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A B S T R A C T

Purpose
The standard design for phase I trials of combined chemotherapy and radiation, which enters
either three or six patients per dose level, has little statistical basis and is subject to opening and
closing because of delayed toxicities that disrupt patient accrual. We compared the operating
characteristics of this standard design and the time-to-event continual reassessment method
(TITE-CRM) for dose-escalation trials of combination chemotherapy and radiation.

Methods
The operating characteristics were determined by Monte Carlo simulation of 60,000 phase I trials.

Results
Compared with the standard trial design, in studies with delayed toxicity (ie, where four or more
patients are expected to enter onto the study during a single previously enrolled patient’s
observation for toxicity), TITE-CRM trials are significantly shorter when toxicity observation times
are long, treat more patients at or above the maximum-tolerated dose, identify the maximum-
tolerated dose (MTD) more accurately, and provide phase II information, but do not expose
patients to significant additional risk. Estimation precision and overdose control of TITE-CRM
increase as the design assumptions more closely resemble the true state of nature, but are
reduced if, for instance, the toxicity of treatment has been grossly underestimated.

Conclusion
Compared with the standard design, if there is any prior knowledge concerning the toxicity profile
of a treatment, TITE-CRM can leverage it to produce more accurate estimates of the MTD and
does not expose patients to significant excess risk, but requires timely communication between
clinical investigators, data managers, and study statisticians.
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INTRODUCTION

A number of alternatives have been proposed to
the standard three-or-six-patients-per-dose para-
digm (3 ! 3 design) for phase I dose-escalation
trials that improve on its efficiency and statistical
validity, including the continual reassessment
method (CRM),1,2 and its variations,3,4 time-to-
event CRM (TITE-CRM),5 accelerated titration,6

up and down,7 overdose control,8 and the isotonic
design.9 The standard 3 ! 3 design is poorly suited
for phase I trials of radiochemotherapy, for which
toxicities such as radiation pneumonitis or
radiation-induced liver disease may occur up to sev-
eral months after treatment. In this case, the 3 ! 3
design, or any design that requires all patients to
have completed observation for toxicity, is subject to
openings and closings as patients present after a dose
level potentially has filled, but before sufficient time

has elapsed to be certain that treatment has not pro-
duced dose-limiting toxicity (DLT).10,11

We were interested in a dose-escalation design
that did not require the trial to be closed to accrual
while patients were observed, and provided a statis-
tically valid assessment of the maximum-tolerated
dose (MTD), but did not expose patients to unnec-
essary risk. TITE-CRM, a variant of the original
CRM paradigm, is open to accrual continually, thus
fulfilling the first of our requirements. Indeed, we
have completed a clinical trial of combination gem-
citabine, cisplatin, and radiation to treat patients
with pancreatic cancer using the TITE-CRM para-
digm, thereby demonstrating the feasibility of the
TITE-CRM design.12 Like CRM, TITE-CRM seeks
to determine the target dose, defined as the dose
most closely identified with the target rate, which is
the largest acceptable probability of toxicity, deter-
mined a priori by the investigators based on the
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relative costs and benefits of the treatment (typically between 5% and
25%). As the trial progresses and patients do or do not experience
toxicities at different doses, the estimates of probability of toxicity are
recalculated using a Bayesian expectation, and subsequent patients
are assigned to doses under the principle to always treat at the
target dose (which can be modified, if necessary, to address the
concerns of review boards).

We hypothesized that, in addition to permitting more consistent
accrual than the 3 ! 3 design, TITE-CRM would provide a better
estimate of the MTD, but without a significant increase in risk. In this
report, we present Monte Carlo simulations of clinical trials that
demonstrate the superior properties of the TITE-CRM algorithm in
terms of efficient and ethical use of scarce patient resources and im-
proved characterization of the dose-toxicity relationship. We show
that TITE-CRM selects the correct dose more often that the 3 ! 3
design. Furthermore, for treatments with late-onset toxicity, TITE-
CRM is significantly more efficient than either the 3 ! 3 or the
standard CRM design, and it achieves this efficiency without a signif-
icant increase in observed toxicity.

METHODS
We describe the TITE-CRM paradigm as used in the simulations and the
overall structure of the Monte Carlo experiment.

Fig 1. Duration of simulated trials. The box plots are skeletal; the lower and upper boundaries of the box represent the first and third quartiles, respectively; the middle
line indicates the median, (!) denotes mean, and the vertical lines are drawn to the minimum and maximum values. The numbers on the horizontal axis indicate the
ratio of the observation period to the mean patient interarrival time. 3 ! 3, standard dose escalation design; TITE-CRM, time-to-event continual reassessment method.

Table 1. Probabilities of Toxicity in Simulations

Dose

Risk Model

1 2 3 4

1 .01 .01 .01 .01
2 .04 .05 .05 .04
3 .07 .10 .10 .07
4 .10 .20 .14 .10
5 .15 .32 .20 .50
6 .20 .50 .26 .70
7 .25 .70 .34 .90

NOTE. All TITE-CRM trials initially assumed risk model 1 as the true state
of nature.
Abbreviation: TITE-CRM, time-to-event continual reassessment method.
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Phase I Algorithms
The 3 ! 3 design was implemented according to the rules summarized

by Storer.7 Where possible, shortcuts that would be used in a real trial were
employed (eg, once two patients had experienced toxicity at a given dose, no
additional patients were enrolled at that dose, but the next available patient was
immediately assigned to the next lower dose, unless six patients had already
been tested at that dose).

The TITE-CRM was implemented as described by Cheung and Chap-
pell5 and Muller et al.12 The acceptable frequency of toxicity (target rate) was
set at 0.20. A logistic dose-toxicity model was used1-4:

!"d;")#e3!"d/(1! e3!"d)

where d is the relabeled dose [eg, if P # .10, then d equals $5.197, given that
!($5.197;1) # 0.10], and " is the estimand, the dose-toxicity parameter. For
each simulated trial, following the standard CRM practice described by
O’Quigley et al1 and Cheung and Chappell,5 the estimate of " was initially
set to 1, and the doses were relabeled so that the model fit the initial
estimates of toxicity.

In this experiment, the investigators’ initial estimates are always equal to
column 1 in Table 1, so that the investigators’ estimates are correct for risk
model 1 and wrong in different degrees for the other risk models. In Bayesian

estimation (used by the CRM algorithms), in addition to an initial estimate,
each parameter is associated by a prior distribution, which expresses the
researchers’ belief in the quality of the initial estimate. As the trial progresses,
this prior distribution is combined mathematically with the observed data to
yield the posterior distribution of the parameter, from which, in this case,
estimates of " are derived. We used a normal prior distribution for " with
mean equal to 1 and standard deviation of either # # 0.1 or # # 0.3. The prior
distribution determines the responsiveness of CRM to the accumulated data: #
# 0.1 will result in a stiff estimator, where the toxicity probability estimates will
remain close to the initial estimates unless significant data otherwise accrues,
whereas # # 0.3 will tend to be more immediately responsive to data, for
instance, reducing the target dose faster when a toxicity is observed. As in all
TITE-CRM trials, whenever a patient presented for enrollment, the estimate of
" was determined from a weighted likelihood,5 using weights uniform over the
observation period for that trial; all previously enrolled patients who had
experienced toxicity before the new patient’s enrollment or had completed the
observation period without toxicity were assigned weights of 1; otherwise, they
were assigned weights equal to the proportion of the observation period they
had completed.

Thirty-six patients were enrolled onto each TITE-CRM trial, which is a
typical sample size. In both 3 ! 3 and TITE-CRM trials, the first patient was

Fig 2. Number of patients untreated, equal to the number of patients who arrived before the final enrolled patient, but could not be treated because cohorts were
under observation. Time-to-event continual reassessment method (TITE-CRM) trials can enroll patients at any time, so their values are uniformly equal to zero. The box
plots are skeletal; the lower and upper boundaries of the box represent the first and third quartiles, respectively; the middle line indicates the median, (!) denotes mean,
and the vertical lines are drawn to the minimum and maximum values. The numbers on the horizontal axis indicate the ratio of the observation period to the mean
patient interarrival time. 3!3, standard dose escalation design.
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assigned to dose 1. In the TITE-CRM trials, dose escalation was restricted to
one dose between adjacent patients, but dose de-escalation was unrestricted.
Escalation was not allowed until at least one patient had completed the
observation period at the previous dose without experiencing toxicity.
These rules, which are not inherent in the TITE-CRM paradigm, are
conservative, but common in dose-escalation trials, and their implications
are explored in the Discussion.

Monte Carlo Experiment
We assumed the objective of each simulated phase I trial was to test seven

dose levels to determine the MTD, or, in CRM terminology, the target dose.
The simulation experiment is arranged in a 4 % 5 factorial design, with five
observation periods (10 to 50 days in increments of 10 days) and four popu-
lation dose-toxicity patterns (Table 1). The five observation periods represent
trial designs for increasingly delayed toxicities. The units of the observation
periods, and the exact numbers of days, were chosen arbitrarily for ease of
presentation; the ratio of the observation period to the mean patient interar-
rival time (O/I ratio) determines the relative efficiencies of the TITE-CRM and
the 3 ! 3 designs, and the probability that previously enrolled patients will not
have completed observation when a new patient presents for enrollment. In
our chemoradiotherapy trials, O/I ratios of 2 to 3 are common, and have run as

high as 12. The four risk models describe the true relationship between dose
and toxicity. Risk model 1 has a gradual increase in toxicity with dose; risk
model 2 has an abrupt jump after dose 3 and high toxicity at doses 5 through 7;
risk model 3 displays a gradual increase in toxicity, but higher than is initially
assumed; and risk model 4 has an extreme jump in toxicity over the MTD after
dose 4. Risk model 1 is representative of a situation in which there is some
experience with the treatment or its components, and the doses selected are
close to the true MTD.

Each of the 20 design cells has 1,000 replicated sets of patient data. Both
3 ! 3 and TITE-CRM trials drew from the same pool of 90 potential patients
with interarrival times uniformly distributed between 1 and 19 days, for a
mean interarrival time of 10 days. A patient was assigned to a trial if it was open
for accrual when the patient arrived; given that the TITE-CRM trial was always
open to accrual, it always drew the first 36 patients in the set, whereas the 3 !
3 trials accepted patients only as the algorithm permitted.

Each patient’s response was either toxicity or no toxicity, where the
dose-specific probability of toxicity is presented in Table 1. If a patient’s
response was toxicity, the time to observed toxicity was drawn uniformly
between 1 day and the length of the observation period of the design cell. If a
patient’s response was no toxicity, that response became available at the end of
the observation period.

Fig 3. Number of patients treated at or above the selected maximum-tolerated dose (MTD). The box plots are skeletal; the lower and upper boundaries of the box
represent the first and third quartiles, respectively; the middle line indicates the median, (!) denotes mean, and the vertical lines are drawn to the minimum and
maximum values. The numbers on the horizontal axis indicate the ratio of the observation period to the mean patient interarrival time. 3 ! 3, standard dose escalation
design; TITE-CRM, time-to-event continual reassessment method.
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All simulations were performed using SAS Version 9.1 (SAS Institute,
Cary, NC), using its random number generators, RANBIN and RANUNI.

RESULTS

Efficiency
All TITE-CRM trials accrued 36 patients; 3 ! 3 trials accrued a

median of 24 patients under risk models 1 and 3, and 21 patients under
risk models 2 and 4. Figure 1 demonstrates that, as the O/I ratio
increases above 3, durations of TITE-CRM trials are reduced com-
pared with 3 ! 3 trials. Figure 2 displays the number of patients who
arrive while the trials are closed to accrual and are therefore unavail-
able for analysis. The number of patients who cannot be enrolled onto
3 ! 3 trials increases linearly with the O/I ratio to more than the total
number of patients enrolled onto a trial. TITE-CRM trials are always
open for enrollment. Figure 3 demonstrates the numbers of patients

treated at or above the MTD, who could be used in an efficacy analysis.
For low O/I ratios, the numbers of patients available are equivalent to
that of an early, single-arm, phase II efficacy trial.

Identification of MTD
There are significant differences between the TITE-CRM and 3!

3 designs in the estimation of the recommended dose (Fig 4). In risk
model 1, the true target dose, dose 6, is identified as the target dose in
half of the trials by the TITE-CRM with # # 0.1, and one third of the
trials when # # 0.3; in both TITE-CRM cases, the next lowest dose is
chosen in 40% of the trials; the advantage of the tighter prior distribu-
tion on " when the model is correct is demonstrated clearly. When the
toxicity increases gradually with dose (risk models 1 and 3), the 3 ! 3
design is almost uninformative. When using # # 0.3, TITE-CRM
behaves similarly to the 3 ! 3 design in risk model 3, and dose 7 [true
P(DLT) # .34] is chosen in 15% of the trials, as opposed to 10%
chosen by the 3 ! 3 design. The 3 ! 3 design is more robust when

Fig 4. Proportions of trials that select the dose indicated on the horizontal axis to be the maximum-tolerated dose (MTD; or target) dose. The true target dose for each
risk model is indicated by the shading. The five bars over each dose indicate the increasing (from 1 to 5) ratio of the observation period to the mean patient interarrival
time (O/I ratio). The inset graph indicates the true dose-toxicity function for each risk model, where the horizontal line indicates the target rate of 0.20. TITE-CRM,
time-to-event continual reassessment method.
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sudden increases in the true probability of toxicity are present. In risk
model 2 (using # # 0.1) the prior estimates are overweighted, and
cause TITE-CRM to choose dose 5 [P(DLT) # .32] in between 25%
and 45% of the trials, as opposed to 25%, irrespective of the O/I ratio,
by the 3 ! 3 design and TITE-CRM using # # 0.3. All of the methods
are actually more accurate when the jump in toxicity is extreme (risk
model 4), given that toxicities are highly likely to occur in three or
more patients at dose 5 [P(DLT) # .5], causing all of the algorithms
to avoid testing that and higher doses. The TITE-CRM method is
most susceptible to underestimation of toxicity when there are
jumps in the dose-toxicity function and the O/I ratio is high.

Overdose Control
The proportions of patients who are treated above the true MTD

and experience toxicity are shown in Figure 5. In risk models 1 and 3,
where the assumed model is correct, or nearly so, using TITE-CRM
the tight prior distribution (# # 0.1) results in toxicity no greater than
that of the 3 ! 3 design (significantly less in risk model 1). Decreasing
excess toxicity associated with increasing O/I ratio when using the
looser prior distribution (# # 0.3) is caused by the escalation con-

straint; starting at dose 1, when the observation period is long, TITE-
CRM takes a long time to get to the target dose, which reduces toxicity
but adversely affects estimation, as seen in Figure 4. The trade-off is
reversed in risk models 2 and 4, where the stiffer prior distribution
causes overallocation to higher doses, and a median toxicity index
50% higher for TITE-CRM than for 3 ! 3. TITE-CRM produced
uniformly less excess toxicity, relative to the estimated MTD and
normalized to the total number of patients treated, than 3 ! 3 (not
shown) in all risk models, irrespective of the I/O ratio and prior
distribution employed.

DISCUSSION

CRM and TITE-CRM trials generally recruit between 24 and 36 par-
ticipants.13 We did not vary the sample size in our Monte Carlo
experiment in the interests of simplicity of presentation, but, when
designing a TITE-CRM trial, the effect of the sample size on the
operating characteristics should be determined by simulation. Larger

Fig 5. The number of toxicities occurring in patients treated above the true target dose (indicated in Fig 4), normalized by the total number of patients enrolled. The
box plots are skeletal; the lower and upper boundaries of the box represent the first and third quartiles, respectively; the middle line indicates the median, (!) denotes
mean, and the vertical lines are drawn to the minimum and maximum values. The numbers on the horizontal axis indicate the ratio of the observation period to the
mean patient interarrival time. MTD, maximum-tolerated dose; 3 ! 3, standard dose escalation design; TITE-CRM, time-to-event continual reassessment method.
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sample sizes are associated with smaller credible intervals around the
estimate of the dose-toxicity parameter " and its functions, resulting
in better estimates of the true toxicity probabilities, especially close to
the target dose. We consider TITE-CRM trials as phase I/II designs
with an improved dose-selection phase; given that TITE-CRM con-
centrates most of the accrual around the target dose, early estimates of
efficacy are possible. The phase II segment of a phase I/II design is
sometimes used to augment the phase I segment trial with a 3 ! 3
design, but the poor dose-selection characteristics of the phase I com-
ponent make it likely that the phase II cohort will be treated at the
wrong dose; efforts to further adjust the dose in the phase II cohort
results in a design that, essentially, is CRM.

We found that the TITE-CRM design produces statistically
sound estimates of the MTD that are closer to the truth than the
estimates from the 3 ! 3 design when the doses were well chosen, as in
risk models 1 and 3. When the doses were too widely spaced (risk
models 2 and 4), causing large increases in toxicity between adjacent
doses, the advantage of the TITE-CRM trials was reduced, leading to
possibility of an excessively high target dose, especially if the prior
distribution is too tight. This possibility can be reduced by increasing
the number of dose levels, increasing the sample size, and relaxing the
prior distribution on ". Conversely, when the increase in risk is grad-
ual, the 3 ! 3 design has an increased likelihood of choosing a dose
that is too low, leading to reduced efficacy in subsequent phase II trials.
The operating characteristics of any dose-escalation trial design
should be evaluated carefully by simulation if the possibility of abrupt
increases in toxicity is significant.

CRM and TITE-CRM trials treat more patients at doses closer to
the finally selected dose (Fig 3). Therefore, more patients are likely to
be treated at therapeutically effective doses, and more information is
obtained about the toxicity at doses that subsequent patients are likely
to receive. The lower number of patients treated at or above the MTD
in trials with higher O/I ratios are a result of starting the trial at dose 1,
and the delayed dose-escalation constraint, both of which violate the
CRM paradigm of always treating at the target dose. Although the 3 !

3 trials appear to achieve lower toxicity under risk models 2 and 4, they
do so at the cost of reduced information about where the true MTD is,
thereby delaying the observed risk to subsequent efficacy trials. Statis-
tical characteristics of TITE-CRM trials could be improved further by
starting trials at higher doses and relaxing dose-escalation constraints
that are not inherent to the paradigm.

These findings are consistent with our experiences with 3 ! 3
designs for chemoradiotherapy studies. For instance, we carried out a
phase I radiation dose escalation trial with fixed full-dose gemcitabine
(1,000 mg/m2). We ultimately required 37 patients to evaluate seven
dose levels, which took us more than 2.5 years to complete.14 Similarly,
a trial by Akerley et al15 required 26 patients and six dose levels during
2 years to establish the MTD for combining paclitaxel with radiation
for the treatment of patients with locally advanced lung cancer. In
both of these trials, the great majority of the patients were treated using
doses of either radiation14 or chemotherapy15 well below that which
were ultimately determined to be the proper phase II dose. These
practical examples demonstrate some of the difficulties and inadequa-
cies of the 3 ! 3 models for chemoradiotherapy trials, and encourage
exploration of more efficient algorithms such as TITE-CRM, which
are able to generate both toxicity and response data and treat the
majority of patients at or near the target dose.12

Many clinical researchers have been hesitant to use TITE-CRM
or other newer phase I designs because of discomfort with Bayesian
methods, fear that the design is less safe than the standard approach,
and the added burden of convincing oversight committees of the
validity of a new approach. We have demonstrated in practice that
clinical investigators can be acclimatized to Bayesian methods, that
TITE-CRM design does not put patients at significant excess risk, and
that oversight committees will accept Bayesian designs if they are
explained in detail. We believe that the benefit to patients of defining
more accurately and efficiently the appropriate doses for chemoradio-
therapy, and of administering these doses to a higher fraction of
patients within the trial, more than outweigh these concerns.
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