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We present a Phase I dose escalation trial design based on amodified continual reassessmentmethod that allows
for sharing of information between populations. We describe our approach in the context of a trial for patients
with acute lymphoblastic leukemia (ALL) that is currently being conducted. The ALL trial enrolls both adult
and pediatric patient populations. Dose escalation and the determination of the maximum tolerated dose
(MTD) are performed separately for each population, but to increase efficiency, information about the dose–
toxicity curve is shared. Dose escalation rules allow pediatric patients to skip dose levels provided safety has
been shown in adults and the dose level is estimated to be safe for pediatric patients. Trial objectives are to effi-
ciently determine the MTD for each population and to minimize the number of pediatric patients required for
dose escalation.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

The maximum tolerated dose (MTD) determined in a Phase 1 study
is partly dependent on the characteristics of the patients enrolled. The
dose–toxicity relationshipmay vary by population, defined for example
by age or prior extent of treatment, yet this variability is rarely explored
in Phase 1 studies. Trials that enroll a heterogeneous patient population
may estimate the dose–toxicity relationship for the overall population,
but may not accurately estimate the MTD for particularly low- or
high-risk subgroups [1,2]. Sample sizes tend to be small, particularly at
dose levels below the MTD, and so post hoc analyses of toxicity by pa-
tient or disease characteristics are limited. On the other hand, Phase I
trials in a targeted population do not capture the expected toxicity for
other populations that may receive the drug in the future [3,4].

Conducting a series of Phase I trials across different targeted patient
populations to determine an MTD for each is not efficient, as this ap-
proach ignores the fact that the dose–toxicity relationship in one popula-
tion provides information about the dose–toxicity relationship in another
population [5,6]. In addition, somediseases are rare and it is not feasible to
enroll a separate Phase I trial. In this situation, data available from one
population may dictate the MTD for a more rare population. A middle

ground is to enroll multiple patient populations in the same trial and
allow for sharing of information [5].

Including the pediatric patient population in Phase 1 studies during
drug development is particularly challenging [7–12]. Historically, the
schedule of administration andMTD determined for adults has been ex-
trapolated to pediatric patients based onweight or body surface area [7,
13,14]. Yet, the pediatric population differs also in pharmacokinetics
and metabolism, generally resulting in greater tolerance than adults
[7,13,15]. For pediatric diseases, the FDA and EMA have both encour-
aged earlier testing in the pediatric population [9,12,16], however, due
to logistical challenges as well as the rarity of pediatric oncology pa-
tients, enrollment in independent dose escalation studies may not be
feasible.

We present a Phase I dose escalation trial design for both adult and
pediatric patients in oncology. The primary objective is to determine
the MTD for each patient population. We jointly model the dose–toxic-
ity relationship between adults andpediatrics in order to share informa-
tion between the two populations. Dose escalation rules allow pediatric
patients to skip dose levels when safety has been demonstrated in the
adult population. This trial allows open enrollment such that patients
may be enrolled as they become available rather than enrolling in dos-
ing cohorts. Finally, the trial is continuouslymonitored for safety and for
early success in characterizing the MTD.

This trial was designed to enroll adult and pediatric patients with
acute lymphoblastic leukemia (ALL). Therefore, we present the design
in this context. We describe a single simulated trial as an example of
the behavior of the design and then summarize the trial's operating
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characteristics. We compare our design to a CRM conducted in each
population independently.

2. Methods

This trial includes 7 dose levels. The maximum sample size is 60 pa-
tients including 35 adult and 25 pediatric patients. Dose limiting toxic-
ities (DLTs) are assessed throughout the first 3-week cycle of therapy.
We assume that adults will be accrued at the rate of 3 patients per
month and that pediatric patients will be accrued at the rate of 1 patient
per month.

Dose escalation is conducted according to a modified CRM [17,18].
The CRM jointly models both adult and pediatric populations [1,2]. As
each patient's DLT status becomes known (yes/no), the distributions
of all parameters in the CRM, those for adult and pediatric populations,
are updated. The next dose level is assigned for each population based
on the posterior probability of DLT at each dose level. We further cus-
tomize the CRM with enrollment and dose escalation rules.

2.1. Dose–toxicity model

Dose levels are the same for both populations. Pediatric patients are
expected to have lower levels of toxicity at each dose level as compared
to adults but the shape (i.e. slope) of the dose–toxicity curve is expected
to be the same [10,19]. Therefore, the dose–toxicity model assumes a
common slope between adults and pediatrics, but allows for a different
intercept. For each dose d=1,…,7 the probability of a dose limiting tox-
icity (DLT) is πd. We model the log odds of πd,

θd ¼ log
πd

1−πd

� �

in the adult population with a two parameter model,

θd ¼ α þ βd:

The pediatric population is modeled with an additive effect in the
intercept as

θd ¼ α þ αped
� �þ βd:

We place the following independent prior distributions on the
parameters

α � N −3; 12
� �

αped � N 0; 12
� �

β � N 0:5; 0:22
� �

:

The prior for thepediatric intercept term is centered at 0, and so does
not assume that the shift will be either positive or negative. In addition
to the above priors, we use “pseudo-prior”weighting to impose the ap-
propriate weight in the prior distribution.We assume ½ an observation
on the highest and lowest dose levels, with 0 DLTs on the lowest dose
level and ½ DLT on the highest dose level.

2.2. Interim monitoring

Each population is continuouslymonitored for safety and for success
in characterizing the MTD. Monitoring is performed independently in
each population. Thus, dose escalation in one population may be
stoppedwhile it continues in the other. If dose escalation in a population
is not stopped for either safety or success in identifying the MTD it will
continue to enroll to the maximum sample size.

A dose level is considered safe if there is at least a 50% probability
that the DLT rate is less than 30%,

Pr πdb30%ð ÞN50%:

Safety is monitored continuously and patients may never be
assigned to a dose level that is unsafe by this definition. If no dose levels
are safe, dose escalation for that populationwill stop and noMTDwill be
declared. Formally if

Pr πdb30%ð Þb50% for all d ¼ 1;…;7:

Wedefine theMTD as the highest safe dose, where safe is defined as
above. Dose escalation may be stopped early when the MTD has been
sufficiently characterized [18]. We define this with two conditions.
First, a minimum number of patients must be treated at or around the
MTD. In the adult population, at least 8 patients must be treated at the
MTD and at least 20 patients treated within one dose level (lower or
higher) of the MTD. In the pediatric population, at least 5 patients
must be treated at the MTD and at least 10 patients treated within one
dose level of the MTD.

The second condition is to ensure that the selection of the MTD is
robust and that a higher dose level should not still be considered. For
this, we assume three additional hypothetical patients treated at the
currentMTDwith no DLT. If, with this additional information, an update
of the CRM would not recommend escalation, the MTD is considered
well characterized.

2.3. Rules governing dose escalation

We customize the dose escalation recommended by the underlying
dose–toxicity model with additional rules to ensure patient safety. In
either population, no patients may be assigned to dose levels that are
considered unsafe. Additionally, a minimum amount of observed DLT
information at each dose level is required to escalate to the next higher
level. Specifically, at the lower dose levels (1 to 3) complete DLT infor-
mation from at least 2 patients is required prior to escalation, and at
the higher dose levels (4 to 6) complete DLT information is required
from at least 3 patients.

The adult population may escalate as described above and no dose
levels may be skipped. However, for the pediatric population, escalation
may occur based on information from patients enrolled in either popula-
tion. Pediatric dose escalation can proceed as described for adults above
based on information observed only within the pediatric population. Al-
ternatively, the pediatric populationmay escalate to a higher dose, possi-
bly skipping dose levels. This is allowed when there is complete DLT
information from at least two adults at that dose level and the dose
level above, and both are considered safe for adults.

2.4. Rules governing enrollment

The trialmust beginwith enrollment of adult patients to dose level 1.
The ALL trial is the first time the compound will be given to humans;
therefore, to proceed cautiously, the first 6 adult patients are enrolled
in cohorts of 2 such that complete DLT information must be available
on each cohort before the next patient can be enrolled. After these
first 6 patients, there is open enrollment into the study such that pa-
tients can be enrolled as they become available.

Open enrollment has advantages over cohort enrollment in that no
pause is required while DLT information is collected on all patients in
the cohort. This may shorten total trial duration [6,10]. However, if the
speed of accrual is too rapid, lower dose levels could enroll a large num-
ber of patients and themaximum sample size could be reached prior to
observing adequate DLT information to escalate to theMTD. Additional-
ly, rapid enrollment could result in many patients being treated at a
dose level that is later determined to be unsafe. Therefore, to balance
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