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Abstract

The standard 3+3 or “modified Fibonacci” up-and-down (MF-UD) method of dose
escalation is by far the most used design in dose-finding cancer early trials. MF-UD was
the state-of-the-art in 1971 when it was first used in cancer clinical studies. Since then,
over one hundred methodological papers proposing or evaluating dose escalation designs
have been published and MF-UD has always shown inferior performance when compared
with its competitors regarding maximizing number of patients treated at optimal doses
and minimizing number of patients under or overdosed. A consequence of using less
effective designs is that more patients are treated with doses outside the therapeutic
window. We present a case study where the U S Food and Drug Administration (FDA)
rejected the proposal to use Escalation with Overdose Control (EWOC), an established
dose-finding method which has been extensively used in FDA-approved first in human
trials and imposed a suboptimal design, a variation of the MF-UD, known as accelerated
titration (AT) design. We show through extensive simulation studies that the AT design
has poor operating characteristics relative to two versions of EWOC under several
practical scenarios.
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control, accelerated titration, EWOC

1. Introduction

Clinical trials of new anti-cancer therapies are widespread, critically important tools in
the search for more effective cancer treatments. Cancer trials typically proceed through
several distinct phases. The major objective in dose finding (phase 1) trials is to identify a
working-dose for subsequent studies, whereas the major endpoint in phase Il and Il trials
is treatment efficacy. The dose sought is typically referred to as the maximum tolerated
dose (MTD), and its definition depends on the treatment under investigation, the severity
and reversibility of its side effects, and on clinical attributes of the target patient
population. Specifically, the MTD, 7y, is defined as the dose expected to produce some
degree of medically unacceptable, dose-limiting toxicity (DLT) in a pre-specified
proportion @ of patients [1],

P{DLT | Dose = y}=0 (1)

One of the very few options of patients with advanced cancer refractory to available
treatment is to participate in dose-finding (phase I) oncology trial. Horstmann et al.[2]
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reviewed all non-pediatric phase | oncology trials sponsored by the Cancer Therapy
Evaluation Program at the National Cancer Institute between 1991 and 2002. They
analyzed 460 trials involving 11,935 participants, all of whom were assessed for toxicity
and 10,402 of whom were assessed for a response to therapy. The overall response rate
(i.e., for both complete and partial responses) was 10.6 percent, with considerable
variation among trials. These results demonstrate that it is reasonable to expect a
therapeutic intent from a phase | trial. Thus, to increase the chances that a patient will
benefit from participating in a phase | trial one should improve the design of these trials
so that the number of patients receiving optimal doses is maximized. Consequently, more
patients would be treated with therapeutic doses of promising new agents, and fewer
patients would have to suffer the deleterious effects of toxic doses.

Since there is an ethical motivation to not harm the patient, controlling this risk is a
desirable goal for physician and patients. Escalation with Overdose Control (EWOC)
was the first dose-finding procedure to directly incorporate the ethical constraint of
minimizing the chance of treating patients at unacceptably high doses[3]. Its defining
property is that the expected proportion of patients treated at doses above the MTD is
equal to a specified value a, the feasibility bound. This value is selected by the clinician
and reflects his/her level of concern about overdosing. The method is flexible enough
to allow prior information about the drug from laboratory or animal studies to be
incorporated in the model, makes use of all the information available at the time
of each dose assignment, controls the probability of overdosing patients at each
stage, allows the estimation of the precision of the MTD, is optimally Bayesian
feasible[4], produces a sequence of doses that converges in probability to the
MTDI[4], is coherent[5], and accounts for patients’ pre-treatment characteristics[6-
8]. EWOC can be implemented with the user friendly software EWOC [9, 10] or
WinBUGS [11] for general class of prior distributions[12], or ordinal toxicity
grades[13]. EWOC allows flexible patient enrollment, and conforms with the
ethical goal of maximizing the number of patients receiving optimal doses. At the
time this article was written, we were aware of twenty peer-reviewed articles
describing trials designed with EWOC.

In June 2012 a protocol accompanying the Investigational New Drug (IND) application
“A Phase 1 Clinical and Pharmacokinetic Study of OVI-117 Administered Once Weekly
for Three Consecutive Weeks, with Cycles Repeated Every Four Weeks, to Patients with
Advanced Solid Tumors” designed with EWOC was submitted to the U.S. Food and Drug
Administration (FDA) and was reviewed by Frank H. Cross, Jr., Chief, Project
Management Staff, Division of Oncology Products 1, Office of Hematology and
Oncology Products (OHOP), Center for Drug Evaluation and Research (CDER). The
interaction led to the rejection of EWOC and the imposition of the accelerated titration
(AT) design, which is a variation of the “modified Fibonacci” up-and-down (MF-UD)
method of dose escalation.

The standard 3+3 or MF-UD is by far the most used design in dose-finding cancer early
trials[14]. MF-UD was the state-of-the-art in 1971 when it was first used in cancer
clinical studies. Since then, over one hundred methodological papers proposing or
evaluating dose escalation designs have been published and MF-UD has always shown
inferior performance when compared with its competitors regarding maximizing number
of patients treated at optimal doses and minimizing number of patients under or
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overdosed[14]. AT was first proposed by Storer[15] and popularized by Simon and
colleagues[16].

The goal of this manuscript is to compare the operating characteristics regarding safety

and efficiency between AT and EWOC designs through extensive simulations studies
under several practical scenarios.

2. Simulation Studies

2.1 Models, Responses and General Settings
Let G=0,1,...,4 be the maximum grade of toxicity experienced by a patient by the end of
one cycle of therapy and define DLT as a maximum of grade 3 or 4 toxicity. Let

0if G=0or1l
Y=<1ifG=2 )
2ifG=30r4

The dose-toxicities relationship is modeled by

P(Y = j|x)=F(a, +Bx), j=12, 3)

where F(*) is a known strictly increasing c.d.f. This implies that a, < a;. We assume that
£ > 0so0 that the probability of DLT is an increasing function of dose. Doses are assumed

to be continuous and standardized to the interval [0, 1]. The MTD, y, is defined as the
dose that is expected to produce DLT in a specified proportion 6 of patients:

P(Y =2|x=y)=F(a,+By)=0. 4

We reparameterize model (2) in terms of po, the probability that a DLT manifests within
the first cycle of therapy for a patient given dose x = 0

p, = P(Y=2|x=0), (5)

p1, the probability that a grade 2 or more toxicity manifests within the first cycle of
therapy for a patient given dose x = 0

p, = P(Y >1]| x=0), ©)
and the MTD y. This reparameterization is convenient to clinicians since y is the

parameter of interest, and both p, and p; are easier to interpret in practice. It can be
shown that

al = Fil(pl)’ az = Fil(po) 1

"
=§(F%@—Flw9)
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Five models that specify the dose-toxicities relationship in (3) were used in the
simulation studies to generate responses:

(A) Proportional odds logistic with link function F(w) =1/(1+e™),

(B) Normal link function with shape parameter ¢ = 0.5,

(C) Normal link function with shape parameter with ¢ = 2,

(D) Non-proportional odds with logistic link function used on (A) with p, = 0.126, and
(E) Non-proportional odds with logistic link function used on (A) with p, = 0.02.

For all simulations, the target probability of DLT is set to & = 0.33. Figure 1 shows the
dose-toxicity relationship for P(DLT | dose) on the left hand side and for P(grade 2 or
higher | dose) on the right hand side, for three selected values of true MTD, for five
models considered in the simulation studies.
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Figure 1: Dose-toxicity relationship for P(DLT | dose) on the left hand side and for
P(grade 2 or higher | dose) on the right hand side, for three selected values of true MTD,
for five models considered in the simulation studies: proportional odds logistic (black),
normal with ¢ = 0.5 (red), normal with ¢ = 2 (green), non-proportional odds with p, =
0.126 (blue), and non-proportional odds with p, = 0.02 (magenta). The horizontal dashed
lines represent the target probability of DLT #=0.33 and the vertical lines correspond to
the true values of the MTD .

3278



JSM 2013 - Biometrics Section

Three selected values for the true MTD: {0.1, 0.5, 0.7} combined with three chosen
values for the true p;: {0.2, 0.5, 0.8} produced nine scenarios used in the simulations.
One thousand trials were simulated for each scenario.

The designs compared in the study are described next.

2.2 AT Designs

Two starting doses were selected: 0.01 and 0.1. The AT design comprises two phases. In
the first phase (accelerated phase), only one patient is treated at each dose level and doses
increase at a faster rate than in the second phase. The second phase enrolls three patients
and dose escalation proceeds using the standard MF-UD algorithm. Three sets of dose
increments were chosen:

(1) Double the dose in the accelerated phase and increase by 50% in the MF-UD phase
(recommended by FDA);

(2) Increase by 69% in the accelerated phase and 30% in the MF-UD phase; and

(3) Increase by 96% in the accelerated phase and 40% in the MF-UD phase.

Six versions of AT design were studied by combining two starting doses and three sets of
dose increments. Thus, each version is identified by a vector with three elements

(starting dose, accelerated phase increase rate, MF-UD increase rate) (8

resulting in: (0.01, 2, 1.5), (0.1, 2, 1.5), (0.01, 1.69, 1.3), (0.1, 1.69, 1.3), (0.01, 1.96, 1.4),
and (0.1, 1.96, 1.4).

Each trial starts in the accelerated phase, and the first patient at the starting dose is given
a safe response (grade 0 or 1). The accelerated phase proceeds as follows: the algorithm
checks whether there have been any DLTs or grade 2 toxicities. If there have been no
DLTs and no grade 2 responses then the accelerated phase is continued, the dose is
increased according to the accelerated increment, and a response is simulated at that dose.
If there have been any DLTs or grade 2 toxicities, the accelerated phase is ended, the
dose is kept at the previous dose, and two more patients and responses are simulated at
that dose. This gives three patients at the end of the accelerated phase that were treated at
the dose that gave the first grade 2 or DLT response. The simulation then moves to the
MF-UD phase. If in the accelerated phase the dose becomes larger than 1 and the
previous dose was less than 1, then the maximum dose of 1 is assigned to the next patient
and a response is simulated. If in the accelerated phase the dose becomes larger than 1
and the previous dose was equal to 1, then the trial is ended and no estimated MTD is
assigned.

The MF-UD phase proceeds as follows: the algorithm counts the number of DLTSs in the
previous three patients. There are three cases that follow: 0 DLTs in the last three
patients, 1 DLT, or more than 1 DLT. If there were no DLTs then the dose is increased,
three patients are added at this higher dose and three responses are simulated, unless any
of the following situations are true: there have been patients already treated at this higher
dose, or more than three patients have already been treated at the previous dose. If
patients were already treated at the higher dose then, as long as more than three patients
were treated at the previous dose level, that previous level is the estimated MTD and the
trial ends. If more than three patients have already been treated at the previous dose level,
then that is the estimated MTD and the trial ends. Otherwise three more patients are
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added at the previous dose so that a total of more than three patients are treated at that
level for testing. As in the accelerated phase, if the higher dose is greater than 1 and the
previous dose was less than 1, then the next dose assigned is 1. However if the higher
dose is greater than one and the previous dose was 1, then the trial ends and no estimated
MTD is assigned.

If there was more than 1 DLT in the previous three patients, then the dose is decreased by
the MF-UD increment, three patients are added at this lower dose and three responses are
simulated, unless more than three patients have already been treated at the lower dose
level. If that is the case then the lower dose level is the estimated MTD and the trial ends.
It may be that the doses had increased to 1, in which case the lower dose level may not
match any previous dose levels assigned and more than three patients will have to be
tested at these new dose levels. For example, if the dose increment in the MF-UD phase
were 40%, or 1.4, and the doses escalated as 0.54, 0.75, 1, and there were more than one
DLT at dose level 1, then the next lower dose level would be 0.71 and not 0.75.

If there was 1 DLT in the last three patients, then the dose remains the same as the
previous dose, three patients are added at this dose and three responses are simulated. If
more than three patients have been treated at this dose and the number of DLTs was less
than or equal to 2 then this dose is the estimated MTD and the trial ends.

If no stopping rule has been reached by the time the maximum number of patients have
been added, then the trial ends and no estimated MTD is given.

The maximum number of patients in the AT trial is 62 patients.

2.4 EWOC Designs

Two designs were used: the standard EWOC [3] that follows a binary logistic model and
calculates the recommended dose for the next patient based on the occurrence of DLT
(toxicity grades 3 or 4) or no DLT (toxicity grades O, 1, or 2) response from previous
patients; and an extension of the standard EWOC that uses a proportional odds model
assumption of dose-toxicity relationship (EWOC-PO) and allows information on grade 2
toxicities to be incorporated as well [13]. The sample size for each trial in both versions
of EWOC was fixed at 30. The feasibility bound a was fixed at 0.25 for every trial.

We designed an MCMC sampler based on the Metropolis-Hastings algorithm ([17, 18] to
implement EWOC and EWOC-PO designs. We also used WinBUGS [11] to estimate
features of the posterior distribution of the MTD.

Vague priors for the model parameters were used:

y ~ Unif[0,1]
p,~ Unif[0,0.33] 9)
P, | py~ Unif[p;,1].

Dose levels in the trial are selected in the interval [0, 1]. The adaptive design proceeds as

follows. The first patient receives a dose x; = 0 and a safe response (grade 0 or 1). Denote
by Ik(y) = II(y | Dy) the marginal posterior cdf of the MTD, k = 1,...,n-1. The (k+1)-st

patient receives the dose x, , =TT,"(«) so that the posterior probability of exceeding the
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MTD is equal to the feasibility bound ¢.=0.25. This is the overdose protection property of
EWOC, where at each stage of the design, we seek a dose to allocate to the next patient
while controlling the posterior probability of exposing patients to toxic dose levels. The
trial proceeds until 30 patients are enrolled to the trial. At the end of the trial, we estimate

the MTD as y =11 ' () .

2.5 Efficiency and Safety Comparisons
Simulated trials following AT, EWOC and EWOC-PO designs were compared
according to the average bias,

M
biasave =M - [z% _ytrue} (10)
i=1

and the square root of the estimated mean square error,

M

MSE:Ml[Z(?i_ytrue)zj' (11)

where 7, is the estimate of the MTD at the end of the i-th trial and M is the total

number of simulated trials. In addition, models were compared with respect to the
average proportion of patients exhibiting DLT, the proportion of trials for which
the DLT rate exceeds # + 0.05 = 0.38, the proportion of trials with estimated
MTD within y-0.15y and y+0.15y (referred to as optimal dose), and the proportion
of patients receiving optimal doses. It is important to highlight that, from the
perspective of a patient participating in a dose finding trial, the best design is the
one with the highest proportion of patients receiving optimal doses.

3. Results

Figures 2 and 3 show results of eight types of designs (EWOC, EWOC-PO, and
six versions of AT) simulated under nine scenarios of true MTD and true ps.
Responses were simulated according to the proportional odds logistic model (model
A, section 2.1). Responses for EWOC were generated in the same way as for EWOC-PO
and AT, however the grade 2 toxicities were considered as the same level of response as
the lower grade toxicities, leaving two response levels for DLT or no DLT. It is worth
noting that, for these figures, responses were simulated with the same link function
assumed by EWOC and EWOC-PO designs.

Regarding bias, all designs perform well when the true MTD=0.1. On the other hand,
when the true MTD>0.1, AT designs display higher bias than EWOC and EWOC-PO.
Similarly, YMSE is small for all designs when the true MTD=0.1, while AT designs
display higher YMSE than EWOC and EWOC-PO when the true MTD>0.1. Regarding
the average proportion of patients exhibiting DLT, EWOC and EWOC-PO are uniformly
safe, being on target when the true MTD=0.1 while AT designs tend to be mostly safe,
except when the true MTD=0.1 for three versions with starting dose=0.1; in these
instances the average proportion of patients exhibiting DLT nears 50%. Similar
safety concerns are shown regarding the proportion of trials with DLT rate > 0.38 for
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three AT versions with starting dose=0.1 when the true MTD=0.1. Regarding the
proportion of trials with estimated MTD around the optimal dose, except for AT (0.1,
1.96, 1.4) when the true MTD=0.1, EWOC and EWOC-PO show higher proportions than
AT. It is worth noting that AT (0.1, 1.96, 1.4) had poor safety characteristics. Regarding
the proportion of patients receiving optimal doses, EWOC and EWOC-PO uniformly
display higher proportions than the AT designs.

Figure 3 shows the median of the number of patients per trial for EWOC, EWOC-
PO and AT according to nine scenarios. While the number of patients per EWOC and
EWOC-PO trial was set to 30, the number of patients per AT trial varied considerably.
Considering all AT simulated trials, the overall minimum 5" percentile was 5 patients
and the overall maximum 95" percentile was 52.
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Figure 2: Summary statistics for trial efficiency and safety for EWOC, EWOC-PO and
AT (starting dose, accelerated phase increase rate, MF-UD increase rate) under nine
scenarios. Each symbol represents 1000 simulated trials.
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Figure 3: Median of the number of patients per trial for EWOC, EWOC-PO and AT
(starting dose, accelerated phase increase rate, MF-UD increase rate) under nine
scenarios. Each symbol represents 1000 simulated trials. The number of patients per
EWOC and EWOC-PO trial is set to 30. The maximum number of patients per AT trial is
62 patients.

Figures 4 to 9 show results of AT, EWOC and EWOC-PO designs for different models:
(A) proportional odds logistic, (B) normal with ¢ = 0.5, (C) normal distribution with ¢ =
2, (D) non-proportional odds with po = 0.126, and (E) non-proportional odds with p, =
0.02. In these series, the simulation results of two AT versions: (0.01, 2, 1.5) and (0.1, 2,
1.5) were combined. Also combined were the results of the nine simulation scenarios for
of true MTD and true p;. Therefore, AT summarizes the results of 18,000 trials while
EWOC and EWOC-PO condenses the results of 9,000 trials each. As in the previous
simulations, EWOC and EWOC-PO designs assume a proportional odds model for the
dose-toxicity relationship. Since responses simulated for models B, C, D, and E were
generated by different distributions that these assumed by EWOC and EWOC-PO, they
allow us to assess model robustness.
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Figure 4: Average bias for AT (red), EWOC (green), and EWOC-PO (blue) designs for
different models: (A) proportional odds logistic, (B) normal with ¢ = 0.5, (C) normal
distribution with ¢ = 2, (D) non-proportional odds with po = 0.126, and (E) non-
proportional odds with p, = 0.02.
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Figure 5: Average YMSE for AT (red), EWOC (green), and EWOC-PO (blue) designs
for different models: (A) proportional odds logistic, (B) normal with ¢ = 0.5, (C) normal
distribution with ¢ = 2, (D) non-proportional odds with p, = 0.126, and (E) non-
proportional odds with py = 0.02.
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(blue) designs for different models: (A) proportional odds logistic, (B) normal with ¢ =
0.5, (C) normal distribution with ¢ = 2, (D) non-proportional odds with po = 0.126, and
(E) non-proportional odds with p, = 0.02.
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Figure 7: Proportion of trials with DLT rate above 0.38 (6+0.05) for AT (red), EWOC
(green), and EWOC-PO (blue) designs for different models: (A) proportional odds
logistic, (B) normal with ¢ = 0.5, (C) normal distribution with ¢ = 2, (D) non-proportional
odds with po = 0.126, and (E) non-proportional odds with p, = 0.02.
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Figure 9: Proportion of patients receiving doses within 15% of True MTD for AT (red),
EWOC (green), and EWOC-PO (blue) designs for different models: (A) proportional
odds logistic, (B) normal with ¢ = 0.5, (C) normal distribution with ¢ = 2, (D) non-
proportional odds with py = 0.126, and (E) non-proportional odds with pq = 0.02.
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4. Conclusion

Both EWOC and EWOC-POM designs tend to have smaller absolute bias than the AT
designs, particularly when the true MTD is high. A higher proportion of trials with
estimated MTD within an optimal range of the true MTD was obtained with the EWOC
designs. The EWOC designs also tend to have lower MSE than the AT designs. The
average proportion of DLTs for the AT designs were mostly between 0.1 and 0.25,
although when the starting dose was equal to the true MTD the proportion was much
higher. The EWOC designs targeted a DLT rate of 0.33 and the average proportion of
DLTs in the simulations was usually a bit lower than 0.33, the exception being when the
true MTD was low at 0.1. The proportion of patients receiving doses within 15% of
true MTD (optimal doses) are uniformly higher with EWOC designs even when the
model is misspecified. We conclude that EWOC designs are more efficient in estimating
the MTD than AT designs and are safer under some scenarios.
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