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Abstract

Late-onset toxicity is common for novel molecularly targeted agents and immunotherapy. It causes
major logistic difficulty for existing adaptive phase I trial designs, which require the observance of
toxicity early enough to apply dose escalation rules for new patients. The same logistic difficulty
arises when the accrual is rapid. We propose the time-to-event Bayesian optimal interval (TITE-
BOIN) design to accelerate phase | trials by allowing for real-time dose assignment decisions for
new patients while some enrolled patients’ toxicity data are still pending. Similar to the rolling six
design, the TITE-BOIN dose escalation/de-escalation rule can be tabulated before the trial begins,
making it transparent and simple to implement, but is more flexible in choosing the target DLT
rate and has higher accuracy to identify the maximum tolerated dose (MTD). Compared to the
more complicated model-based time-to-event continuous reassessment method (TITE-CRM), the
TITE-BOIN has comparable accuracy to identify the MTD, but is simpler to implement with
substantially better overdose control. As the TITE-CRM is more aggressive in dose escalation, it is
less likely to underdose patients. When there is no pending data, the TITE-BOIN seamlessly
reduces to the BOIN design. Numerical studies show that the TITE-BOIN design supports
continuous accrual, without sacrificing patient safety nor the accuracy of identifying the MTD, and
therefore has great potential to accelerate early phase drug development.

Introduction

The paradigm for phase I clinical trial design was initially established in the era of cytotoxic

chemotherapies, for which toxicities were often acute and ascertainable in the first cycle of

Corresponding Authors: Ying Yuan, Department of Biostatistics, The University of Texas MD Anderson Cancer Center, 1400
Pressler Street, Houston, TX, 77030, yyuan@mdanderson.org, Phone: 713-563-4271, Fax: 713-563-4243; Daniel Li, Juno
Therapeutics, 400 Dexter Avenue North, Seattle, WA 98109, daniel.li@junotherapeutics.com, Phone: 206-582-1708, Fax:
206-582-1700.

Note: Supplementary data for this article are available at Clinical Cancer Research Online (http://clincancerres.aacrjournals.org/).
Disclaimers: Ying Yuan is a consultant of Juno Therapeutics.
The study has not been presented elsewhere.


http://clincancerres.aacrjournals.org/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yuan et al.

Page 2

therapy. Over the past decade, non-cytotoxic therapies such as molecularly targeted therapies
and immunotherapies have entered the clinic. Toxicity associated with these agents is often
of late onset (1-3), as is that associated with conventional radiochemotherapy, which may
occur several months post-treatment. To account for late-onset toxicity, it is imperative to
use a relatively long toxicity assessment window (e.g., over multiple treatment cycles) to
define the dose-limiting toxicity (DLT) such that all DLTs relevant to the dose escalation and
maximum tolerated dose (MTD) determination are captured. This, however, causes a major
logistic difficulty when conducting phase I trials. For example, if the DLT takes up to 8
weeks to evaluate and the accrual rate is 1 patient/week, on average, five new patients will
be accrued while waiting to evaluate the previous three patients’ outcomes. The question is:
How can new patients receive timely treatment when the previous patients’ outcomes are
pending?

The same difficulty arises with rapid accrual. Suppose that the DLT of a new agent can be
assessed in the first 28-day cycle; if the accrual rate is 8 patients/28 days, then on average,
five new patients will accrue while waiting to evaluate the previous three patients’ outcomes,
and we must determine how to provide them with timely treatment. To quantify the severity
of such logistic difficulty, Jin et al (4) defined the logistic difficulty index (LDI) = accrual
rate x length of the DLT assessment window, where LDI < 1 respresents no or minimal
logistic difficulty as by the time a new patient is accrued, patients accrued previously are
expected to complete their DLT assessment; and a larger value of LDI > 1 means
increasingly severe logistic difficulty to determine a dose for new patients as more patients
are expected to have their DLT data pending.

This logistic difficulty persists throughout the trial and cripples most existing novel adaptive
designs, such as the continuous reassessment method (CRM) (5), escalation with overdose
control (6), the modified toxicity probability interval (mTPI) design (7), Bayesian optimal
interval (BOIN) design (8, 9) and the keyboard design (10). To make real-time decision of
dose assignment, these designs require that the DLT is quickly ascertainable such that by the
time of enrolling the next new cohort of patients, patients previously enrolled have
completed their DLT assessment. If some of the enrolled patients’ DLT data are pending,
these designs have difficulty informing a real-time decision of dose assignment for the new
patients. One possible approach to circumvent this difficulty is to suspend accrual after each
cohort and wait until the DLT data for the already accrued patients have cleared before
enrolling the next new cohort. This approach of repeatedly interrupting accrual, however, is
highly undesirable and often infeasible in practice. It delays treatment for new patients and
slows down the trial.

Several phase | designs have been proposed to allow for continuous accrual and real-time
dose assignment for new patients when some previous patients’ DLT data are still pending
due to late-onset toxicity or rapid accrual. The rolling six (R6) design is a modification of
the 3+3 design that allows for continuous accrual of up to six patients when some of the
patients’ DLT data are pending (11). Specifically, given that 3 to 6 patients have been treated
at the current dose, the R6 enumerates all possible outcomes (i.e., DLT/no DLT/pending)
from these patients, and provides the corresponding decision rule of dose assignment for the
new patients. For example, among 3 patients treated, if one has DLT, one has no DLT, and
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one has a pending outcome, the R6 assigns the next cohort to the same dose. The main
advantage of the R6 is its transparency and simplicity. Implementing the R6 does not require
complicated model fitting and estimation. Users only count the number of patients with
DLTs, the number of patients without DLTs and the number of patients with pending
outcomes, and then uses the decision table to determine the dose assignment for the next
new cohort. However, as an algorithm-based design, the R6 inherits the drawbacks of the
3+3 design such as low accuracy for MTD identification, treating a large proportion of
patients at low (potentially subtherapeutic) doses and inability to target a specific DLT rate
for the MTD. The time-to-event CRM (TITE-CRM) is a model-based design that allows for
continual accrual and dose escalation decisions while some patients’ DLT data are pending
(12, 13). TITE-CRM assumes a parametric model for the dose—toxicity curve. After each
cohort of patients are treated, TITE-CRM re-evaluates the curve by updating the estimates of
the model parameters to guide the dose allocation for subsequent patients. TITE-CRM yields
better operating characteristics than R6 (14, 15), but is more statistically and
computationally complex, which limits its use.

We propose a novel time-to-event BOIN (TITE-BOIN) design, a model-assisted design (16,
17) that combines the simplicity of the algorithm-based R6 design with the good
performance of the model-based TITE-CRM design. TITE-BOIN allows for continuous
accrual while some patients” DLT outcomes are pending. Similar to the R6 design, the
TITE-BOIN dose escalation/de-escalation rule can be tabulated before the trial begins,
making it simple to implement. However, TITE-BOIN is more efficient and flexible,
yielding performance that is better than the R6 design and comparable to that of more
complicated TITE-CRM.

We first review the BOIN design, upon which the TITE-BOIN design is built. Let p denote
the observed DLT rate at the current dose, defined as p = n;), ;/n, Where n,, .. is the number

of patients who have experienced DLT at the current dose, and » is the total number of
patients treated at the current dose. The BOIN design determines dose escalation/de-
escalation by comparing p with a pair of fixed, predetermined values: dose escalation
boundary A and de-escalation boundary 4.

. If p < 4., escalate the dose to the next higher level;
. if p > 4, de-escalate the dose to the next lower level;
. otherwise stay at the current dose.

The formulas for the optimal escalation and de-escalation boundaries A and 4, are provided

in the Supplementary Appendix A. To illustrate, given the target DLT rate of 30%, the
default escalation boundary is A, = 0.236 and the de-escalation boundary is 14 = 0.358.
Suppose that 3 patients have been treated at the current dose. If none had DLT, the observed
DLT rate p=0/3=0, which is less than A, = 0.236, thus the design escalates the dose. If 2
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patients had DLT, the observed DLT rate p=2/3=0.67, which is greater than A = 0.358, thus
the design de-escalates the dose. If 1 patient had DLT, the observed DLT rate p=1/3=0.33,
which is between A = 0.236 and A = 0.358, then the design retains the current dose.
Although an extremely simple design, large-scale numerical studies show that BOIN has
good performance that is comparable to that of the more complicated CRM design (16, 17).
As noted by a referee, because by default the BOIN uses a non-informative prior (i.e., a
priorithe current dose is equally likely to be below, equal to or above the MTD), its decision
rule has an appearance of the classical frequentist design and only involves the observed
DLT rate, the maximum likelihood estimate of the true DLT rate at the current dose.
Actually, the BOIN can also be derived as a frequentist design, and its decision rule is
equivalent to using the likelihood ratio test to determine dose escalation/de-escalation (8).
Having both Bayesian and frequentist interpretations is a strength of the BOIN, making it
appealing to wider audiences. In contrast, the mTPI and keyboard designs only have a
Bayesian interpretation and require specification of the prior and calculation of the posterior
distribution.

Like most adaptive phase | designs, BOIN requires that the DLT is quickly ascertainable so
that the decision rule can choose a dose for the next new patient. With late-onset toxicity or
rapid accrual, BOIN faces the aforementioned logistic difficulty: When some patients’ DLT
data are pending, the value of n,, .. is unknown; therefore, 5 cannot be calculated, and the

dose escalation/de-escalation rule cannot be applied.

TITE-BOIN overcomes this difficulty by imputing the DLT outcome for patients whose DLT
data are pending (hereafter denoted as “pending patients™). After the imputation, n,, .

becomes known and 5 can be calculated and compared with A¢ and 2, to determine dose

escalation/de-escalation. Imputation is a well-established statistical technique for handling
missing data (18-20). One innovation of our imputation method is to utilize data from all
patients, including DLT data from patients who have completed DLT assessment and follow-
up time data from the pending patients. As first noted by Cheung and Chappell (12) in
TITE-CRM, the follow-up data for a pending patient contain rich information as to the
likelihood that the patient will experience DLT. For example, a pending patient who is 3
days away from completing DLT assessment is less likely to experience DLT than a pending
patient who has been followed for only 3 days, as the latter has a higher chance of
experiencing DLT during the remaining follow-up time. The use of the pending patients’
follow-up time distinguishes TITE-BOIN from the R6 design and renders it higher accuracy
to identify the MTD (see Numerical Study). We define the fotal follow-up time (TFT) as the
sum of the follow-up times for all currently pending patients at the current dose, and
standardized TFT (STFT) as the TFT divided by the length of DLT assessment window. For
example, given that the DLT assessment window is 3 months and, at the current dose, 3
pending patients have been respectively followed 1, 1.6 and 2.5 months, the TFT is
1+1.6+2.5 = 5.1 months, and STFT = TFT/3 = 1.7. The technical details of imputing the
DLT outcomes for patients with pending DLTs are provided in the Supplementary Appendix
A. As shown later, by using the STFT, TITE-BOIN yields accuracy for identifying the MTD
that is comparable to that for TITE-CRM, which also uses the follow-up time to make
decisions of dose escalation/de-escalation.
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TITE-BOIN, however, is more transparent and straightforward to implement than TITE-
CRM, which requires repeated, complicated model fitting after treating each patient. The
dose escalation/de-escalation rule of TITE-BOIN can be tabulated prior to trial conduct in a
way similar to that of the R6 design. Table 1 shows the TITE-BOIN decision rule with a
cohort size of 3 and the target DLT rate of 0.2, and Supplementary Table S1 provides the
decision rule for the target DLT rate of 0.3. During the trial, at the current dose, we count the
number of patients, the number of patients who experienced DLT, and the number of
pending patients and their STFT, and then use the table to make the dose escalation/de-
escalation decision. Suppose that 3 patients have been treated at the current dose, and one of
them had DLT. We de-escalate the dose regardless of the STFT. Consider another case where
9 patients have been cumulatively treated at the current dose and 1 patient had DLT and 4
patients have DLT data pending. To treat the next cohort, if the STFT of the 4 pending
patients is greater than 2.15, we escalate the dose; otherwise we retain the current dose.
Table 1 assumes a cohort size of 3, but our method allows any prespecified cohort size, and
the corresponding decision table (i.e., similar to Table 1 but with more rows) can be easily
generated using the software described later. The TITE-BOIN design is described in Table 2.

One remarkable feature of the TITE-BOIN is that its decision rule is invariant to the length
of the assessment window, partially because the STFT has been standardized by the latter.
This means that given a target DLT rate, the same decision table can be used to guide dose
escalation and de-escalation, regardless of the length of the assessment window. For
example, Table 1 can be used for any trial with the target DLT rate = 0.2, regardless of its
assessment window. This is practically appealing and greatly simplifies trial protocol
preparation because in practice what often varies across trials is the assessment window,
while the target DLT rate is often 0.2, 0.25 or 0.3. Another attractive feature of the TITE-
BOIN is that when there is no pending DLT data, it reduces to the BOIN design in a
seamless way.

In principle, TITE-BOIN supports continuous accrual and allows for real-time dose
assignment whenever a new patient arrives. To avoid risky decisions caused by sparse data,
we impose an accrual suspension rule: If at the current dose, more than 50% of the patients’
DLT outcomes are pending, suspend the accrual to wait for more data to become available.
This rule corresponds to “Suspend accrual” in Table 1. In practice, we also apply an
overdose control rule: If the observed data suggest a high posterior probability (e.g., 95%)
that the current dose is higher than the MTD, eliminate that and higher doses from the trial;
and terminate the trial early if the lowest dose is eliminated (See the Supplementary
Appendix A for statistical definition of this rule). This overdose control rule corresponds to
the decision “Y&EIlim”, representing “Yes & Eliminate”, under the column entitled “De-
escalate” in Table 1.

Compared to R6 design, besides providing higher accuracy to identify the MTD, TITE-
BOIN is also more flexible and can target any prespecified DLT rate. In contrast, the R6
design has no target DLT rate and tends to find a dose with DLT rate ranging from 17% to
26%. Such flexibility is of great clinical use. For example, for patients with recurrent cancer,
a higher target DLT rate such as 30% may be an acceptable trade-off to achieve higher
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treatment efficacy; whereas for patients with cancer that has an effective treatment, a lower
target DLT rate such as 20% may be more appropriate.

The sample size under TITE-BOIN (and also TITE-CRM) is prespecified, which allows
clinicians to choose sample sizes to achieve the desirable probability of correct MTD
estimation. In contrast, the R6 design imparts a restriction that the number of patients treated
at any dose cannot exceed 6, which provides too little information to reliably estimate the
true toxicity rate (see Numerical Study) and precludes the possibility of calibrating the
sample size to obtain good operating characteristics. For example, if 1 of 6 patients
experiences DLT, the estimated toxicity rate, 1/6 = 16.7%, seems low, but the 95%
confidence interval (Cl) for that estimate is (0.004, 0.641), indicating that the true toxicity
rate can be as high as 64.1%. Conversely, if 3 of 6 patients experience DLT, the estimated
toxicity rate, 3/6 = 50%, seems high, but the 95% CI for that estimate is (0.118, 0.88); and
the true toxicity rate can be as low as 11.8%. The TITE-BOIN requires specification of the
sample size, but it does not necessarily mean that the trial always has to reach that sample
size. For example, if the lowest dose is overly toxic, the TITE-BOIN will terminate the trial
early for patient safety. Additional stopping rules can be added to stop the trial early when
there is adequate evidence that the MTD has been reached, for example, when the dose-
finding algorithm continues to assign a large number of patients (e.g., 12 patients) to a dose,
i.e., the dose-finding algorithm converges. Our TITE-BOIN software has incorporated this
stopping rule to allow the sample size to adapt to emerging data. Table 3 summarizes some
major differences between TITE-BOIN, R6 and TITE-CRM.

To facilitate the use of TITE-BOIN, we have developed graphical user interface-based
software that allows users to generate the dose escalation and de-escalation table, conduct
simulations, obtain the operating characteristics of the design, and generate a trial design
template for protocol preparation. The software is freely available at the MD Anderson
Software Download website (22) and at http://www.trialdesign.org.

Trial Example

To illustrate TITE-BOIN, consider a phase | trial with the target DLT rate of 0.2 and five
dose levels. The DLT assessment window is 3 months and the accrual rate is 2 patients/
month. The total sample size is 30 patients, treated in cohorts of 3. Figure 1 shows the trial
conduct using TITE-BOIN. The trial starts by treating the first cohort at the lowest dose
level. By day 60, no DLT has been observed, and all three patients at the current dose have
data pending. According to Table 1, accrual is suspended until the first two patients finish
the assessment period (at day 120) without experiencing DLT. Following the TITE-BOIN
rule, the second cohort is treated at dose level 2. By the arrival of patient 7 (day 165), one
DLT is observed for patient 4, while patients 5 and 6 have finished only 1/3 and 1/6 of their
follow-up without experiencing DLT. Thus, the dose level is de-escalated to dose 1 for
patients 7 through 9. By day 210, 3 patients among the 6 patients at dose 1 have finished the
assessment with no DLT observed, and the dose returns to level 2 for the fourth cohort.
When patient 13 arrives on day 255, one of the 6 patients at dose 2 has experienced DLT,
thus patients 13 through 15 are treated at dose level 2. By day 300, 9 patients have been
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treated at dose level 2, with only one DLT observed and 5 pending patients. The trial is
suspended for 15 days to wait for more DLT data cleared. On day 315, patients 3 through 6
and patients 10 and 11 have finished the follow-up, while patients 12 through 15 have been
followed for 75, 60, 45 and 30 days, respectively, and STFT = (75+60+45+30)/90 = 2.33,
which is greater than the dose escalation boundary of 2.15. Patients 16 through 18 are thus
treated at dose level 3. Since one DLT has been observed at dose level 3 before the arrival of
patient 19, TITE-BOIN suggests de-escalating the dose to level 2. At the end of the trial,
dose 2 is selected as the MTD, at which 4 of 21 patients had DLTs, with an estimated DLT
rate of 0.19. It takes about 615 days (20.5 months) to finish the whole trial. By contrast, the
trial would run about 1200 days (40 months) if we applied standard adaptive designs that
require full DLT assessment before enrolling each new cohort.

Numerical Study

Simulation configuration—We used computer simulations to compare the TITE-BOIN,
3+3 design, R6 design, and TITE-CRM. We considered a phase | trial with 7 dose levels.
The DLT assessment window is 3 months, the accrual rate is 2 patients/month, and patients
are treated in cohorts of 3. On average, 6 new patients accrue during the DLT assessment
window of the most recently treated patients. We considered the target DLT rate = 0.2 or 0.3,
with 8 representative scenarios for each rate, resulting in 16 scenarios, which are constructed
by augmenting 4 previously published scenarios (12), i.e., scenarios 3, 4, 5 and 7, with 12
additional scenarios to cover various MTD locations and dose-response curve shapes (see
Supplementary Table S2). The time to DLT is sampled from a Weibull distribution, with
50% of DLTs occurring in the second half of the assessment window. The maximum sample
size is 36 patients. Because the 3+3 and R6 designs often stopped the trial early (e.g., when
2 of 3 patients experienced DLT) before reaching 36 patients, in these cases, the remaining
patients are treated at the selected “MTD” as the cohort expansion, such that the four designs
have comparable sample sizes. For the 3+3 design and cohort expansion, a new cohort is
enrolled only when the previous cohort’s DLT data are cleared. (See the Supplementary
Appendix B for data generation and design settings.) Although we do not directly simulate a
case of a short assessment window (e.g., 1 month) and with a fast accrual (e.g., 6 patients/
month), the simulation results here are directly applicable to that case because they are
equivalent with the same LDI after rescaling the time.

Performance metrics—We considered seven performance metrics based on 10,000
simulated trials.

1. Percentage of correct selection (PCS) of the MTD
Percentage of patients allocated to the MTD
Percentage of overdosing selection (i.e., selecting a dose above the MTD)
Percentage of patients overdosed (i.e., treated at doses above the MTD)

Percentage of patients underdosed (i.e., treated at doses below the MTD)

o g ~ w D

Percentage of “regretful” trials that failed to de-escalate the dose when 2 out of
the first 3 patients had DLTs at any dose.
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7. Average trial duration

Metrics 1 and 2 measure the accuracy of identifying the MTD and allocating patients;
metrics 3 and 4 measure safety; metric 5 measures the likelihood of treating patients with
potentially subtherapeutic doses. Because R6, TITE-CRM and TITE-BOIN allow for real-
time dose assignment with pending data, some decisions may turn out to be regretful (or not
sensible) after the pending data are observed, e.g., failure to de-escalate the dose when 2/3
patients had DLTs. Metric 6 is used to measure the frequency of such “regretful” trials. For
ease of displaying the results, hereafter, we report the relative performance of each design
against the performance of the 3+3 design. For example, the PCS of the R6 design is
calculated as (PCS of the R6 design — PCS of the 3+3 design), and the other metrics are
similarly calculated.

Results

Accuracy of identifying and allocating patients to the MTD

Figure 2 provides the PCS of the MTD and the percentage of patients allocated to the MTD
under the R6, TITE-CRM and TITE-BOIN designs, with respect to the 3+3 design. The R6
design performs similarly to the 3+3 design, with generally less than 5% difference. TITE-
BOIN and TITE-CRM are comparable and outperform the R6 and 3+3 designs. Compared
to the R6 and 3+3 designs, on average, TITE-BOIN has over 15% higher chance of correctly
selecting the MTD, and allocates 5% more patients to the MTD.

Overdose Control and Underdose Control

Figure 3 shows the percentage of overdosing selection, the percentage of patients overdosed,
and the percentage of patients underdosed. The R6 design performs similarly to the 3+3
design and has lower risk of overdosing patients (Figure 3 (c) and (d)), but substantially
higher risk of underdosing patients (Figure 3 (e) and (f)) than the TITE-BOIN and TITE-
CRM designs. The difference between R6 and TITE-BOIN and TITE-CRM is larger under
scenarios 9-16 because the R6 design finds a dose with the DLT rate around 20%, which is
lower than the target DLT rate of 30%. This is consistent with previous findings that the 3+3
and R6 designs are overly conservative (4-7). Although being safe is desirable, being overly
conservative results in poor precision for identifying the MTD (Figure 2) and treating a large
percentage of patients at potentially subtherapeutic doses. TITE-BOIN shows good balance
between safety (risk of overdosing) and correct identification of the MTD. Compared to the
3+3 and R6 designs, TITE-BOIN has much higher accuracy in identifying the MTD (Figure
2). Compared to TITE-CRM, the TITE-BOIN design has similar accuracy in identifying the
MTD, but substantially lower risk of selecting overly toxic doses as the MTD and
overdosing patients, especially when the target DLT rate is 0.3. As the TITE-CRM is more
aggressive, it is less likely to underdose patients than the TITE-BOIN.

Regretful Trials

Figure 4 (a) and (b) shows the percentage of “regretful” trials. The 3+3 design does not
allow for pending data, thus it never has regretful trials that fail to de-escalate when 2/3
patients had DLT, but at the cost of longer trial durations. The percentage of “regretful” trials
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under the TITE-BOIN is mostly 0, except when the first dose is the target (i.e., scenarios 9
and 10), which is much lower than those under the R6 and TITE-CRM.

Trial Duration

Figure 4 (c) and (d) shows the average trial duration. When the target DLT rate is 0.2, the
average trial durations for TITE-CRM and TITE-BOIN are about 19 months shorter than the
duration of the 3+3 design, and about 7 months shorter than that of the R6 design. When the
target DLT rate is 0.3 and the MTD lies in the lowest dose level (scenarios 9), R6 (as well as
the 3+3 design) tends to erroneously stop the trial early, which artificially shortens the trial.

Sensitivity Analysis

We conducted additional simulations to examine the robustness of TITE-BOIN in terms of
the time-to-toxicity distribution and accrual rate (see Supplementary Appendix C). The
results (see Supplementary Figures S1-S9) show that TITE-BOIN is robust and yields
desirable operating characteristics under various scenarios. To confirm that our comparison
results based on the 16 dose—toxicity scenarios are generally applicable, we conducted a
much larger scale simulation study that compared the performance of the designs based on
50,000 randomly generated dose—toxicity scenarios with 10,000 simulated trials under each
scenario (see Supplementary Appendix C and Supplementary Figure S10). The results (see
Supplementary Table S3) are consistent with those reported above.

Discussion

The TITE-BOIN design provides an easy-to-implement and well-performing solution for
phase I trials with late-onset toxicity or fast accrual. Like the R6 design, TITE-BOIN can be
implemented in a simple way, but is more flexible in choosing the target DLT rate and has
higher accuracy to identify the MTD. Actually, one major drawback of the R6 design is that
it cannot target a specific DLT rate for the MTD. Compared to the more complicated model-
based TITE-CRM, the TITE-BOIN has similar accuracy to identify the MTD, but has better
overdose control and is simpler to implement. As the TITE-CRM is more aggressive in dose
escalation, it is less likely to underdose patients. The TITE-BOIN design supports
continuous accrual, without sacrificing patient safety nor the accuracy of identifying the
MTD, thus provides a practical phase | design to accelerate early phase drug development.
Moreover, when all the pending DLT data become available, the TITE-BOIN reduces to the
BOIN design seamlessly.

TITE-BOIN uses only the “local” data at the current dose to make decisions of dose
escalation and de-escalation. One may worry about potential efficiency loss from ignoring
the data from the other doses. In contrast, TITE-CRM uses data from all doses through
imposing a dose-toxicity curve model. As the assumed model is more likely to be
misspecified than correctly specified in practice and also dose escalation is a sequential
process that has automatically considered the toxicity order among the doses, large-scale
numerical studies show negligible efficiency loss on average due to the use of only local data
(16, 17). This phenomenon is also observed here, where the accuracy of identifying the
MTD is similar between TITE-BOIN and TITE-CRM.
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TITE-BOIN takes a non-informative approach and assumes that a priorithe time to DLT is
uniformly distributed over the assessment window, similar to TITE-CRM. Sensitivity
analysis shows that the TITE-BOIN is very robust to this uniform assumption, which was
also observed previously in the TITE-CRM. Thus, we recommend the uniform time-to-DLT
prior as the default setting for general use, especially when there is limited prior knowledge
on the toxicity profile of the investigational agent, e.g., a totally novel or first-in-human
agent. Nevertheless, if reliable prior information is available on the distribution of the time
to DLT, e.g., for the “me-too” or same-family drugs with a better known toxicity profile, an
informative prior can be used to improve the design efficiency. For example, if we expect
that the DLT is more likely to occur in the later part of the assessment window, we can use a
prior distribution with more weights on the later part of the assessment window to
incorporate that prior information. The details are provided in Supplementary Appendix D.
Remarkably, using an informative prior for the time to DLT does not alter the decision table,
e.g., the same table as Table 1 can be used for target DLT probability of 0.2, and we only
need to weigh STFT accordingly and use the resulting weighted STFT (WSTFT) for
decision making.

The design parameters should be calibrated to fit specific design requirements. For example,
the TITE-BOIN suspends the accrual when the number of pending patients is more than half
the total. If there is strong prior information that the investigational drug is relatively safe,
we may use a smaller cutoff to decrease the chance of suspending accrual and speed up the
trial. Conversely, if there is strong prior information that the investigational drug may be
toxic, we may use a larger cutoff, such as three quarters of the sample size, to perform more
conservative dose escalation at the cost of prolonging the trial duration. The same principle
is applicable to the TITE-CRM. For example, a more stringent accrual pending rule or
overdose control rule can be used to decrease the risk of overdosing for the TITE-CRM.

This paper focuses on making real-time dose assignments for new patients when some
existing patients’ DLT data are still pending due to late-onset toxicity or fast accrual. A
closely related question is how to account for toxicity in the decision making of dose
escalation and MTD selection if some drug-related toxicity unexpectedly occurs outside of
the assessment window, i.e., the toxicity onset is later than anticipated. A preferable
approach is to prospectively and carefully choose an appropriate DLT assessment window
such that it will capture all drug-related toxicity that is relevant to the MTD determination.
For example, if we suspect that the onset of DLT may be quite late, we should choose a long
assessment window. In the case that the prespecified assessment window fails to cover some
toxicities, we could retrospectively expand the DLT assessment window based on the
emerging data such that it covers these relevant toxicities. Such an approach is less desirable
because it involves re-defining the time frame for the DLT assessment and requires a major
protocol amendment. This article focuses on single-agent trials. TITE-BOIN can be
extended to handle drug combination trials along the same line as the BOIN combination
design (23). Another topic of interest for our future research is to extend other model-
assisted designs (16, 17), such as the keyboard and mTPI designs, to handle late-onset
toxicity and fast accrual.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Hypothetical phase | clinical trial using the TITE-BOIN design. Patients are treated in
cohort sizes of 3, and the number above the “x” indicates the time when DLT occurs.
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Figure 2.

Comparative performances of the time-to-event Bayesian optimal interval (TITE-BOIN),
rolling six (R6), and time-to-event continual reassessment method (TITE-CRM) designs
with respect to that of the 3+3 design. (a and b) Relative percentages of correct selection
(PCS) of the MTD; (c and d) Relative percentages of patients assigned to the MTD. The
target DLT rate in scenarios 1-8 is 0.2, while that in scenarios 9-16 is 0.3. The accrual rate is
2 patients/month. A higher value is better.
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Figure 3.

Comparative performances of the time-to-event Bayesian optimal interval (TITE-BOIN),
rolling six (R6), and time-to-event continual reassessment method (TITE-CRM) designs
with respect to that of the 3+3 design. (a and b) Relative percentages of trials selecting the
dose above the MTD; (c and d) Relative percentages of patients assigned to the doses above
the MTD; (e and f) Relative percentages of patients assigned to doses below the MTD. The
target DLT rate in scenarios 1-8 is 0.2, while that in scenarios 9-16 is 0.3. The accrual rate is
2 patients/month. A lower value is better.
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with respect to that of the 3+3 design. (a and b) Relative percentages of “regretful” trials; (c
and d) Average trial durations in months. The target DLT rate in scenarios 1-8 is 0.2, while

that in scenarios 9-16 is 0.3. The accrual rate is 2 patients/month. A lower value is better.
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Table 2
TITE-BOIN design
1 Enroll the first patient cohort at the lowest or prespecified starting dose.
2 Based on the data observed at the current dose, make the dose escalation/de-escalation decision according to the pre-generated

decision table (e.g., Table 1) for treating the next patient cohort.

3 Repeat step 2 until the prespecified maximum sample size is reached, and select the MTD using the statistical method isotonic
regression (21).
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Table 3
Comparison of design characteristics among R6, TITE-CRM and TITE-BOIN.
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Design characteristics R6 | TITE-CRM | TITE-BOIN
Can it target any prespecified DLT rate? No Yes Yes
Allows to use a cohort size other than 3? No Yes Yes
Uses follow-up time data from pending patients to make efficient decision of dose escalation and de- No Yes Ves
escalation?

Can sample size be calibrated to ensure good operating characteristics? No Yes Yes
Can the number of patients treated at the MTD be more than 6? No Yes Yes
Can dose escalation/de-escalation rule be pre-tabulated for simple implementation? Yes No Yes
Requires complicated, repeated estimation of the dose-toxicity curve model? No Yes No
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