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Abstract

Purpose: The early identification of maximum tolerated dose (MTD) in phase | trial leads to faster progression to a
phase Il trial or an expansion cohort to confirm efficacy.

Methods: We propose a novel adaptive design for identifying MTD early to accelerate dose-finding trials. The early
identification of MTD is determined adaptively by dose-retainment probability using a trial data via Bayesian analysis.
We applied the early identification design to an actual trial. A simulation study evaluates the performance of the early
identification design.

Results: In the actual study, we confirmed the MTD could be early identified and the study period was shortened.

In the simulation study, the percentage of the correct MTD selection in the early identification Keyboard and early
identification Bayesian optimal interval (BOIN) designs was almost same from the non-early identification version. The
early identification Keyboard and BOIN designs reduced the study duration by about 50% from the model-assisted
designs. In addition, the early identification Keyboard and BOIN designs reduced the study duration by about 20%
from time-to-event model-assisted designs.

Conclusion: We proposed the early identification of MTD maintaining the accuracy to be able to short the study
period.
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dose
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150-word statement of translational relevance  We proposed a novel
adaptive design for identifying maximum tolerated dose early to
accelerate dose-finding trials. The early identification is determined
adaptively depending on the toxicity data of the trial. The early
identification of maximum tolerated dose leads to faster progression to
a phase Il trial or an expansion cohort to confirm efficacy. We confirmed
that the early identification design does not degrade accuracy compared
to conventional designs. We confirmed the early identification designs
reduced the study duration by about 50% from model-assisted designs.
We demonstrated the early identification of maximum tolerated dose for
an actual trial.

B BMC

Introduction

In the field of oncology, the objective of phase | dose-
finding trials is to identify the maximum tolerated dose
(MTD). To achieve this goal, model-assisted designs,
which combine the simplicity of a 3+3 design with
the superior performance of a continual reassessment
method (CRM) [1], have recently been proposed. Recent
studies use the model-assisted designs (Clinical-Trials.gov
identifier: NCT04926285, NCT04573140, NCT04390737,
NCT05024305, NCT04678921, NCT04511039). How-
ever, model-assisted designs cannot proceed to the next
cohort until the safety assessment completes because the
dose for the next cohort cannot be determined. Hence,
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rapid patient enrollment or late-onset of toxicity would
slow down the study.  erefore, Yuan et al. [2] and Lin
et al. [3] proposed a time-to-event (TITE) model-assisted
design which determines the dose for the next cohort and
proceeds to the next cohort during the safety assessment
for the current cohort. However, the study cannot identify
the MTD until the number of patients treated reaches the
sample size. Early identification methods for MTD have
been proposed [4, 5]. However, the methods cannot apply
to TITE model-assisted designs.

In this paper, we propose a novel early identification
TITE model-assisted designs. e early identification
allows to proceed to an expansion cohort or a phase Il
trial quicker to confirm e cacy. e early identification
is determined when the MTD is estimated with su cient
accuracy based on the dose-retainment probability. e
early identification method performs on an actual trial. A
simulation study evaluates the performance of the early
identification method.

Methods

e TITE model-assisted designs include the modified
toxicity probability (mTPI) [6], Keyboard [7], and Bayesian
optimal interval (BOIN) [8, 9] designs. A feature of these
designs is to provide the number of dose-limiting toxici-
ties (DLTs) to determine the dose assignment as shown in
Table 1 [6-8] in advance. For Table 1, we show an exam-
ple calculation of the BOIN design. For example, the BOIN
design [8] conducts a dose-assignment based on a dose-
retainment interval (0.236, 0.358) for a target DLT level
30%. e dose-retainment interval is derived to minimize
the probability of mis-determination of dose assignment.
0.236 is the maximum boundary for dose escalation and
0.358 is the minimum boundary for dose de-escalation.
We derive the number of DLTs of dose escalation and
de-escalation for the BOIN design on Table 1 when six
patients have been treated. If one patient has occurred
a DLT, then the observed DLT rate is 0.167. Because the
observed DLT rate is below the maximum boundary for
dose escalation, the dose for the next cohort is escalated.

Table 1 Dose escalation and de-escalation boundaries (TTL=0.3)
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If two patients have occurred DLTs, then the observed
DLT rate is 0.333. Because the observed DLT rate is within
between the maximum boundary for dose escalation and
the minimum boundary for dose de-escalation, the dose
for the next cohort is retained. e maximum number
of DLTs for which a dose escalation is determined is one.
Hence, the dose escalation in Table 1 is written as 1. If three
patients have occurred DLTs, then the observed DLT rate is
0.500. Because the observed DLT rate is over the minimum
boundary for dose de-escalation, the dose for the next
cohort is de-escalated. e minimum number of DLTs for
which a dose de-escalation is determined is three. Hence,
the dose de-escalation in Table 1 is written as 3. It can be
calculated in the same way for other numbers of patients
treated. In addition, the mTPI and Keyboard design can
also be calculated in the same way. e performance of
dose assignment using Table 1 is confirmed superior than
343 design [6-8]. e dose-retainment probability for the
early identification is calculated using Table 1. We intro-
duce the dose-retainment probabilities. We assume a phase
I dose-finding trial with sample size N. e total number of
patients treated at the current dose is #, the total number
of DLTs at the current dose is np T, the total number of no
DLTs patients who have completed the safety assessment
at the current dose is n,,pr, the no DLT time of pending
patients at the current dose is t.,q, the DL'It' assessment
window is ¢, the no DLT time rate is 7,¢,; = ”j””’, the esti-
mated number of no DLT patients is ne = nuopr7 + Mpends
the number of remaining patients is r, the number of DLTs
of dose escalation decision at # + r patients in the dose-
assignment table is E,,, the number of DLTs of dose
de-escalation decision at # + r patients in the dose-assign-
ment table is D, ,. A value ., is the number of remain-
ing patients » plus the no DLT time rate 7,,,,.
e dose-retainment probability is given by

BB(an =1 = nprriTpenas Mprrs Mprr + ”c) - BB(En+r = MpLT3 pena> MpLr> MpLr + ”c)»

BB(a; b,a, B) is the cumulative beta-binomial dis-
tribution function with the number of successes a,
the number of trials b, and the beta shape parameter o

Design Action Num of patients treated at current dose
3 6 9 12 15 18
mTPI Escalate if Num of DLTs < 0 1 1 2 2 3
De-escalate if Num of DLTs > 2 3 4 5 7 8
Keyboard Escalate if Num of DLTs < 0 1 2 2 3 4
De-escalate if Num of DLTs > 2 3 4 5 6 7
BOIN Escalate if Num of DLTs < 0 1 2 2 3 4
De-escalate if Num of DLTs > 2 3 4 5 6 7
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and 8. BB(Du4r — 1 — NDLT; Tpend» MDLT> NDLT + Ne)
refers to the dose not de-escalation probability for
Tpend Patients using the maximum value for dose not
de-escalation (D,+, — 1 — npr7). Because, the prob-
ability includes the dose escalation probability, we
take the di erence with the dose escalation prob-
ability BB(E,H_, — UDLT; Ypend>» MDLT» NDLT + Vlg>.

e threshold for early identification of MTD is ¢. If
the probability of dose maintenance exceeds ¢, the
trial can halt and the MTD is identified. e recom-
mended value of the threshold is 0.4. e rationale
of the recommended value is explained by Kojima
[5]. At the maximum dose, because there is no dose
escalation, the early identification is determined by
BB(Dytr — 1 — NpLT; Tpend» IDLT> NDLT + Me). At
minimum dose, because there is no dose de-esca-
lation, the early identification is determined by
1- BB(EVH-V — NDLT; Ypend» MDLT» MDLT + ne)- €
threshold value at the maximum and minimum doses is
twice. Hence, the recommended value is 0.8. If there is
no DLT at the current dose, the conditional #np;7 and n
of the cumulative beta-binomial distribution function
are added 0.5. e rationale of adding 0.5 is explained by
Kojima [5].

We present a numerical example for an early iden-
tification TITE-BOIN design with a target DLT level
30%. e DLT assessment window is three months. e
patient enrollment is one patient per month. e sam-
ple size is N = 18, the total patients treated is 12, n =9
patients received the current dose, the total number of
DLTs at the current dose is np.r = 3, the total num-
ber of no DLTs patients evaluated at the current dose
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is nyprT =4, two patients are pending at the cur-
rent dose. We illustrate this example in Fig. 1. e
pending time for the eleventh patient is two months
and the pending time for the twelfth patient is one
month. e no DLT time of pending patient at the cur-
rent dose is £, = 3, the total evaluation time of pend-
ing patient at the current dose is ¢ =3, the no DLT
time rate is 1, = 2 = 3 = 1.0, the estimated number
of no DLT patients is n, = nuprr +1p =4+1=>5,
the number of remaining patients including no DLT
time is r=6. From Table 1, E,;, =E;5s =3 and
D, = D5 =6. e dose not de-escalation probability
is BB(3—1;6+1.0,3,5) = 0.500 and dose-escalation
probability is BB(1 —1;6+1,3,5) = 0.096. Hence,
the dose retainment probability is 0.404, and the prob-
ability is above the threshold 0.4. erefore, the early
identification of MTD is determined and we can halt
the MTD estimation phase. If the sample size is N = 21
and the number of remaining patients including no DLT
time is » =9, the dose not de-escalation probability
is BB(3—1;9+1.0,3,5) = 0.404 and dose-escalation
probability is BB(1 — 1; 9+ 1,3,5) = 0.203. Hence, the
dose retainment probability is 0.141. In this case, we can-
not halt the MTD estimation phase early. Because the
number of remaining patients is large, the dose retain-
ment probability decreases due to increased uncertainty.

We apply the early identification to an actual trial. e
TITE-model assisted designs are new designs and there
are no completed studies. Hence, the early identification
performs for an actual study with TITE continual reas-
sessment method (CRM) design with similar perfor-
mance to the TITE model-assisted designs.

A
O NoDLT
O DLT
3] X Time to DLT
Y Early identification of MTD
~ X X X
<@
o 27 ONONONONONONUNONOE ¢
o
o Suspend
4 OO0
T \ T T >
1 6 12 15
Observed Time (Month)
Fig.1 Example
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TBCRC 024 trial as an illustrative example

e TBCRC 024 trial [10] was a phase | trial using the
time-to-event CRM (TITE-CRM) design for the chest
wall and regional lymph nodes in patients with inflam-
matory or locally recurrent breast cancer after complete
surgical resection. e primary objective was to deter-
mine the MTD of veliparib in combination with chest
wall and nodal radiotherapy. e safety assessment period
is 10 weeks (a 70-day time period). e planned four
dosages of veliparib were 50 mg, 100 mg, 150 mg, and
200 mg, which were taken orally twice a day. e sample
sizewas 30. e target DLT level was 30%. e cohort size
was three. e number of patients treated and DLTs at
each dose were 50 mg (» = 3, nprr = 0), 100 mg (n = 6,
nprr =2), 150 mg (n =12, npyr = 2), and 200 mg
(m =9, npyr = 1). Although we cannot confirm the DLT
status for each cohort from the paper, we assume that the
dose was not been reduced after administration of 200 mg
because the DLT was only observed once at 200 mg. We
consider whether the trial can be completed early after
the initial administration of 200 mg starts. We assume
that the enrollment is one patient per 60-day.

[No DLT in the first cohort] We assume that the safety
evaluation of two patients treated completed and the
third patient with no DLT has been observed for up to
35 days. e dose-retainment probabilities of the TITE-
mTPI, TITE-Keyboard, and TITE-BOIN are 0.93. e
probability is over the threshold 0.8. Hence, we identify
the MTD. By the early identification, the study period
was shortened by 395 days (395 days=25 days (the third
patient’s remaining safety assessment duration)+5 x
60 days (the remaining five patients’ safety assessment
duration) 4+ 70 days (the last patient’s safety assessment
duration)).

[One DLT in the first cohort] We assume that the safety
evaluation of two patients treated completed and one
patient occurs a DLT. e third patient with no DLT has
been observed for up to 35 days. e all dose-retainment
probabilities of the three TITE model-assisted designs
are 0.55. We cannot identify the MTD early. For the sec-
ond cohort, the safety evaluation of two patients treated
completed and the third patient with no DLT has been
observed for up to 35 days. e dose-retainment prob-
abilities of the TITE-mTPI, TITE-Keyboard, and TITE-
BOIN are 0.98. e probability is over the threshold
0.8. Hence, we identify the MTD. By the early identi-
fication, the study period was shortened by 215 days.
(215 days=25 days (the sixth patient’s remaining safety
assessment duration) +2 x 60 days (the remaining two
patients’ safety assessment duration)+ 70 days (the last
patient’s safety assessment duration)).

We evaluate the performance of the early identification
of MTD via a simulation study.
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Numerical simulation study
We demonstrate a simulation study to compare early
identification TITE mTPI (EI-TITE-mTPI), early identi-
fication TITE Keyboard (EI-TITE-Keyboard), and early
identification TITE BOIN (EI-TITE-BOIN) designs with
mTPI, TITE mTPI, Keyboard, TITE Keyboard, BOIN, and
TITE BOIN designs. We imitated simulation setup by Lin
et al. [3]. We assume that the sample size is 36, the dose
level issix. e DLT assessment window is three months.
e patient enrollment is two patients per month. e
target DLT level is 30%. e number of simulations times
is 10,000. e threshold for early identification of MTD is
0.4. For the mTPI and Keyboard designs, the proper dos-
ing interval is (0.25, 0.35). For the BOIN design, the dose
retainment interval is (0.236,0.358). We prepare a fixed
scenario and a randomly set scenario for the true DLT
rate of each dose. We prohibit the dose skipping for all
designs. To avoid assigning many patients treated to the
overly DLT dose, we apply the dose elimination rule [2]
which excludes the over dosing in the dose-finding trial.
We evaluated each method using the following criteria.

Evaluation criteria

The percentage of correct MTD selection (PCMS)

. The percentage of early identification of MTD

3. Percent change from non-EI version in average study
duration

4. Percent change from non-EI version in average

sample size

s

Results

Performance for the selection of the correct MTD

Figure 2 illustrates the percentage of the correct MTD
selection (PCMS) for the six fixed scenarios and two ran-
dom scenarios. e EI-TITE-Keyboard and EI-TITE-
BOIN designs have almost the same PCMS as the non-El
version. e EI-TITE-Keyboard design have at most 2.7%
lower PCMS in Scenario 2 and most 2.3% higher PCMS in
Scenario 5 compared to the TITE-Keyboard design. e
EI-TITE-BOIN design have at most 3.8% lower PCMS
in Scenario 2 and most 1.5% higher PCMS in Scenario 5
compared to the TITE-Keyboard design. e PCMSs of
EI-TITE-mTPI design are lower than the non-El versions,
most 12.0% lower in scenario 2. We showed the detail
results of each scenario in Supplemental Table 3 and 4.

Percentage of early identification of MTD

Figure 3 illustrates the percentage of early identification of
MTD. e percentages of early identification for EI-TITE-
mTPI range from 88.4% to 98.0%, with the average of 94.0%
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for all scenarios. e percentages of early identification for
EI-TITE-Keyboard range from 51.2% to 90.8%, with the
average of 69.7% for all scenarios. e percentages of early
identification for EI-TITE-BOIN range from 55.3% to 92.5%,
with the average of 73.0% for all scenarios. e EI-TITE-
mTPI has the highest percentage of early identification. We
confirmed that the EI-TITE-Keyboard and EI-TITE-BOIN
designs are able to identify early about 70% on average.

Percent change from non-El version in average study
duration

Figure 4 illustrates two bar charts of the percent change
from model-assisted designs and TITE model-assisted

designs to EI-TITE model-assisted designs in average
study duration. For the percent change from the model-
assisted designs, the EI-TITE-mTPI design reduces the
study duration by 49.4% to 82.9%, with an average reduc-
tion of 65.3%. us, the study duration is reduced by
31.3 months on average. e EI-TITE-Keyboard design
reduces the study duration by 39.0% to 71.8%, with an
average reduction of 52.9%. us, the study duration is
reduced by 25.4 months on average. e EI-TITE-BOIN
design reduces the study duration by 39.4% to 72.8%,
with an average reduction of 53.9%. us, the study
duration is reduced by 25.9 months on average. For the
percent change from the TITE model-assisted designs,
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Fig. 3 Percentage of early identification of MTD. FS1: Fixed Scenario 1; FS2: Fixed Scenario 2; FS3: Fixed Scenario 3; FS4: Fixed Scenario 4; FS5: Fixed
Scenario 5; FS6: Fixed Scenario 6; RS1: Random Scenario 1; and RS2: Random Scenario 2. El: Early identification of MTD
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the EI-TITE-mTPI design reduces the study duration
by 25.2% to 67.8%, with an average reduction of 42.2%.
us, the study duration is reduced by 11.7 months on
average. e EI-TITE-Keyboard design reduces the study
duration by 9.6% to 47.5%, with an average reduction of
21.7%. us, the study duration is reduced by 6.0 months
on average. e EI-TITE-BOIN design reduces the study
duration by 10.9% to 49.4%, with an average reduction of
23.2%. us, the study duration is reduced by 6.4 months
on average. We show the summary of percent change
from model-assisted designs and TITE model-assisted
designs to EI-TITE model-assisted designs in average
study duration in Supplemental Table 5. We show the
average observed study duration in Supplemental Fig. 1.

Percent change from non-El version in average sample size
Figure 5 illustrates the percent change from non-El versions
to El versions in average sample size. e EI-TITE-mTPI
design reduces the number of patients treated by 29.8% to
67.7%, with an average reduction of 46.9%. e EI-TITE-
Keyboard design reduces the number of patients treated by
9.4% to 41.6%, with an average reduction of 21.2%. e El-
TITE-BOIN design reduces the number of patients treated
by 11.3% to 43.5%, with an average reduction of 23.0%.

Discussion

We proposed a novel adaptive design for identifying
MTD early to accelerate dose-finding trials. e early
identification is determined adaptively depending on the
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toxicity data of the trial. e early identification of MTD
leads to faster progression to a phase Il trial and expan-
sion cohorts to confirm e cacy. We confirmed that the
design adapting early identification does not degrade
accuracy compared to conventional designs.

We applied the early identification design to an actual
trial (TBCRC 024). e MTD were identified early, and
we confirmed that the trial could be shortened by about
six months to a year.

e simulation study evaluated the performance of the
early identification design. We confirmed that the per-
centage of the correct MTD selection (PCMS) in the early
identification Keyboard and early identification BOIN
designs was almost same from the non-early identifica-
tion version. We found that the early identification mTPI
design reduced the PCMS from the non-early identifica-
tion version by about 10% mTPI. e average percentage
of early identification was 94.0% for mTPI and approxi-
mately 70% for Keyboard and BOIN designs. e mTPI
design had a higher probability of dose maintenance than
the other designs because the number of DLTs for which
dose maintenance was judged was larger, and thus the
early completion rate was higher. On the other hand, the
PCMS of mTPI design was low because the early identifi-
cation was determined even in cases that should not have
been determined as early identification. We showed the
PCMS of for El designs only when the MTD is identified
early in Supplemental Fig. 2 and Supplemental Table 8.
For the fixed scenarios 1—4, the PCMSs are almost same
compared the El keyboard and BOIN designs with non-
El keyboard and BOIN designs. For the fixed scenario 5,
the PCMSs for El designs decrease compared to non-El
designs. We considered that the close DLT rate of the

correct MTD and nearby doses reduced the accuracy
of the early identification. When the DLT rate between
doses is assumed to be close in advance, we can change
the threshold for early identification to increase the
PCMS. For example, when we change a threshold value
of 0.5 for scenario 5 from a threshold value of 0.4, the
PCMS of El-keyboard design was improved to 41.2% from
32.3% and the PCMS of EI-BOIN design was improved
to 35.9% from 30.6%. For the fixed scenario 6, the PCMSs
for EI-TITE-Keyboard and EI-TITE-BOIN are higher
than the non-El designs. e random scenarios 1 and 2,
the PCMSs for EI-TITE-Keyboard and EI-TITE-BOIN
are similar to the non-El designs. e early identification
Keyboard and BOIN designs reduced the study duration
by about 50% from the model-assisted designs. A 50%
reduction in the simulation refers to a reduction of about
two years. In addition, the early identification Keyboard
and BOIN designs reduced the study duration by about
20% from the TITE model-assisted designs. A 20% reduc-
tion in the simulation refers to a reduction of about half
year. e early identification Keyboard and BOIN designs
reduced the number of cases by about 20% from the non-
early identification version. Shortening the study duration
and reducing the number of patients treated allow for
more e cient drug development, as patients who were
scheduled to be treated in the MTD estimation phase can
be enrolled in phase Il trials or expanded cohorts earlier.

We confirmed that the performance of the early iden-
tification Keyboard and BOIN designs is better.  ere is
little di erence in performance between the early iden-
tification keyboard and BOIN designs, but we recom-
mend the keyboard design because it has slightly better
performance.
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