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• Phase I oncology studies use a modified 
Fibonacci escalation with three patients per dose 
level and dose escalation in phase I trials guided 
by dose-limiting toxicity (DLT).

• Previous exploration of oncology study designs 
have focused on Markov processes alone 
(probability-based events) without consideration 
for time dependencies.

• Barriers to study completion include time delays 
associated with patient accrual and inevaluability
(IE), DLT, and data submission and review. 

• Discrete event simulation (DES) incorporates 
probability-based assignment of DLT and IE 
frequency and decision logic on time to event. 

• Metrics for comparison of various dose escalation 
rules include: # subjects to complete trial, time to 
complete trial (define MTD), and #DLT/trial. 

Objectives
1. To develop a simulation model to evaluate clinical 

performance metrics of event-based decision rules 
typically used in pediatric oncology.

2. To investigate study characteristics and features 
detrimental to study efficiency and propose designs 
which offer benefit with respect to time-based and 
exposure-based performance metrics

Figure 1: Study level events

Results

Figure 7: Comparison of simulated study progression.

Table 2: Simulation parameter scenarios

• A DES approach to event-driven study designs 
allows consideration of time-based metrics as 
opposed to Markov-based approaches which 
typically focus only on event-based outcomes.

• Our SAS-based solution separates the generation 
of study population pools from design logic; the 
pediatric oncology case study agrees well with 
historical data.

• We anticipate using this approach to examine 
design dependencies for the determination of 
pediatric MTD and ultimately to redesign phase I 
conduct with the intention of reducing study 
duration, bringing new agents to patients faster.

• Using DES, we found that the rolling six method 
has the potential to significantly decrease the 
duration of pediatric phase 1 studies.

Figure 5: Design checks for study simulation

Population
Simulation

Alignment with
historical data

Decision rule
Logic

Summarize
Performance

Cohort Initiated

Enrollment

Study Progression

Escalate De-escalate TerminateExpand (+?)

Study Initiated

ENT: Enrollment Time

Enroll until completer requirement met
–Count # DLT’s

–Count # IE
–Count # Evals
–Check rule logic

Evaluation

Check patient assignment 
• “Decide” variable
TTC: Elapsed time to event (complete)
• Compare ENT and TTC by subject
• Update time counter
Determine if subject can be enrolled

AT: Arrival Time

Open ?
(Open or 
closed to 

enrollment)

Patient screened
(Eligible for study)

Study Open?

YN

Consider another 
study / protocol

Enroll*

Start on Trial

Event

EvaluableInevaluable (IE)

Complete DLT

AT: Arrival Time

ENT: Enrollment Time

SST: Subject Start Time 

TTE: Time to Event 

TTC: Time to Complete 

Patient Queue

Figure 2: Patient level events
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Table 1: Historical priors

N/ANormalTTC, Time to complete:
Sum of ENT, SST and TTE‡

21, 28, 35 daysConstant, study 
constraint (typically 
21 or 28 days) 

TPASS, Time to evaluability (Pass):
Days between start of evaluation and 
designation of patient as evaluable†

0.11, 0.25, 0.05Independent of dose 
cohort

P(IE), Probability of Inevaluability:
Probability that a subject is inevaluable

Cohort start position 
varied 0, 1, or 2 

.02 .05 .1 .3 .50 .75 

.9 .95
P(DLT), Probability of DLT:
Cohorts (0 to 7)

Mean varied: 10, 15, 
21 days

Normal, Mean = 21IET, Inevaluability Time:
Days between start of evaluation and 
designation of patient as inevaluable

Uniform (Mean 20)
Poisson (Mean 10, 
15, 18 and 20 days)

Uniform; Mean = 20
Poisson, Mean = 10, 
15, 18, 20 days

TDLT, Time to DLT:
Days between start of evaluation and the 
occurrence of DLT

Mean varied: 2, 5, 10 
days

Normal, Mean = 2SST, Subject Start Time: 
Days between enrollment and start of 
evaluation

Mean Varied: 5, 20, 
30, 40, 50, 100, 200 
days; variance 1 – 3X

Poisson, Mean = 20ENT, Enrollment Time:
Days between subject arrival or start of 
cohort for first subject* of cohort

Simulation 
Scenarios

Distribution and 
Assumptions

Parameter and Definition

N/ANormalTTC, Time to complete:
Sum of ENT, SST and TTE‡

21, 28, 35 daysConstant, study 
constraint (typically 
21 or 28 days) 

TPASS, Time to evaluability (Pass):
Days between start of evaluation and 
designation of patient as evaluable†

0.11, 0.25, 0.05Independent of dose 
cohort

P(IE), Probability of Inevaluability:
Probability that a subject is inevaluable

Cohort start position 
varied 0, 1, or 2 

.02 .05 .1 .3 .50 .75 

.9 .95
P(DLT), Probability of DLT:
Cohorts (0 to 7)

Mean varied: 10, 15, 
21 days

Normal, Mean = 21IET, Inevaluability Time:
Days between start of evaluation and 
designation of patient as inevaluable

Uniform (Mean 20)
Poisson (Mean 10, 
15, 18 and 20 days)

Uniform; Mean = 20
Poisson, Mean = 10, 
15, 18, 20 days

TDLT, Time to DLT:
Days between start of evaluation and the 
occurrence of DLT

Mean varied: 2, 5, 10 
days

Normal, Mean = 2SST, Subject Start Time: 
Days between enrollment and start of 
evaluation

Mean Varied: 5, 20, 
30, 40, 50, 100, 200 
days; variance 1 – 3X

Poisson, Mean = 20ENT, Enrollment Time:
Days between subject arrival or start of 
cohort for first subject* of cohort

Simulation 
Scenarios

Distribution and 
Assumptions

Parameter and Definition

< 1/6 DLTs after de-escalation< 1/6 DLTs after de-escalationMaximal tolerated dose

After 6th patientAfter 3rd patientSuspension of trial

0/3 DLTs, or 1/6 after expansion
OR

0/5, 0/6 DLTs if no expansion

0/3 DLTs, or 1/6 after expansionCriteria to escalate dose 
cohort

1/3 DLTs only if data from all prior 
subjects are available before subject 
4 enrolls; otherwise continue to 
enroll patients 4, 5 and/or 6 until 1/N 
DLTs, then enroll to 6

1/3 DLTsCriteria to expand from 3 to 6 
subjects

> 2 DLTs> 2 DLTsCriteria to de-escalate dose 
cohort

< 2 DLTs< 2 DLTsCriteria to take third subject

22No. subjects at start of trial

Rolling SixThree-Plus-ThreeCriteria
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OR
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cohort

1/3 DLTs only if data from all prior 
subjects are available before subject 
4 enrolls; otherwise continue to 
enroll patients 4, 5 and/or 6 until 1/N 
DLTs, then enroll to 6

1/3 DLTsCriteria to expand from 3 to 6 
subjects

> 2 DLTs> 2 DLTsCriteria to de-escalate dose 
cohort

< 2 DLTs< 2 DLTsCriteria to take third subject

22No. subjects at start of trial

Rolling SixThree-Plus-ThreeCriteria

Design 
Performance 
Comparison

• Simulate “N” Trials 
• Within each trial, populate “X” cohorts
• Within each cohort, simulate “i” subjects for possible study enrollment
• For each subject, simulate requisite event probabilities and time to event 

based on random sample from target distributions
• Determine actual event outcomes based on comparison of time to event 

metrics (first event to occur is event of record)

Application 
of Design 

Logic

Study
Population
Simulation

• Enrollment status assessed based on study being “open”
• Decision criteria assessed and counted
• Enrollment procedure (# of subjects available for enrollment) assessed and 

modified based on decision criteria
• Cohort progression based on decision criteria (event counting) for cohort 

and/or study being met
• “Waiting time” added at various event milestones
• Time to complete metrics (subjects, cohort, study) assessed

• Compare design proposals via event and time-based metrics
• Chart / project study progression metrics
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• No correlation 
between TTE 
and ENT

• No correlation 
between TTC 
and decision 
(event outcome)

Decide = 1 (DLT)
Decide = 2 (IE)
Decide = 3 (Pass)

Macro STDY

Inputs data for the study in question
Calculates the cumulative study time

Macro D

Calls Macros
B (for initial patient recruitment), 

BB (for patient evaluation),
 F (for de-escalating to the previous 

cohorts) 
or D (escalating to the next cohort)

depending on the condition

Macro E (for 
decision time) and 

Macro Final 
(Summarization)

Next Study

Assigns LIBNAME for input dataset 
and output dataset
Initiates all the macro variables
Creates the dataset for a particular 
study
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Figure 3: Typical study progression

Figure 4: Design logic – SAS code workflow

Table of cohort by DNAME
cohort     DNAME
Frequency‚
Percent  ‚
Row Pct  ‚
Col Pct  ‚DLT-Eval‚Inevalua‚No DLT -‚ Total

‚uable ‚ble ‚ Eval ‚
ƒƒƒƒƒƒƒƒƒˆƒƒƒƒƒƒƒƒˆƒƒƒƒƒƒƒƒˆƒƒƒƒƒƒƒƒˆ

1 ‚ 139 ‚ 800 ‚ 6561 ‚ 7500
‚ 0.23 ‚ 1.33 ‚ 10.94 ‚ 12.50
‚ 1.85 ‚ 10.67 ‚ 87.48 ‚
‚ 0.55 ‚ 16.21 ‚ 22.12 ‚

ƒƒƒƒƒƒƒƒƒˆƒƒƒƒƒƒƒƒˆƒƒƒƒƒƒƒƒˆƒƒƒƒƒƒƒƒˆ
2 ‚ 334 ‚ 803 ‚ 6363 ‚ 7500
‚ 0.56 ‚ 1.34 ‚ 10.61 ‚ 12.50
‚ 4.45 ‚ 10.71 ‚ 84.84 ‚
‚ 1.32 ‚ 16.27 ‚ 21.45 ‚

ƒƒƒƒƒƒƒƒƒˆƒƒƒƒƒƒƒƒˆƒƒƒƒƒƒƒƒˆƒƒƒƒƒƒƒƒˆ
3 ‚ 684 ‚ 737 ‚ 6079 ‚ 7500
‚ 1.14 ‚ 1.23 ‚ 10.13 ‚ 12.50
‚ 9.12 ‚ 9.83 ‚ 81.05 ‚
‚ 2.69 ‚ 14.93 ‚ 20.49 ‚

ƒƒƒƒƒƒƒƒƒˆƒƒƒƒƒƒƒƒˆƒƒƒƒƒƒƒƒˆƒƒƒƒƒƒƒƒˆ
4 ‚ 2130 ‚ 735 ‚ 4635 ‚ 7500
‚ 3.55 ‚ 1.23 ‚ 7.73 ‚ 12.50
‚ 28.40 ‚ 9.80 ‚ 61.80 ‚
‚ 8.39 ‚ 14.89 ‚ 15.62 ‚

ƒƒƒƒƒƒƒƒƒˆƒƒƒƒƒƒƒƒˆƒƒƒƒƒƒƒƒˆƒƒƒƒƒƒƒƒˆ
5 ‚ 3604 ‚ 582 ‚ 3314 ‚ 7500
‚ 6.01 ‚ 0.97 ‚ 5.52 ‚ 12.50
‚ 48.05 ‚ 7.76 ‚ 44.19 ‚
‚ 14.19 ‚ 11.79 ‚ 11.17 ‚

ƒƒƒƒƒƒƒƒƒˆƒƒƒƒƒƒƒƒˆƒƒƒƒƒƒƒƒˆƒƒƒƒƒƒƒƒˆ
6 ‚ 5315 ‚ 463 ‚ 1722 ‚ 7500
‚ 8.86 ‚ 0.77 ‚ 2.87 ‚ 12.50
‚ 70.87 ‚ 6.17 ‚ 22.96 ‚
‚ 20.93 ‚ 9.38 ‚ 5.80 ‚

ƒƒƒƒƒƒƒƒƒˆƒƒƒƒƒƒƒƒˆƒƒƒƒƒƒƒƒˆƒƒƒƒƒƒƒƒˆ
7 ‚ 6409 ‚ 424 ‚ 667 ‚ 7500
‚ 10.68 ‚ 0.71 ‚ 1.11 ‚ 12.50
‚ 85.45 ‚ 5.65 ‚ 8.89 ‚
‚ 25.23 ‚ 8.59 ‚ 2.25 ‚

ƒƒƒƒƒƒƒƒƒˆƒƒƒƒƒƒƒƒˆƒƒƒƒƒƒƒƒˆƒƒƒƒƒƒƒƒˆ
8 ‚ 6784 ‚ 392 ‚ 324 ‚ 7500
‚ 11.31 ‚ 0.65 ‚ 0.54 ‚ 12.50
‚ 90.45 ‚ 5.23 ‚ 4.32 ‚
‚ 26.71 ‚ 7.94 ‚ 1.09 ‚

ƒƒƒƒƒƒƒƒƒˆƒƒƒƒƒƒƒƒˆƒƒƒƒƒƒƒƒˆƒƒƒƒƒƒƒƒˆ
Total       25399     4936    29665    60000

42.33     8.23    49.44   100.00
Statistics for Table of cohort by DNAME

Statistic                     DF       Value      Prob
ƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒ
Chi-Square                    14  29511.5039    <.0001
Likelihood Ratio Chi-Square   14  35056.0231    <.0001
Mantel-Haenszel Chi-Square     1  27795.9363    <.0001
Phi Coefficient                       0.7013
Contingency Coefficient               0.5742
Cramer's V                            0.4959

Sample Size = 60000

• Verification of distributional requirements

• By cohort composition

• Event-rate confirmation
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Impact of sample size on DES study efficiency metrics with 3+3 decision rule*. 
Values reported as arithmetic mean (standard deviation) 
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•Based model parameters used in simulation
•P(DLT)=for cohorts 0 – 7, ENT=20 days; IET=21 days ; P(IE)=0.11; TPASS = 21 days

Table 3: Study design operating characteristics

Three-plus-three design Rolling six design  
Duration 

(days) 
Subjects 
per trial 

DLT per 
trial 

Cohorts per 
trial 

Duration 
(days) 

Subjects 
per trial 

DLT per 
trial 

Cohorts per 
trial 

Inter-patient arrival time*         
5 days 256±69 17±4 3±1 3±1 197±53 20±5 3±1 3±1 
10 days 350±84 17±4 3±1 3±1 294±75 20±5 3±1 3±1 
20 days 538±128 16±4 3±1 3±1 486±121 19±5 3±1 3±1 
100 days 2178±519 16±4 3±1 3±1 2112±502 19±5 3±1 3±1 

Cycle length**          
28 Days 383±94 16±4 3±1 3±1 315±82 20±5 3±1 3±1 
35 Days 432±109 17±4 3±1 3±1 348±89 20±5 3±1 3±1 

Increased inevaluability 
rate (25%) 

404±107 18±4 3±1 3±1 322±81 22±5 3±1 3±1 

Increased risk of DLT at 
starting dose*** 

242±59 12±3 3±1 2±1 185±39 13±2 3±1 2±1 

 

Table 4: Design evaluation simulation results
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•Distribution of number of 
patients per study
•Average inter-patient arrival 
time of 10 days.
•On average there are 3 more 
patients per study using the 
rolling six design.

•Distribution of number of DLTs 
per study.
•Average inter-patient arrival 
time of 10 days.
•No difference between number 
of DLTs between design (N = 3 
patients).

•Distribution of elapsed time to 
complete a given study.
•Average inter-patient arrival 
time of 10 days.
•On average the rolling six 
outperforms the 3+3 by 56 days.

Black bars/solid lines: rolling six design
Grey bars/dashed lines: 3+3 design
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Figure 6: Comparison of primary efficiency metrics.
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Comes into picture only with the 3 PLUS 3 rule.
This macro executes the expansion rule in 3+3 
when one of the 3 patients recruited end up 
with a DLT.

Dataset F_&A, X, 
X2.

G

De-escalation Macro except when Cohort equals 
ZERO. This macro tests whether a particular 
cohort is the MTD cohort and if yes, whether it 
has 6 patients tested.

Dataset F_&A, 
X2_&A. Macro 
variables N, N1, N2, 
N3, N4, D, D1, M

F

Test the recruited patients by calling the 
macros A, C, CC and identifies the event 
associated with the patient and if necessary 
recruits more patient or moves to E if the 
condition is satisfied.

Dataset 
FF_&STUDY,
F_&A

Dataset X2_&A
Macro variables N, 
N1, N2, N3, N4, D, 
D1, M

BB

Creates intermediate datasets like Z2, Y2. 
Recruits upto 6 patients as long as there are not 
more than 2 DLTs. Calls the Macros A, C, CC to 
make the decision and identify the event 
associated with each patient.

Dataset 
FF_&STUDY,
F_&A

Dataset X_&A
Dataset Y2
Macro Variables N, 
N1, N2, N3, N4, D, 
D1, M

B

Copies the Output dataset into the library from 
the WORK directory. 
Calculates the number of DLTs, 
INEVALUABLES, PASS patients.

Datasets 
F_&STUDY, 
FINAL_&STUDY, 
XX_&STUDY

Datasets 
FF_&STUDY, 
MTD_&STUDY

Final

Creates Dataset N from C_&A and calls a 
RANUNI function to calculate the Decision Time 
Creates dataset STIME_&STUDY
Creates dataset MTD_&STUDY if the cohort is 
the MTD

Decision Time SDataset C_&A
Variable EPSD

E

Populates the macro variables D, D1, M whenever 
called.

Macro variables 
D, D1, M

Dataset C_&AC

Macro FunctionOutput Var / 
Dataset

Input Var
/Dataset

Macro 
Name

Comes into picture only with the 3 PLUS 3 rule.
This macro executes the expansion rule in 3+3 
when one of the 3 patients recruited end up 
with a DLT.

Dataset F_&A, X, 
X2.

G

De-escalation Macro except when Cohort equals 
ZERO. This macro tests whether a particular 
cohort is the MTD cohort and if yes, whether it 
has 6 patients tested.

Dataset F_&A, 
X2_&A. Macro 
variables N, N1, N2, 
N3, N4, D, D1, M

F

Test the recruited patients by calling the 
macros A, C, CC and identifies the event 
associated with the patient and if necessary 
recruits more patient or moves to E if the 
condition is satisfied.

Dataset 
FF_&STUDY,
F_&A

Dataset X2_&A
Macro variables N, 
N1, N2, N3, N4, D, 
D1, M

BB

Creates intermediate datasets like Z2, Y2. 
Recruits upto 6 patients as long as there are not 
more than 2 DLTs. Calls the Macros A, C, CC to 
make the decision and identify the event 
associated with each patient.

Dataset 
FF_&STUDY,
F_&A

Dataset X_&A
Dataset Y2
Macro Variables N, 
N1, N2, N3, N4, D, 
D1, M

B

Copies the Output dataset into the library from 
the WORK directory. 
Calculates the number of DLTs, 
INEVALUABLES, PASS patients.

Datasets 
F_&STUDY, 
FINAL_&STUDY, 
XX_&STUDY

Datasets 
FF_&STUDY, 
MTD_&STUDY

Final

Creates Dataset N from C_&A and calls a 
RANUNI function to calculate the Decision Time 
Creates dataset STIME_&STUDY
Creates dataset MTD_&STUDY if the cohort is 
the MTD

Decision Time SDataset C_&A
Variable EPSD

E

Populates the macro variables D, D1, M whenever 
called.

Macro variables 
D, D1, M

Dataset C_&AC

Macro FunctionOutput Var / 
Dataset

Input Var
/Dataset

Macro 
Name

Initializes the macro variables N, N1, N2, N3, N4 
and EPSD to Zero
Creates a dataset Y2 with the last line from the 
current cohort dataset (C_&A)
Populates the Macro variables N (Evaluable
subjects), N1 (DLTs), N2 (Inevaluables), N3 (Pass), 
N4 (unknown), EPSD (Elapsed time) whenever called.

Macro variables N, 
N1, N2, N3, N4, 
EPSD with values

Dataset C_&A
Macro variables N, 
N1, N2, N3, N4, 
EPSD

CC

This macro helps in creating an array for the 
Elapsed times and the Decide Variables for 
comparison with the next incoming subject

Cohort dataset  
(C_&A) with an 
array of Elapsed 
time and Decide 
variables

Current cohort 
dataset (X1) with 
subjects above the 
study time

A

This is the main macro with all the conditions 
relating to the design. This macro performs patient 
recruitment (Macro B), Patient assessment (BB), 
Escalation (D itself), De-escalation (F) depending on 
the design condition.

Dataset X, X2D

Performs based on a DO loop from 1. Declares the 
macro variables A, S, N, N1, N2, N3, N4, EPSD as 
global and initialized their value to zero. Creates 
the study pertinent dataset and calculates the 
cumulative study time for all the cohorts. This 
macro leads to macro D.

Study pertaining 
dataset X and X2.

The sample DatasetSTDY

Macro FunctionOutput Var / 
Dataset

Input Var /DatasetMacro 
Name

Initializes the macro variables N, N1, N2, N3, N4 
and EPSD to Zero
Creates a dataset Y2 with the last line from the 
current cohort dataset (C_&A)
Populates the Macro variables N (Evaluable
subjects), N1 (DLTs), N2 (Inevaluables), N3 (Pass), 
N4 (unknown), EPSD (Elapsed time) whenever called.

Macro variables N, 
N1, N2, N3, N4, 
EPSD with values

Dataset C_&A
Macro variables N, 
N1, N2, N3, N4, 
EPSD

CC

This macro helps in creating an array for the 
Elapsed times and the Decide Variables for 
comparison with the next incoming subject

Cohort dataset  
(C_&A) with an 
array of Elapsed 
time and Decide 
variables

Current cohort 
dataset (X1) with 
subjects above the 
study time

A

This is the main macro with all the conditions 
relating to the design. This macro performs patient 
recruitment (Macro B), Patient assessment (BB), 
Escalation (D itself), De-escalation (F) depending on 
the design condition.

Dataset X, X2D

Performs based on a DO loop from 1. Declares the 
macro variables A, S, N, N1, N2, N3, N4, EPSD as 
global and initialized their value to zero. Creates 
the study pertinent dataset and calculates the 
cumulative study time for all the cohorts. This 
macro leads to macro D.

Study pertaining 
dataset X and X2.

The sample DatasetSTDY

Macro FunctionOutput Var / 
Dataset

Input Var /DatasetMacro 
Name


