dose
with intolerable toxicity can lead to negative outcomes in future efficacy trials, which may undermine
the development of a potentially promising drug. It has been reported that about 40-50% of clinical
trials failed due to insufficient efficacy (Sacks et al. 2014; Hwang et al. 2016; Sun et al. 2022; Sacks et al.
2014) attributed 15.9% of the failures to uncertainties related to dose selection. Wong et al. (2019)
reported that the success (phase 3 to approval by regulatory agencies) rate of phase 3 trials from 2001
to 2015 had been only about 35.5% for phase 3 oncology trials. The accuracy of identifying the correct
dose can have far reaching consequences.

Many oncology trials are expensive to conduct and there is strong desire to conduct phase 1 trials as
small as possible. We note that a dose-selection trial is only the first step in a potentially very large
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clinical program which aims to bring an effective treatment to meet unmet medical needs. From this
perspective, correctly identifying an effective dose, even at greater cost, is more important than purely
aiming for a small and efficient phase 1 trial. The trade-offs between smaller but less accurate trials vs.
larger but more reliable trials require discussions involving strategic vision, feasibility, practicality.

We propose that sample size and power considerations be included in the design of dose-escalation
trials to balance the needs for accuracy and the cost of trials. The design of late phase trials (such as
phase 3) typically involves sample size and power considerations. A trial is successful if the null
hypothesis is rejected. The power of a trial is the probability of rejecting the null hypothesis in the trial,
or the probability of the trial being successful. An assumption is made about the effect size of the new
drug (although the true effect size is unknown), and a sample size is calculated accordingly to achieve
a power of 1 — f3. A sample size/power consideration for phase 1 trials may be similarly introduced.
Success in the strict sense means that the RD equals the true MTD and termed as MTD success.
Success in a broader sense means that the RD is in the MTD =+ 0.05 interval and termed as MTD +0.05
success. Accordingly, the probability of MTD success (i.e., the rate of RD being equal to MTD) is
termed as MTD power, and the probability of MTD +0.05 success is termed as MTD +0.05 power. We
note that the use of the terminologies of MTD power and MTD +0.05 power is intended as analogies
only, and they are based on simulations, rather than the algorithm-based calculated classical power for
hypothesis testing. In a phase I trial design, a toxicity pattern is assumed (although the true toxicity
pattern is unknown). Then simulations can be done to assess the MTD power and the MTD +0.05
power under the assumed toxicity pattern, and the mean sample size for certain cohort sizes and
MPTPDs. Then some combination of cohort size and MPTPD can be selected based on the mean
sample size within the feasibility. The following are some hypothetical examples.

Example 1. Suppose that toxicity pattern pl is assumed for a phase 1 trial in patients with a rare type of
cancer and enrollment is expected to be slow and difficult. It is anticipated that a sample size exceeding
40 patients will not be feasible. Four designs have a mean sample size under or about 40 (Table 1):

The sample size of 3 + 3 is the lowest, but the MTD power and the MTD +0.05 power are also the
lowest. The Cohort_3_v1 design, the BOIN MPTPDI15 the CRM MPTPD15 designs have similar
sample sizes at just below or about 40, and similar MTD power and the MTD +0.05 power. Hence any
of these designs may be a reasonable candidate.

Example 2. Suppose that toxicity pattern p2 is assumed for a phase 1 trial in patients with a rare type of

cancer and enrollment is expected to be slow and difficult. It is anticipated that a sample size exceeding
40 patients will not be feasible. Five designs have a mean sample size under 40 (Table 2):

Table 1. Simulated sample size and power with p1 for rare cancer.

Design Mean sample size MTD power MTD =+ 0.05 power
3+3 21.03° 0.09° 0.283¢
Cohort_3_v1 36.71a 0.207° 0.572¢
BOIN MPTPD 15 38.23° 0.196° 0.551¢
CRM MPTPD 15 40.5° 0.197° 0.531¢

2Figure 14; °Figure 12; Figure 13.

Table 2. Simulated sample size and power with p2 for rare cancer.

Design Mean sample size MTD power MTD =+ 0.05 power
343 15.17° 0.216° 0.216¢
Cohort_3_v0 36.87° 0.413° 0.413¢
Cohort_3_v1 28.16° 0.390° 0.390°
BOIN MPTPD 15 29.51° 0.398° 0.398°
CRM MPTPD 15 32.65° 0.381° 0.381°

3Figure 14; °Figure 12; Figure 13.
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Table 3. Simulated sample size and power with p1 for common cancer.

Design Mean sample size MTD power MTD =+ 0.05 power
Cohort_9 127.39% 0.343° 0.813¢
BOIN MPTPD 45 107.86° 0.283" 0.74°
CRM MPTPD 45 114.45° 0.372° 0.829¢

®Figure 14; °Figure 12; Figure 13.

Table 4. Simulated sample size and power with p2 for common cancer.

Design Mean sample size MTD power MTD =+ 0.05 power
Cohort_9 92.46° 0.601° 0.601°
BOIN MPTPD 45 81.68° 0.563" 0.563¢
CRM MPTPD 45 93.0° 0.634° 0.634°

*Figure 14; °Figure 12; Figure 13.

The sample size of the 3 + 3 design is the lowest, but the MTD power and the MTD +0.05 power are
also the lowest. The Cohort_3_v0 design has the highest MTD power at 0.413 (MTD +0.05 power is
the same). But its sample size is near the maximum. The Cohort_3_v1 design, the BOIN MPTPD 15
and the CRM MPTPD 15 designs have similar sample sizes at below 40, and similar MTD power
(MTD +0.05 power is the same) at just below 0.4. Hence any of these designs may be a reasonable
candidate.

Example 3. Suppose that toxicity pattern p1 is assumed for a phase 1 trial in patients with a common
type of cancer and enrollment is expected to be relatively quick. It is anticipated that a sample size of
about 150 patients will be feasible. In Figure 14, the sample sizes of all designs are less than 150. Hence
the focus of design selection is on MTD power and MTD +0.05 power (Table 3).

The cohort 9 design (MPTPD = 45) and CRM MPTPD 45 design had MTD power at 0.343 and 0.372,
respectively, and the MTD £0.05 power at 0.813 and 0.829, respectively. Hence, the cohort 9 design
can be a reasonable choice. The BOIN MPTPD 45 design, with slightly lower MTD power at 0.283 and
MTD +0.05 power at 0.74, can be a reasonable choice as well.

Example 4. Suppose that toxicity pattern p2 is assumed for a phase 1 trial in patients with a common
type of cancer and enrollment is expected to be relatively quick. It is anticipated that a sample size of
about 100 patients will be feasible. In Figure 14, the sample sizes of all designs are less than 100. Hence
the focus of design selection is on MTD power and MTD +0.05 power (Table 4).

The cohort 9 design (MPTPD = 45) and CRM MPTPD 45 design had MTD power at 0.601 and 0.634
(MTD +0.05 power is the same), respectively. Hence, either the cohort 9 design and CRM MPTPD 45
design can be a reasonable choice. The BOIN MPTPD 45 design had slightly lower MTD power at
0.563 (MTD £0.05 power is the same). This can be a reasonable choice as well.

7.3. Beyond phase 1: designs for phase 2 and 3 trials

Examples 1. 4 shows that the MTD power (and even the MTD +0.05 power) in phase 1 dose-selection
trials can be much lower than 0.8, or that the likelihood of correct dose selection is low. This obviously
raises concerns about the chance of success for the entire clinical development of the new drug. Later
stage trials will need to be flexible to mitigate the risk of incorrect dose selection and increase the
chance of success. Trial designs may include:
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e Adaptive single-arm phase 2 trial design. Simon’s design (Simon 1989) has been the design of
choice in many phase 2 trials. In this design, a response rate is assumed for sample size
calculation. Trials with the design will have a power of 1 — f3 if the assumed and the true
response rates match. The power can be less than 1 — f if the assumption is incorrect. Gao
and Zhang (2024) proposed an adaptive design to mitigate the risk of incorrect assumption,
which can provide a power of 1 — f3 if the true response rate is in a certain range. However, we
note that this adaptive design does not include dose modification. If the selected dose has no or
minimal efficacy, this design will not help.

e The FDA guidance (2024), Optimizing the Dosage of Human Prescription Drugs and Biological
Products for the Treatment of Oncologic Diseases, called for “Trial Designs to Compare Multiple
Dosages” (section B, FDA, 2024). We propose that such trials may include three doses (e.g., RD-
1, RD, RD + 1):

(a) FDA (2024, section B) suggested that “A recommended trial design to compare multiple
dosages in a randomized, parallel dose-response trial”. One design that can serve this
purpose is the Adaptive Sequential Design for Multiple Comparisons (Gao and Li 2023).
The design includes sample size and power calculations, and the determination of critical
boundaries for interim analyses for family-wise type I error control. The design also includes
final analysis, including p-values, point estimates, and confidence intervals, with or without
any adaptive changes. With this design, multiple doses can be tested. Ineffective dose(s) can
be dropped at any interim analysis and sample size can be adjusted for the remaining dose(s)
to increase power.

(b) Another design option is the Adaptive Two-stage Seamless Sequential Design (Gao and Li
2024). The design includes sample size and power calculations, and the determination of
critical boundaries for interim analyses for family-wise type I error control. The design also
includes final analysis, including p-values, point estimates, and confidence intervals, with or
without any adaptive changes. With this design, multiple doses can be tested in the first stage
(phase 2). Ineffective doses can be dropped at the end of the first stage and one dose will be
carried into the second stage (phase 3). The sample size can be adjusted for the second stage
to increase power.

(c) Both of these two designs can be used in trials without a placebo control arm.

7.4. Software support

The simulations with the tiered designs and the 3 + 3 design can be conducted with the software
DACT at https://www.innovatiostat.com/software.html, which is free for academic researchers. R-
codes for simulations are available upon request. Phase 2 and 3 design options, such as Gao, Zhang
(2024), Gao and Li (2023), and Gao and Li (2024), are also supported by DACT.

7.4.1. R-code free download
All related R-codes are available for free download at https://github.com/innovatiostat/rcode and
https://github.com/ChunmingZhangUW
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Appendix

Cohort 3 design
Dose escalation chart: target DLT rate=0.25

| Dose escalation from lower dose, or beginning first dose |

Optional
1
(oo | o} (oo {zvon]
1/3 pLT
v
Dose I|= i = 1/6 DLT I { Enroll to 6 patients S;:i: ie:::I:Itai::-dose, LD

2/6 DLTs
N Stop escalation.
| Dose escalation |-—| < 2/1201Ts I'———{ Enroll to 12 patients —| =3/1201Ts This is the last dose, LD

Cohort 3 design
Target DLT=0.25

Last dose determination Decision chart for Recommended Dose (RD)

- — LDE is the last dose at which there was a dose
| Dose escalation from lower dose, or beginning first dose | LD=LDE=highest dose escalation. If LDE is the highest dose, then the last

dose is LD=LDE. Otherwise, LD=LDE+1

reached before highest dose
The highest dose The current dose is

= 7/15DUTs at LD

Cohort 3 design
Dose escalation chart: target DLT rate=0.2

| Dose escalation from lower dose, or beginning first dose I

Optional I

v
<——|s 0/3 DIT ].—| Enroll 3 patients I"\ﬂ’—' Stop escalation.
This is the last dose, LD
'
Dose escalation |«—| <1 /9 DLTs Enroll to 9 patients 9 DLT: Shopcalation.
= N 23/9 DLTs This is the last dose, LD

2/9 DLTs
Stop escalation.
Dose escalation |¢7 <2/15DLTs |«———| Enroll to 15 patients '—* =23/15DLTs l—‘ This is the last dose, LD

Cohort 3 design
Target DLT=0.2

Last dose determination Decision chart for Recommended Dose (RD)

LDE is the last dose at which there was a dose
escalation. If LDE is the highest dose, then the last
dose is LD=LDE. Otherwise, LD=LDE+1

Dose escalation from lower dose, or beginning first dose |

l—]—i

LD=LDE=highest dose

Highest Dose is dose escalation stopped
reached before highest dose
The highest dose The current dose is

= 6/15DLTs at LD
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Cohort 6 design

Enroll 6 patients

Stop escalation.
This is the last dose, LD

Dose escalation chart: target DLT rate=0. 25

Dose escalation ]‘7| <2/12DDLT }0—} Enroll to 12 patients
Dose escalation |« | < 3/18 DUTs In'| Enroll to 18 patients

Dose escalation |«——| < 5/24DLTs |~'| Enroll to 24 patients |_.| > 6/24 DLTs }—.

Cohort 6 design
Target DLT=0.25

Last dose determination

|

|—-| =5/18 DLTs l—'

Stop escalation.
This is the last dose, LD

Stop escalation.
This is the last dose, LD

Stop escalation.
This is the last dose, LD

Decision chart for Recommended Dose (RD)

| Dose escalation from lower dose, or beginning first dose

LD=LDE=highest dose

dose is LD=LDE. Otherwi

LDE is the last dose at which there was a dose
escalation. If LDE is the highest dose, then the last

ise, LD=LDE+1

l—‘—l

Highest Dose is
reached

The highest dose
Is the last dose, LD

dose escalation stopped
before highest dose
The current dose is

the last dose, LD

LDE is not the highest dose

Enroll 30 patients at LD

<11/30DLTs at LD i‘i

212/30DLTs at LD

Cohort 6 design
Dose escalation chart: target DLT rate=0. 2

St

[ Enroll 6 patients l__’.l = 2/6DLTs }—-

Dose escalation

This is the last dose, LD
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Stop escalation.
This is the last dose, LD

Cohort 6 design
Target DLT=0.2

Last dose determination

Decision chart for Recommended Dose (RD)
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LD=LDE=highest dose escalation. If LDE is the

LDE is the last dose at which there was a dose

highest dose, then the last
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Is the last dose, LD

dose escalation stopped
before highest dose
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the last dose, LD
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LDE is not the highest dose

Enroll 30 patients at LD

> 10/30 DLTs at LD
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Cohort 9 design
Dose escalation chart: target DLT rate=0. 25

Dose escalation < 0/9DLT |« Enroll 9 patients __,.l > 5/9 DLTs I_. Stop escalation.
1-4pLTs
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Cohort 9 design
Target DLT=0.25

Last dose determination Decision chart for Recommended Dose (RD)

LDE is the last dose at which there was a dose
escalation. If LDE is the highest dose, then the last
dose is LD=LDE. Otherwise, LD=LDE+1

LDE is not the highest dose

Enroll 45 patients at LD
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Is the last dose, LD the last dose, LD 15/45 DLTs at LD
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= 16/45 DLTs at LD

Cohort 9 design
Dose escalation chart: target DLT rate=0. 2
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Cohort 9 design
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Last dose determination Decision chart for Recommended Dose (RD)
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