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A B S T R A C T

Purpose
To shorten the study conduct timeline of pediatric phase I oncology trials by employing a novel trial
design.

Methods
A comparison of the traditional 3 � 3 patients per cohort, phase I trial design with a novel, rolling
six design was performed by using discrete event simulation. The rolling six design allows for
accrual of two to six patients concurrently onto a dose level based on the number of patients
currently enrolled and evaluable, the number experiencing dose-limiting toxicity (DLT), and the
number still at risk of developing a DLT. Clinical trial simulations (n � 1,000) were based on
historical data and were performed using SAS 9.1.3 (SAS Institute, Cary, NC). Study timelines and
patient numbers were determined for each design, and safety was assessed as a function of the
number of DLTs observed.

Results
In twelve completed historical studies, the median time to study completion was 452 days (range,
220 to 606 days); number of evaluable participants enrolled was 22 (range, 11 to 33), and DLTs
occurring per study was three (range, 0 to 5). In 1,000 study simulations, in which the average time
to new patient accrual was 10 days, the average � standard deviation (SD) time to study
completion was 294 � 75 days for the rolling six design versus 350 � 84 days for the 3 � 3 design,
whereas the number of DLTs per study was the same (average � SD, 3.3 � 1.1 v 3.2 � 1.1 for
the rolling six and 3 � 3 designs, respectively).

Conclusion
The rolling six design may significantly decrease the duration of pediatric phase I studies without
increasing the risk of toxicity. The design will be tested prospectively in upcoming Children’s
Oncology Group phase I trials.

J Clin Oncol 26:190-195. © 2008 by American Society of Clinical Oncology

INTRODUCTION

Thedevelopmenttimelineofnewagents forchildhood
cancer is inherently longer than for adult cancer. Mul-
tiple factors contribute to this, including the need to
begin pediatric evaluation of new agents usually only
after phase I adult trials are completed, the limited
number of pediatric patients eligible for study, and the
lack of pediatric cancer drug development initiatives
undertaken by the pharmaceutical industry.1 Efforts to
shorten the overall timeline have increased during the
past 5 years and have been impacted most notably by
legislative initiatives, including the Best Pharmaceuti-
cals for Children Act. There have not been changes,
however, in the timeline associated with actual phase I
trial conduct for the last 40 years.

Phase I studies in oncology are a critical first
step in the evaluation of novel anticancer agents.2

Adult and pediatric phase I studies are similar, in
that both determine a recommended phase II dose,
often the maximum-tolerated dose (MTD), as their
primary objective and both use dose-limiting toxic-
ity (DLT) as the primary end point. Many adult, and
almost all pediatric, phase I oncology trials use a
modified version of the up-and-down method cre-
ated in 1948 by Dixon and Mood.3 In the traditional
3 � 3, phase I cancer trial design, a minimum of
three participants are studied at each dose level. If
none of these three participants experience a DLT, a
subsequent three participants are enrolled onto the
next highest dose level. If one of three participants at
a dose level experiences a DLT, up to three more
participants are enrolled. When a DLT is observed in
at least two participants in a cohort of three to six,
the MTD is exceeded and an additional three partic-
ipants (up to a total of six) are treated at the next
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lower dose level. The MTD is defined as the dose level at which none or
one of six participants (0% to 17%) experience a DLT, when at least
two of three to six participants (33% to 67%) experience a DLT at the
next highest dose. In the 3 � 3 design, accrual is suspended after
enrollment of each cohort of three patients. When a participant be-
comes inevaluable for toxicity, most commonly because of early dis-
ease progression, the cohort is reopened to a single patient. Key factors
that contribute to the overall timeline of a phase I study include delays
associated with patient accrual, replacement of inevaluable patients,
time to event (ie, DLT), and time associated with data submission and
review.

One of the primary reasons for the original development of the 3
� 3 design was to limit the number of patients exposed to a potentially
toxic or lethal dose of a new drug. Pediatric phase I trials are remark-
ably safe given the high-risk population being studied. In our prior
review,4 we found that, among 1,066 pediatric patients reported from
47 studies, the toxic death rate was 0.5%, which was not different from
that observed in adult phase I trials.5 Given the overall safety profile of
pediatric phase I trials, the extended periods of time that studies are
suspended to accrual, and the observation that the large majority of
dose levels are ultimately expanded to accrue six patients,4 we propose
a design modification for pediatric phase I studies, termed the rolling

six design, that may shorten the timeline of such trials. The rolling six
design allows for accrual of two to six patients concurrently onto a
dose level. Decisions as to which dose level to enroll a patient are based
on the number of patients currently enrolled and evaluable, the num-
ber of patients experiencing DLTs, and the number of patients still at
risk of developing a DLT at the time of new patient entry. We have
compared the performance of the rolling six and 3 � 3 designs by
using discrete event simulation.6-8 Our objectives were to define the
characteristics of a pediatric phase I design that would reduce the
overall time to study completion, to construct a simulation approach
to compare the proposed design with the conventional 3 � 3 design,
and to evaluate the performance of each design under typical clinical
trial conditions.

METHODS

Historical Phase I Data

Retrospective data from a series of 14 completed, Phase I oncology trials
conducted by the Children’s Oncology Group (COG) Phase I and Pilot Con-
sortium between 2000 and 2006 were used to examine study conduct and
timelines. From this series, we selected a subset of completed trials that per-
formed in accordance with the traditional 3 � 3 methodology. Primary end

Table 1. Comparison of Decision Properties for the 3 � 3 v Rolling Six Design

DLT Data

Enrolling Dose Level�

MTD Not Exceeded MTD Exceeded

No. Enrolled No. DLTs No. Without DLT No. With Data Pending 3 � 3 Rolling Six 3 � 3 Rolling Six

2 0, 1 Any Any n n
2 2 0 0 n � 1 n � 1
3 0 0, 1, 2 3, 2, 1 Suspend n
3 0 3 0 n � 1 n � 1
3 1 0, 1 2, 1 Suspend n
3 1 2 0 n n
3 � 2 Any Any n � 1 n � 1
4 0 0, 1, 2 4, 3, 2 — n — n
4 0 3 1 — n n n
4 0 4 0 — n � 1 n n
4 1 0, 1 3, 2 — n — n
4 1 2 1 n n — n
4 1 3 1 n n n n
4 � 2 Any Any n � 1 n � 1 n � 1 n � 1
5 0 0, 1, 2 5, 4, 3 – n – n
5 0 3, 4 2, 1 – n n n
5 0 5 0 – n � 1 n n
5 1 0, 1 4, 3 – n – n
5 1 2 2 n n – n
5 1 3, 4 1, 0 n n n n
5 � 2 Any Any n � 1 n � 1 n � 1 n � 1
6 0 0, 1, 2 6, 5, 4 — Suspend — Suspend
6 0 3, 4 3, 2 — Suspend Suspend Suspend
6 0 5, 6 1, 0 — n � 1 MTD MTD
6 1 0, 1 5, 4 — Suspend — Suspend
6 1 2 3 Suspend Suspend — Suspend
6 1 3, 4 2, 1 Suspend Suspend Suspend Suspend
6 1 5 0 n � 1 n � 1 MTD MTD
6 � 2 Any Any n � 1 n � 1 n � 1 n � 1

NOTE. This table does not take into account inevaluable patients.
Abbreviations: DLT, dose-limiting toxicity; MTD, maximum-tolerated dose.
�n is the current dose level of patients enrolled; n � 1 and n �1 represent dose level escalation and de-escalation, respectively.

Rolling Six Design

www.jco.org 191

Copyright © 2008 by the American Society of Clinical Oncology. All rights reserved. 
68.181.190.163. 

Information downloaded from jco.ascopubs.org and provided by NORRIS MEDICAL LIB on May 27, 2010 from



points for analysis included the time to study completion, the number of
participants per study, the number of DLTs per study, and the MTD dose level.
Secondary end points included the number of participants per dose level, the
number of dose levels per study, and the time to completion of the dose level.
Outcomes included the occurrence of DLTs, becoming inevaluable for toxicity
(IE), or completing a cycle without a DLT or without becoming inevaluable
(termed PASS); outcomes and the time of an event were summarized from
individual patient event records. Additional information collected included
administrative time, which represented time spent per trial not actively re-
cruiting patients because of trial closure or suspension. Descriptive statistics
were generated for the historical studies.

Simulating Patient Populations for Evaluation

For the simulation study, sets of patients were defined based on the
historical phase I data. Nine potential cohorts of fifteen patients each (to allow
for inevaluable patients) were simulated for each of 1,000 trials. From binary
distributions, each patient was randomly assigned a probability of developing
a DLT or of being IE. On the basis of historical data,4 the risk of developing
DLT at dose levels 1 to 9 was set at 5%, 10%, 30%, 50%, 75%, 90%, 95%, 99%,
and 99%, respectively. A dose level of�1, which had a DLT risk of 2%, was also

included for possible dose de-escalation at the starting dose level. Each patient
was also assigned an interpatient arrival time (a chronologic time for a patient
to arrive in the clinic and be eligible for study), an on-study start time, a time to
DLT, a time to inevaluability, and a study evaluation period time without DLT
or IE. The actual event of record was determined by the shortest time to an
event (DLT, IE, or PASS). Arrival times were sampled from a Poisson distri-
bution, whereas on-study start time and the time to inevaluability were sam-
pled from normal distributions. The time to DLT was sampled from a uniform
distribution that centered at 20 days. As the evaluation period (cycle length) is
a study design parameter defined per protocol, it was fixed to a constant 21-,
28-, or 35-day value for each study. Study simulations were generated by using
SAS 9.1.3 (SAS Institute Inc, Cary, NC), and each study run populated a
separate SAS data set. A detailed description of the study simulation and design
logic code and an examination of the sensitivity of the simulation model to
distributional assumptions and simulation sample size considerations will be
published separately.9

To evaluate the effect of changes in interpatient arrival time and the
evaluation period (cycle length) on design comparison, populations of simu-
lated patients were generated for interpatient arrival time distribution means

Table 2. Twelve Completed Children’s Oncology Group Studies Used for Historical Data

Study Agent

No. of Patients
No. of
DLTs

No. of Dose
Levels

Study Duration
(days)

Time Suspended
to Accrual (days)

Average Time to
Complete Level

(days)Evaluable Inevaluable

ADVL0011 TMZ/CCNU 22 2 2 4 528 86 134
ADVL0015 Bortezomib (PS-341; Velcade) 15 3 2 2 281 158 95
ADVL0016 Gefitinib (ZD1839; Iressa) 21 4 2 4 477 347 89
ADVL0018 Hu14.18-IL2 fusion protein 28 1 3 7 563 430 59
ADVL0211 G3139 (Genasense)/Dox/CPM 29 5 4 5 606 378 107
ADVL0212 Depsipeptide 24 7 4 4 539 284 135
ADVL0214 Erlotinib (OSI-774; Tarceva) 22 3 3 5 344 188 78
ADVL0215 Decitabine/Dox/CPM 11 2 2 2 220 147 94
ADVL0311 Pemetrexed (LY231514; Alimta) 33 2 3 8 596 200 61
ADVL0314 Bevacizumab (Avastin) 14 2 0 3 233 87 132
ADVL0316 17-AAG 17 5 0 4 427 181 117
ADVL0415 Oxaliplatin/irinotecan 13 1 5 3 289 178 52

Median 22 3 3 4 452 185 77
Range 11-33 1-7 0-5 2-8 220-606 86-430 33-274

Abbreviations: DLT, dose-limiting toxicity; TMZ, temozolomide; CCNU, lomustine/nitrogen mustard; Dox, doxorubicin; CPM, cyclophosphamide; 17-AAG,
17-allylamino-17-demethoxygeldanamycin.

Table 3. Performance Metrics for 3 � 3 v Rolling Six Design Under Varied Conditions

Condition

3 � 3 Design Rolling Six Design

Duration
(days)

Patients
Per Trial

DLT Per
Trial

Cohorts Per
Trial

Duration
(days)

Patients
Per Trial

DLT Per
Trial

Cohorts Per
Trial

Interpatient arrival time, days� Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
5 256 69 17 4 3.2 1.2 3.1 0.7 197 53 20 5 3.5 1.3 3.3 0.8
10 350 84 17 4 3.2 1.1 3.2 0.7 294 75 20 5 3.3 1.1 3.3 0.8
20 538 128 16 4 3.1 1.0 3.1 0.7 486 121 19 5 3.2 1.0 3.2 1.0
100 2,178 519 16 4 3.1 1.1 3.2 0.7 2,112 502 19 5 3.1 1.0 3.3 0.8

Cycle length, days†
28 383 94 16 4 3.1 1.1 3.1 0.7 315 82 20 5 3.3 1.2 3.3 0.8
35 432 109 17 4 3.2 1.2 3.2 0.7 348 89 20 5 3.5 1.3 3.3 0.8

Increased inevaluability rate of 25% 404 107 18 4 3.1 1.1 3.1 0.7 322 81 22 5 3.3 1.1 3.2 0.7
Increased risk of DLT at starting dose‡ 242 59 12 3 3.2 1.0 2.1 0.3 185 39 13 2 3.3 1.0 2.1 0.4

Abbreviations: DLT, dose-limiting toxicity; SD, standard deviation.
�Cycle length � 21 days.
†Interpatient arrival time average � 10 days.
‡Probability of DLT in first cohort increased from 5% to 30%.
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of 5, 10, 20, and 100 days and for evaluation periods of 21, 28, and 35 days. The
effect of changing inevaluability rates on study timelines was studied by exam-
ining rates that ranged from 0% to 30%. The effect of increased risk of toxicity
was evaluated by shifting the starting dose level to a risk of DLT of 30%. To
verify that the simulated event probability (IE or DLT) conformed to the
design logic, the number of events were summed across trials by using SAS/
Proc Freq (SAS Institute Inc), and the distributions of the time to event
variables (eg, time to DLT, interpatient arrival time) were verified using SAS/

Insight (SAS Institute Inc). The independence of event times and outcomes
were also confirmed for each study simulation.

Comparing Study Design Logic

The performances of the 3 � 3 and rolling six designs were evaluated by
simulating trials with each design that used the simulated study populations.
Both designs were coded in SAS (SAS Institute Inc) with the specific dose level
assignments and with event rates and times for each patient that were derived
from the simulated datasets. Comparison of dose level progression properties
of each design are listed in Table 1. The design logic for both approaches was
based on conditional statements that check to see if a study was open to
accrual. Patients were sequentially sampled from the simulated trials based on
dose level assignment and were added to the evaluated trial population as
follows: in the 3�3 design, three patients were enrolled and were fully assessed
before another patient (up to three more) could enroll. To replicate real-life
events, administrative time was added after the first group of three patients,
during which no patients were enrolled. Dose level escalation or de-escalation
proceeded through traditional up-and-down logic.

In the rolling six design, up to six patients were concurrently enrolled
onto study. Accrual to the study was only suspended when awaiting data from
six patients. Decisions as to whether to enroll a new participant onto the
current, next highest, or next lowest dose level were made based on available
data at the time of new participant enrollment. Dose level assignment was
based on the number of participants currently enrolled in the cohort, the
number of DLTs observed, and the number of participants at risk for develop-
ing a DLT (ie, participants enrolled but who were not yet evaluable for toxic-
ity). For example, when three participants were enrolled onto a dose cohort, if
toxicity data was available for all three when the fourth participant entered and
there were no DLTs, the dose was escalated and the fourth participant was
enrolled to the subsequent dose level. If data was not yet available for one or
more of the first three participants, or if one DLT had been observed, the new
participant was entered at the same dose level. Lastly, if two or more DLTs had
been observed, the dose level was de-escalated. The process was repeated for
participants five and six. In place of suspending accrual after every three
participants, accrual was only suspended when a cohort of six was filled. When
participants were inevaluable for toxicity, they were replaced with the next
available participant if escalation or de-escalation rules had not been fulfilled at
the time the next available participant enrolled onto the study. Because partic-
ipants were assigned an interpatient arrival time, the selection of participants
from simulated participant cohorts was not linear but rather was chronologic;
if the study was not accruing new participants at the time assigned to an
individual, that individual was skipped and the next available participant was
assessed for arrival time, in accordance with real-life study conduct. The same
patients were used for both the rolling six and the 3 � 3 designs in each pair of
1,000 simulated trials (intrasimulation), and separate groups of patients were
used for each new simulation (intersimulation).
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Fig 1. Distribution of elapsed time to completion for 1,000 simulated trials.
Average interpatient arrival times of 5, 10, or 20 days in the A, B, and C panels,
respectively. Data is plotted against a Gaussian fit. (—— with blue bars) rolling six
design; (– – – – with yellow bars) 3 � 3 design.

A

0 10 20 30 40

300

100

200

400

500

N
o.

 o
f S

tu
di

es

No. of Patients

B

0 10 20 30 40

300

100

200

400

500

N
o.

 o
f S

tu
di

es

No. of Patients

C

0 10 20 30 40

300

100

200

400

500

N
o.

 o
f S

tu
di

es

No. of Patients

Fig 2. Distribution of number of patients for 1,000 simulated trials. Average interpatient arrival times of (A) 5, (B) 10, or (C) 20 days. Data are plotted against a Gaussian
fit. (—— with blue bars) rolling six design; (– – – – with yellow bars) 3 � 3 design.
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RESULTS

Historical Phase I Database

Of the 14 COG studies completed, 12 were found to provide
acceptable study characteristics and timeline data for analysis (Table
2). In two of these 12 studies, analysis was limited to cohorts that
followed the traditional 3 � 3 methodology. The total number of
patients in all studies was 249. The median number of patients per
study was 22 (range, 11 to 33), dose levels evaluated were four (range,
2 to 8), and the dose level at which the MTD was defined was three
(range, 1 to 7). Of the 12% of patients (30 of 249) who experienced a
DLT, the median time to DLT was 14 days (range, 0 to 40 days). The
median time to dose level and study completion was 77 days (range, 33
to 274 days) and 452 days (range, 220 to 606 days), respectively. Of
note, studies were suspended to accrual at a median of 185 days (range,
86 to 430 days), which represented more than 50% of total study time.

Simulated Studies: Performance of 3 � 3 Versus

Rolling Six Design

The rolling six design outperformed the 3 � 3 design for key
performance metrics (Table 3). The distribution of elapsed time to
complete 1,000 simulated trials, with mean interpatient arrival times
of 5, 10, or 20 days, uniformly favored the rolling six design (Fig 1). For
an average interpatient arrival time of 10 days—the most commonly
observed interpatient arrival time for studies—the mean � standard
deviation (SD) time to complete a pediatric phase I study was 294�75
days for the rolling six design versus 350�84 days for the 3�3 design.
With the rolling six design, 13%, 52%, 29%, and 2.5% of studies
reached the MTD at dose levels 1, 2, 3, or 4, respectively; with the 3 �
3 design, 12%, 52%, 30%, and 3% of studies reached the MTD at those
dose levels, respectively. On average, the rolling six design enrolled
three more patients per study than the 3 � 3 design (Fig 2) with an
overall mean � SD patient accrual of 20 � 5 and 17 � 4 for the rolling
six and 3 � 3 designs, respectively. Importantly, there was no differ-
ence in the distribution of DLTs between designs (Fig 3); a mean � SD
of 3.3 � 1.1 participants developed a DLT in the rolling six design, and
3.2 � 1.1 participants developed a DLT in the 3 � 3 design.

Changes in Simulation Parameters

Changes in study parameters, including changes in the interpa-
tient arrival time, the probability of a DLT, and the cycle length, did
not change the performance of the rolling six design (Table 3).

Changes in the evaluation period from 21 to 28 or 35 days did not
change the outcome of simulations; in all instances, the rolling six
design outperformed the 3 � 3 design with respect to total study
length. When interpatient arrival time was increased to a mean of 100
days, the rolling six design slightly outperformed the 3 � 3 design. The
impact of increasing the rate of inevaluability was greater with the 3 �
3 design than with the rolling six design; when the rate increased to
30%, the mean � SD time to study completion with the 3 � 3 design
was 98 � 85 days longer than with the rolling six design.

When the probability of a DLT at the starting dose level increased
from 5% to 30%, the rolling six design was favored in terms of elapsed
time to complete the trial (mean � SD, 185 � 39 v 242 � 59 days);
there was no difference in the incidence of DLT, but, as expected, fewer
patients were required per study (mean � SD, 13 � 2 v 12 � 3).

DISCUSSION

By using discrete event simulation, we found that the rolling six
method has the potential to significantly decrease the duration of
pediatric phase I studies. There was a small increase in the total num-
ber of patients enrolled when using the rolling six design (n � 3), but
such an increase is readily acceptable because an experience of 18 to 24
pediatric patients is typical before proceeding to phase II trials. Impor-
tantly, there was no clinically significant increase in the incidence of
DLTs when using the new design.

The primary reason the rolling six design shortens the overall
duration of study conduct is that the number of times a study is
suspended to accrual is significantly decreased compared with the 3 �
3 method. The rolling six design also decreases the likelihood that a
patient who is eligible to enroll onto a pediatric phase I study is unable
to do so because of study suspension to accrual.

The rolling six design performance is not sensitive to key metrics,
such as increases in risk of DLTs or changes in evaluation period. At
the lowest extremes of interpatient arrival times, the rolling six contin-
ued to outperform the 3�3 design; when interpatient arrival time was
zero days, the rolling six study was on average 26 days shorter than the
corresponding 3 � 3 study (data not shown). In studies with a pro-
tracted interval between patient enrollment, which occurs infre-
quently in pediatric phase I solid tumor studies, the rolling six
performs similarly to the 3 � 3 design (Table 3).

A

0 2 4 6 8

300

100

200

400

500

N
o.

 o
f S

tu
di

es

No. of DLTs

B

0 2 4 6  8

300

100

200

400

500

N
o.

 o
f S

tu
di

es

No. of DLTs

C

0 2 4 6 8

300

100

200

400

500

N
o.

 o
f S

tu
di

es

No. of DLTs

Fig 3. Distribution of number of dose-limiting toxicities (DLTs) in 1,000 simulated trials. Average interpatient arrival times of (A) 5, (B) 10, or (C) 20 days. Data are plotted
against a Gaussian fit. (—— with blue bars) rolling six design; (– – – – with yellow bars) 3 � 3 design.
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In adult phase I trials, the most commonly used alternative
method to the traditional 3 � 3 design is the continual reassessment
method (CRM)10 or its modifications,11,12 which attempt to minimize
the number of patients enrolled below a biologically active dose with-
out increasing the number of DLTs. As pediatric trials are conducted
only after completion of adult phase I trials, the potential dose range
studied is far narrower than in adult trials,4 which minimizes the
potential benefit of using a CRM approach to define the pediatric
MTD. A fundamental difference between the rolling six and CRM
methods is that the former is geared towards shortening the duration
of a study and not towards refining the estimate of the MTD.

Our study utilized real-world data to generate simulated popula-
tions of patients. Unlike past studies in adults, which did not include
actual study conduct data,13,14 we derived baseline population metrics
(eg, interpatient arrival time, time to an event, risk of a DLT, risk of IE)
from both a large set of published Phase I pediatric oncology studies,4

and a newer set of 12 recently completed, pediatric phase I studies.
This qualifies our approach and allows a real-time experience with
the simulations that few phase I simulations have shared in the
past.

With an increasing number of new agents entering the clinical
pipeline, the creation of a study design that is less sensitive to changes
in metrics, such as in interpatient arrival time, probability of DLT, and
cycle length, could have a significant impact on pediatric cancer drug

development. Future phase II studies are likely to center on random-
ized phase II selection designs15-17; having several new phase I agents
ready for phase II evaluation in shorter time periods will facilitate the
design and conduct of these studies. We plan to prospectively evaluate
the rolling six design in the upcoming generation of trials conducted
by the COG Phase I and Pilot Consortium.
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