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Table 2. Incidence of treatment-related adverse events with capecitabine (2500 mg/m? for 14 d, every 3 wk), No. (%).

JOI15951 (Japan)™®?' SO14695 (US, Canada, Mexico, SO14796 (Europe, Australia, New
(n = 60) and Brazil)®# (n = 299) Zealand, Taiwan, and Israel)?*?* (n = 297)

All Grades Grades 3 and 4  All Grades Grades 3 and 4 All Grades Grades 3 and 4
Hand-foot syndrome 44 (73) 8 (13) 175 (59) 54 (18) 143 (48) 48 (16)
Pigmentation 23 (38) 0 3() 0 7(2) 0
Diarrhea 21 (35) () 148 (50) 46 (15) 136 (46) 32(11)
Nausea 21 (35) 0 121 (41) 10 (3) 104 (35) 5(2)
Vomiting 9 (15) 0 92 (31) 4 47 (16) 6(2)
Appetite loss 20 (33) 3(5) 66 (22) 3(1) 37 (13) 2()
Stomatitis 21 (35) 0 81 (27) 9 (3) 37 (13) 2(h
Increased AST level 43 (72) 6 (10) 110 (37) 2(h) 130 (44) 3(l)
Elevated bilirubin level 40 (67) 20 (33) 123 (41) 52 (17) 162 (55) 84 (28)
Decreased fymphocyte count® 33 (55) 5(8) 276 (92) 117 (39) 276 (93) 103 (35)

*Evaluation criterion was different between Japan and other countries.

Table 3. Incidence of adverse events with temsirolimus (25 mg), No. (%).

304-WW (US, Europe, Australia, Canada,

2217-AP (Asia)**2¢ 2217-AP (Japanese Asia-Pacific, Africa, and South America)?>~2®
(n = 76) Patients)>®? (n = 14) (n = 208)
All Grades Grades 3and 4 All Grades Grades 3 and 4 All Grades Grades 3 and 4

Stomatitis 42 (55) 4 (5) 11 (79) 1 (7) 45 (22) 2(hH
Diarrhea 17 (22) 2(3) 321 L (@) 56 (27) I
Skin toxicity 55 (72) 2(3) 14 (100) 0 142 (68) i (s)
Hyperglycemia 10 (13) KU 4 (29) 0 6 (3) (1)
Increased creatinine level 19 (25) 1) 2(14) 0 25 (12) 4(2)
Pneumonitis 12 (16) 2(3) 5 (36) I (7) 4(2) 2(1)
Pneumonitis (independent review) 42 (59)* NR 8 (57)° NR 52 (29)¢ NR

NR., not reported.

*Chest computed tomographic (CT) images of 7| evaluable patients were read by an independent advisory board.
®Chest CT images of 14 evaluable patients were read by an independent advisory board.

“Chest CT images of 178 evaluable patients were read by an independent blinded review,

Table 4. Incidence of adverse events with topotecan, No. (%).

Early Phase Il (Japan),®? 1.2 mg/m? Late Phase H (japan),2? 1.0 mg/m? Phase Il (Europe), 2 1.5 mg/m?
(n=97) {n =96) (n = 100)

All Grades Grades 3 and 4 All Grades Grades 3 and 4 All Grades Grades 3 and 4
Leukopenia 96 (99) 68 (70) 50 (100) 63 (66) 100 (100) 90 (90)
Neutropenia 82 (99) 74 (89) 50 (100) 81 (84) 100 (100) 96 (96)
Anemia 92 (95) 56 (58) 48 (96) 44 (46) 100 (100) 29 (29)
Thrombocytopenia 80 (83) 42 (43) 45 (50) 40 (42) 100 (100) 55 (55)
Discussion differences from the results of the phase I trials, as the number

of patients was limited. However, this finding suggests a
hypothesis that the differences in MTD or RP2D in early clin-
ical trials may be associated with ethnic differences in toxicity.
Therefore, when we found the differences in MTD or RP2D,

In the present study, 2 cytotoxic drugs—fludarabine and topo-
tecan—showed hematologic toxicity in phase I trials. This
eventually led to different doses of these drugs being approved
in Japan and in the US and Europe. We cannot confirm ethnic
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Table 5. Incidence of adverse events with fludarabine, No. (%).

Phase Il (Japan),®' 20 mg/m?/d (n = 26)

Phase I/ll (MDAH, US),*' 20, 25, or 30 mg/m?/d® (n = 101)

All Grades Grades 3 and 4 All Grades Grades 3 and 4
Leukopenia 8 (31) 4 (15) NR NR
Neutropenia 18 (69) 14 (54) 18 (18) 2(2)
Anemia 727 5(19) I5 (15) 3(3)
Thrombocytopenia 13 (50) 3(12) 8(8) 33)
Pancytopenia NR NR 2(2) I (h
Bone marrow suppression NR NR 6 (6) 2(2)
Other hematologic toxicity NR NR 6 (6) 1)
Red blood cell count decreased 727) NR NR NR
Lymphocyte count decreased 6 (23) NR NR NR

MDAH, MD Anderson Hospital, Houston, Texas, USA; NR, not reported.
*intrapatient dose escalation was permitted.

Table 6. Dose escalation study design.

Japan Western Countries

(n = 32) (n = 46)
Design

No. of No. of

Trials % Trials %
3 + 3 design 31 96 37 80
Continual reassessment method 0 0 2 4
Other | 3 7 15

Table 7. Reason for stopping clinical trials.

Japan Western Countries
(n=32) (n = 46)
Reason
No. of Trials =~ % No. of Trials %
Toxicity 8 25 24 52
Study objective met® 20 63 0
Pharmacokinetics 0 3 7
Target inhibition 0 3 7
Other 4 13 16 35

*Almost all studies had the objective of evaluating tolerability of the dosage
approved for Western populations.

we might need to collect additional data, including pharmaco-
kinetics, genetic polymorphism, and other ethnic factors.

It is unclear why the approved doses of both fludarabine and
topotecan were different in 2 regions. These drugs had a DLT,
which was hematologic toxicity. However, the other drugs with
hematologic toxicity as the DLT did not have different
approved doses.

In the pharmacokinetic study of fludarabine, the area under
the curve of plasma 2F-ara-A, which is the active metabolite of
fludarabine phosphate, was similar between the Japanese and
American patients.'® Although the distribution of the common
variant alleles of CYP genes is known to vary among different

ethnic populations,'” in an in vitro study, 3H-2F-ara-A was not
metabolized by CYP344 and CYPIA2.

Topotecan is a topoisomerase I inhibitor, which is a water-
soluble derivative of camptothecin. The pharmacokinetic para-
meters with topotecan—C,ax, area under the curve, and Ty
levels in the plasma—were not different between Japanese and
Western patients. Human liver microsomal metabolism of
topotecan and its metabolite was not affected by CYPIA2,
CYP246, CYP2C8/9, CYP2C19, CYP2D6, CYP2EI, CYP3A4,
and CYP44."

Yet, capecitabine and temsirolimus showed no differences
in approved dosages and dose regimens, although both MTD
and RP2D were different between Japan and the US and Eur-
ope. For temsirolimus, although gastrointestinal toxicity such
as diarrhea and stomatitis was caused by a considerable dispar-
ity in MTD between Japan and Europe, the safety profile of this
drug in later clinical trials showed a difference in the incidence
of not only stomatitis but also ILD.

The reason for such discrepancies in ethnic differences
between earlier and later clinical trials is unknown. Note that
observed ethnic differences in early clinical trials can be attrib-
uted to patient-level differences because these studies were con-
ducted with the limited number of patients. Examination of
study designs in the present study showed that 20 of 32 phase
I clinical trials in new regions (62.5%) did not employ a dose
escalation design to determine a region-specific MTD but rather
attempted to confirm tolerability of the doses recommended in
the regions where the drugs were previously developed. Only
8 studies (25%) specifically evaluated the development of toxi-
city to determine MTD. Therefore, we speculate that even if tol-
erability in new regions is similar to that in the previously
approved regions, dosages and dose regimens in new regions
would not be sufficiently evaluated.

In the present study, as far as we can determine, the approved
doses were the same for drugs without any differences in MTD
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or RP2D between Japanese and Western participants in early
clinical trials. However, some drugs without any differences in
MTD or RP2D demonstrated different toxicity profiles in Japa-
nese participants. For example, there was a higher incidence of
ILD with gefitinib and bortezomib in Japanese participants.®®

Two theories have been put forth on why there was a failure
to detect ethnic differences in the toxicity profile of gefitinib
and bortezomib in early clinical trials and a discrepancy
between the toxicity observed in the early versus later clinical
trials for temsirolimus and capecitabine. First, less frequent
adverse events cannot be detected in clinical studies with a
small number of participants. In the present study, the toxicity
of the 2 drugs (fludarabine and topotecan) shown to be different
among different populations was hematologic toxicity, a rela-
tively frequent adverse event. Conversely, early clinical trials
with the small number of participants have only a limited
capacity to detect ethnic differences in adverse events with rel-
atively low incidences—for example, ILD. Depending on the
properties of the specific drug and those in the same class, it
may be more helpful to search for evidence of ethnic differ-
ences in later clinical trials. Second, dose escalation design was
not strictly followed in the phase I trials when a drug is being
studied for a new region. For bortezomib, dose escalation was
discontinued because tolerability of the overseas recommended
dose was confirmed and a sufficient determination of MTD was
not performed.

A potentially more significant problem is the possibility that
uncommon but severe adverse events do not surface during the
clinical development stage. In Japan, immediately after the
launch of gefitinib, ILD associated with the drug’s use caused
multiple cases of death. Its prescribing information was ulti-
mately revised to raise awareness of the risk of ILD.'®!° It
should be recognized that information collected by early and
late clinical trials is not sufficient. We consider it meaningful
to collect the data from multinational trials, including early
clinical trials, and continue the examination for ethnic differ-
ences in a larger number of patients, including postmarketing
surveys.

Two limitations of the present study should be considered.
One is that it examined only drugs that were eventually
approved. Drugs whose development was discontinued, poten-
tially due to ethnic differences detected during clinical devel-
opment, were not examined. The other is that we could not
find the information on the difference of sampling interval for
laboratory variables and the criteria in each trial to report the
laboratory-related adverse events between Japan and Western
countries. As for the adverse event reporting, the slightly
abnormal laboratory values tend to be strictly reported as
adverse events in Japan, while they did not tend to in Western
countries. Although these tendencies could not cause the ethnic

differences in severe hematologic toxicity, these points should
be noted in the interpretation of the results.

The present study found that phase I clinical trials detected
ethnic differences in the toxicity profile of 2 of 28 drugs exam-
ined, suggesting that it is important to collect additional data in
later clinical trials when MTD or RP2D in a new region is dif-
ferent from that in previously approved regions.
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A Continual Reassessment Method With
Cohort Size Adaptation Based on Bayesian
Posterior Probabilities in Phase |
Dose-Finding Studies
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Abstract

In phase | cancer studies, the maximum tolerated dose (MTD) is estimated by gradually increasing dose levels while accumulating
safety information. Recently, Bayesian dose-finding methods such as the continual reassessment method (CRM) have gained popu-
larity. Due to the lack of safety information, phase | studies on new drugs must start at doses low enough that efficacy is not
expected but safety is certain up to an acceptable level. To reach the MTD with fewer patients, a 2-stage method has been
proposed that enrolls only a single patient at each dose level until the first dose-limiting toxicity is observed. If the study drug
is less toxic, it may require many cohorts to complete the study and thus may lead to a longer study period. In this paper, the
authors propose a new CRM with cohort size adaptation to reduce the number of cohorts without reducing the accuracy of MTD
selection. The cohort size is determined based on the Bayesian posterior probabilities computed during a study. Simulation
studies show that the proposed method reduced the number of cohorts compared with the 2-stage method while still yielding
a comparable probability of selecting the MTD correctly.

Keywords
continual reassessment method, dose-finding, cohort size adaptation, phase | cancer trial, Bayesian posterior probability.

Introduction first patients at a low starting dose and prohibiting dose escala-
tion to no more than 2 dose levels at a time.>* Goodman et al®
and Ahn® recommended assigning more than 1 patient to each
cohort. Many studies using CRM have fixed the size of each
cohort to 3 patients. When new drugs are developed, phase I
dose-finding studies must start with low doses at which effi-
cacy is not expected but safety is certain up to an acceptable
level. Dose levels must be increased gradually because of
unknown safety characteristics.>>’ If there is a large gap
between the starting dose and the MTD, it may be necessary
to treat a relatively large number of patients at suboptimal dose

The primary objective of a phase I dose-finding study for
cancer is to estimate the maximum tolerated dose (MTD). In
many cases, the MTD is estimated through the use of
rule-based designs, typically the 343 design. However,
model-based dose-finding methods have gained popularity
because of their ability to estimate the MTD more accu-
rately.'"® The MTD is defined as the dose with a probability of
dose-limiting toxicity (DLT) closest to a given target (eg,
33%); DLT is determined clinically before the start of each
study. Model-based methods integrate all DLT information
observed during the study and update model parameters sequen-
tially based on the observed data as the cohort progresses. A
dose-toxicity model is used to make dose escalation decisions for
the next cohort based on the estimated toxicity probabilities.
One of the early model-based designs was the continual
reassessment method (CRM) proposed by O’Quigley et al.’
However, concerns arose regarding the fact that the CRM
allowed dose skipping and that its approach to dosing the initial
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levels that are below the MTD. From an ethical perspective,
however, it is required that investigators minimize patients
treated at ineffective doses while minimizing patients treated
at toxic doses.®

Moller” proposed the restricted CRM (R-CRM), which is a
2-stage design that begins as a rule-based design (first stage),
including only a single patient at each dose level, and then
switches to a CRM (second stage) once the first DLT is
observed. It was shown that the R-CRM reaches the MTD with
fewer patients compared with CRM with a fixed cohort size of
3. However, the R-CRM may require many cohorts to complete
the study when the study drug is less toxic, because it enrolls
only a single patient at each dose level until the first DLT is
observed. In this case, there is concern that the study period
may be unnecessary long. Estimating the accurate MTD rap-
idly contributes to accelerate new drug development and leads
to possible treatments for patients suffering from cancer.

In this paper, we propose a new CRM with cohort size adap-
tation that is determined based on the Bayesian posterior prob-
abilities calculated during a study. This Bayesian posterior
probability CRM (BPP-CRM) reduces cohort size at doses sug-
gested to be far from MTD or increases cohort size for doses
suggested to be near MTD based on its posterior probability,
and thereby it reduces the number of cohorts while still yielding
a comparable probability of selecting the true MTD. Simula-
tions are used to compare the BPP-CRM with the R-CRM.

In the next section, we summarize the dose-finding method
and present the cohort size determination algorithm of the BPP-
CRM. Next, we conduct extensive simulation studies to exam-
ine the operating characteristics of our proposed method. We
close with a brief discussion.

Methods

The second stage of the R-CRM and the BPP-CRM use the
same dose-finding process described next. However, each
method uses different cohort size determination algorithms.
The R-CRM fixes the cohort size to 1 during the first stage and
3 during the second stage. The BPP-CRM adjusts the cohort
size based on the Bayesian posterior probabilities, as explained
in the section on the cohort size determination rule.

Dose-Finding Process

The CRM is based on a Bayesian parametric model character-
ized by a model parameter or parameters representing the
dose-toxicity relationship.® The general idea behind the CRM
proposed by O’Quigley et al' was that a dose-toxicity relation-
ship would be updated with all available toxicity data using
Bayes’ theorem and that each patient would be assigned the
dose most likely to be the MTD. However, concerns arose
regarding the fact that the CRM allowed dose skipping and that
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Figure 1. Prior and true dose-limiting toxicity occurrence
probabilities.

its approach to dosing the initial patients in a study was based
on an a priori dose-toxicity relationship.? Several modifications
were proposed, including treating the first patients at a low
starting dose and prohibiting dose escalation to no more than
2 dose levels at a time.>*

In this paper, the following dose-finding steps are performed
(more details are provided in the appendix):

Step 1: Assume a priori dose-toxicity curve and the target
probability. This dose-toxicity curve characterizes
clinical investigators’ uncertainty or knoWledge before
starting the study and is sometimes based on historical
data from previous clinical studies in which identical
or similar study treatments were examined.®

Step 2: Treat several patients (depending on method) at
the assigned dose level and evaluate the occurrence
of DLT.

Step 3: Update the dose-toxicity curve with all available
DLT data using Bayes’ theorem and compute the pos-
terior expected DLT rates at each dose level.

Step 4: Determine the next dose level at which the poster-
ior expected DLT rate is the closest to the target prob-
ability. In this regard, dose skipping is prohibited.

Step 5: Repeat steps 2 through 4 until the fixed sample
size of 30 is reached, or terminate early in the case
of unacceptable toxicity at the lowest dose level.

Cohort Size Determination Rule in BPP-CRM

After determining the next dose level x; by using the dose-
finding method provided in the preceding section and the
appendix, the BPP-CRM adjusts the cohort size based on the
posterior probability of the DLT rate at x; given available (i — 1)
enrolled patients’ data Q;.; = {x1, X2, ..., Xi., V1> Y2 ««-» Vi1 }
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Figure 2. Prior and posterior density functions of the dose-limiting toxicity (DLT) rate estimated at each of the 8 dose levels and probabilities of
the DLT rate falling in the target probability at the next dose level (shaded zone) based on toxicity data (a) prior, (b) after the first cohort
(1 patient), (c) after the fifth cohort (12 patients), and (d) after the seventh cohort (21 patients).

falling in the target interval {0.25, 0.40], which centers on the
target probability: Pr{R(x,|Q;-1)€[0.25, 0.40]}. In other
words, Pr{R(x;Q;_)€[0.25, 0.40]} represents the distance
between x; and the MTD. When Pr{R(x|Q;_;)€[0.25, 0.40]}
is large, x; is assessed to be near the MTD, and therefore a
large cohort size is assigned to reduce the number of cohorts.
In contrast, when Pr{R(x/Q;_,)€[0.25, 0.40]} is small, x; is
assessed to be suboptimal or highly toxic, and therefore a
small cohort size is assigned so as to limit the number of
patients who receive suboptimal or highly toxic doses. In sum-
mary, the cohort size is calculated by [Pr{R(x]Q,_ )€[0.25,
0.40]}*M] + 1, where x is the gauss symbol, which is the
greatest integer that is <x, and M is the design parameter.
For example, when M 10 and Pr{R(x|Q;_)€[0.25,
0.40]} = 0.28, the cohort size is [0.28*10] + 1 =2 4+ |
= 3. M should be determined based on the prior probability
of the DLT rate and the maximum cohort size in simulation
under some scenarios. To determine M efficiently, it is useful
to find the maximum M first, and M can be finalized based
on the maximum cohort size under some scenarios. Maxi-
mum M can be determined based on the prior probability
of the DLT rate falling in the target interval at the starting

dose x; Pr{R(x)€[0.25, 0.40]} and appropriate cohort size
at first cohort. If the expected cohort size at first cohort is
1, the maximum M can be the largest number that meets
max{M|Pr{R(x,)€[0.25, 0.40]}*M < 1}. It is easy to see that
the maximum cohort size should be smaller when a smaller
M is used. The final M can be determined based on the max-
imum cohort size under some scenarios. For example, if the
expected cohort size at first cohort is 1 under the setting pro-
vided in the next section, M should be <10 because
Pr{R(x;)€[0.25, 0.40]} = 0.096.

Simulation Studies
Simulation Settings

We ran simulations to compare the operating characteristics of
the BPP-CRM with those of the R-CRM. We considered 8 dose
levels with the target probability 0* = 0.33. The patients
enrolled in the first cohort were always treated at dose level 2.
We used the same dose-toxicity model, dose-finding process,
and stopping rule given in the section on dose-finding process
and the appendix for both CRMs. For the cohort size determi-
nation rule for the BPP-CRM, we set M = 10 (see “Example of
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Table . Simulation results for the BPP-CRM and R-CRM,

Dose Level
| 2 3 4 5 6 7 8 Early Termination ~ Mean DLT

Scenario | 0.02 0.04 0.10 0.30 0.50 0.60 0.68 0.70

BPP-CRM  %MTD 0 0 35 75.6 202 0.6 0 0 0 9.0
#Pats 0.1 1.2 4.7 17.3 6.1 0.5 0 0

R-CRM %MTD ] 0 35 75.9 19.9 0.6 0 0 0 93
#Pats 0.l 1.5 4.1 16.7 6.5 08 0.2 0.1

Scenario 2 0.01 0.02 0.03 0.06 0.15 0.30 0.45 0.60

BPP-CRM  %MTD 0 0 0 0.5 16.5 60.2 20.0 28 0 6.8
#Pats 0 (W] 23 34 8.6 10.4 35 0.8

R-CRM %#MTD 0 0 0 0.6 17.0 62.3 18.5 1.7 0 75
#Pats 0.1 1.2 1.4 25 83 1.0 4.2 1.4

Scenario 3 0.15 0.30 0.55 0.70 0.75 0.78 0.79 0.80

BPP-CRM  #MTD  11.2 67.6 2L 0.1 0 0 0 0 0 10.8
#Pats 5.8 14.0 9.2 0.9 0.1 0 0 0

R-CRM %MTD 107 68.7 20.2 02 0 0 0 0 0.2 10.9
#Pats 52 15.0 8.5 1.0 0.2 0 0 0

Scenario 4 0.01 0.05 0.30 0.50 0.65 0.75 0.79 0.80

BPP-CRM  %MTD 0 27 71.8 254 0.2 0 0 0 0 10.3
#Pats 0.5 29 16.9 89 0.9 0 0 0

R-CRM %MTD 0 27 70.8 26.3 03 0 0 0 0 104
#Pats 0.2 33 16.3 89 1.2 0.2 0 0

Scenario 5 0.30 0.50 0.60 0.65 0.69 0.72 0.74 0.75

BPP-CRM  %MTD  68.2 274 23 0.2 0 0 0 0 20 1.9
#Pats 16.5 88 3.7 0.6 0 0 0 0

R-CRM %MTD  67.8 26.6 29 03 0 0 0 0 24 1.9
#Pats 16.6 9.1 29 0.7 0.2 0 0 0

Scenario 6 0.10 0.15 0.20 0.30 0.40 0.50 0.55 0.60

BPP-CRM  %MTD 0 17 216 51.0 225 29 02 0 0 8.4
#Pats 0.8 27 83 1.9 53 1.0 0.1 0

R-CRM %MTD 0.1 1.6 227 47.4 24.4 36 03 0 0 8.7
#Pats 08 3. 75 10.5 59 1.6 04 03

Scenario 7 0.01 0.02 0.03 0.05 008 0.3 0.20 0.30

BPP-CRM  %MTD 0 0 0 0.2 25 1.5 236 62.2 0 4.6
#Pats 0.1 L1 23 3.0 5.0 6.2 56 6.9

R-CRM %MTD 0 0 0 0.3 20 9.2 27.1 61.4 0 57
#Pats 0.1 1.2 1.3 1.9 33 4.6 6.7 t1.0

True DLT rates are presented in the first row of each scenario; MTDs under each scenario are shown in boldface. BPP-CRM, Bayesian posterior probability
continual reassessment method (CRM); DLT, dose-limiting toxicity; ¥MTD, the percentage of times each dose level was selected as the MTD; #Pats, mean
number of allocated patients; R-CRM, restricted CRM,

Dose Escalation History” below for the determination of M).
Prior DLT rates at dose levels 1 to 8 were estimated as 0.02,
0.04, 0.10, 0.30, 0.50, 0.60, 0.68, and 0.70, respectively. Fig-
ure 1 shows the prior DLT rates and true DLT rates under 7 sce-
narios, covering a very broad range of scenarios that might be
true dose-toxicity relationships.

We simulated 5000 trials for each scenario. To investigate the
operating characteristics of each design, we calculated the per-
centage of times each dose level was selected as the MTD, the
mean number of patients treated at each dose level, the mean num-
ber of DLTs per study, and the mean number of cohorts per study.
The accuracy was assessed based on the percentage of trials that
identified the true MTD, and the risk control of underdosing or

overdosing was assessed based on the mean number of patients
treated at doses under or over the MTD. These simulations ran
under the assumption that there were enough patients standing
by. Under this assumption, the mean number of cohorts was rea-
sonable to assess the duration to estimate the MTD. In addition,
the mean number of cohort size at each cohort was calculated
to investigate how cohort size changes.

Example of Dose Escalation History

This section describes how to determine the design parameter
M and gives 2 examples of dose escalation histories of the
BPP-CRM.
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Table 2. Summary of the number of cohorts for the BPP-CRM and R-CRM.
Quantile
Scenario Mean SD Minimum Maximum 25% 50% 75%
| BPP-CRM 9.2 0.40 8 10 9.0 9.0 9.0
R-CRM 12.9 0.90 i 14 12,0 13.0 14.0
2 BPP-CRM 9.0 0.17 8 14 9.0 9.0 9.0
R-CRM 13.6 0.72 H 14 14.0 14.0 14.0
3 BPP-CRM 8.5 0.55 3 12 8.0 8.0 9.0
R-CRM 1.8 0.76 2 14 1.0 120 120
4 BPP-CRM 9.0 0.62 8 10 9.0 9.0 9.0
R-CRM 124 0.76 11 14 120 120 13.0
) BPP-CRM 8.7 1.12 3 17 8.0 9.0 9.0
R-CRM 11.4 1.29 2 14 1.0 1.0 12.0
é BPP-CRM 9.0 0.46 8 10 9.0 9.0 9.0
R-CRM 12.6 1.07 2 14 12,0 120 140
7 BPP-CRM 9.5 1.10 8 17 9.0 9.0 10.0
R-CRM 13.7 0.69 1l 14 14.0 14.0 14.0

BPP-CRM, Bayesian posterior probability continual reassessment method (CRM); R-CRM, restricted CRM; SD, standard deviation.

As described in the methods section, M can be determined
based on the prior probability of DLT rate falling in the target
interval at the starting dose d,. Because the expected cohort
size at first cohort is 1 and Pr{R(d,)€[0.25, 0.40}} = 0.096,
M should be <10. To meet our objective that the number of
cohorts should be minimized, we decided to use M = 10.

In the BPP-CRM, the cohort size is determined after the
dose that is estimated to be the closest to the target probability
is selected as the next dose (see the appendix). In the case that
no DLT is observed out of 1 patient at first cohort, posterior
expected DLT rates at each dose level given available informa-
tion at first cohort Q, = {d,0} are updated, and d, is selected
as the dose at second cohort by using the method provided in
the appendix. In this case, the cohort size at second cohort is
[Pr{R(ds]€2;)€[0.25, 0.40]}*10] + 1 = [0.121%10] + 1 = 2.
In the case that no DLT is observed out of 2 patients at second
cohort also (ie, Q; = {d, d3, d3, 0, 0, 0}), the next dose is dy
and the cohort size is [Pr{R(d|Q,)€[0.25, 0.40]}*10] =
[0.194*10] + | = 2.

Through repetition of this process, both dose level and
cohort size at the next cohort can be selected sequentially. Fig-
ure 2 shows prior and some posterior density functions of the
DLT rate at each of the 8 dose levels. The graphs suggest that
the density functions of the DLT rate become narrower and that
the cohort size, as well as the posterior probability of the DLT
rate falling in the target interval at the next dose level, becomes
bigger as available DLT data increase.

Simulation Results

Table 1 shows the percentage of times each dose level was
selected as the MTD, the mean number of patients treated at
each dose level, and the mean number of DLTs per study in

each scenario. In all scenarios, both methods selected the true
MTD with the same accuracy. In scenarios 1, 4, and 6, in which
the true dose-toxicity relationship is almost identical to the pre-
study estimates, BPP-CRM showed a tendency to concentrate
more patients to the target dose compared with the R-CRM.,
In scenarios 2 and 7, in which the true dose-toxicity relation-
ship is flatter than the prestudy estimates, the BPP-CRM
showed a tendency to concentrate more patients to lower doses
compared with the R-CRM. However, in scenarios 3 and 5, in
which the true MTD is lower than the prestudy estimate, the
BPP-CRM tended to be comparable to the R~-CRM.

Table 2 summarizes the number of cohort size in each sce-
nario. In all scenarios, the BPP-CRM reduced from 2 to 4
cohorts compared with the R-CRM.

Figure 3 shows the mean cohort size and cumulative number
of patients by cohort in scenario 1. Results in other scenarios
are not shown in this paper because they show almost the same
tendency. R-CRM and BPP-CRM used the same cohort size of
1 at first cohort. However, while the R-CRM moderately
increased the cohort size to 3, the BPP-CRM increased cohort
size more rapidly and reached 5.1 at the eighth cohort, leading
to a reduction of the number of cohorts.

Discussion

In this paper, we propose a new CRM design with cohort size
adaptation to reduce the number of cohorts. The cohort size
was determined based on Bayesian posterior probabilities fall-
ing to the target interval. The BPP-CRM reduced the number of
cohorts by 2 to 4 compared with the R-CRM while still yielding
a comparable probability of selecting the true MTD.

In many cases except for rare diseases, because a certain
period (eg, 2 months) is required the time when the new cohort
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Figure 3. (a) The mean number of cohort size by cohort in scenario
I. (b) Mean cumulative number of patients by cohort in scenario 1.

BPP-CRM, Bayesian posterior probability continual reassessment
method (CRM); R-CRM, restricted CRM.

opens to the time when the next dose level is finalized, it is
expected that BPP-CRM would shorten the study period by
4 to 8 months.

The BPP-CRM can enroll more patients at a single cohort as
the study progresses. There may be concerns that this leads to
an increased safety risk. Actually, the BPP-CRM showed a ten-
dency to assign more patients to higher doses compared with
the R-CRM if the true dose-toxicity relationship was steeper
than the prestudy estimates, However, the BPP-CRM showed
almost the same DLTs as the R-CRM, suggesting that the
BPP-CRM can enroll many patients at a single cohort while
ensuring patients’ safety.

Further, to control the risk of overdosing, it may be useful to
use our proposed design in conjunction with the escalation with
overdose control (EWOC) method proposed by Babb et al.” We
used a binary response for each patient to indicate the presence
or absence of DLT. The severity of toxicity was evaluated
using multiple grades from 0 to 3 or 4 based on common
toxicity criteria for adverse events. It may be desirable to con-
sider the possibility of using these grades to determine the
cohort size more adequately.

Appendix

Letd; (j = 1, 2, ..., K) denote numerical dose levels, with d;
specified using backward fitting® as described below. Let
R(d;) denote the true DLT rate at dose level d;. The binary
response is the indicator ¥; = 1 if the ith patient (i = 1, 2,
..., n) suffers a DLT, 0 if not. In this paper, a 1-parameter
logistic regression model,

v _ _exp(3+axd)
v a)_1+exp(3+axdj)

(1)

is assumed for the dose-toxicity working model Y(d;, a) =
Pr(Y; = 1llda), (=1,2,...,K,i=1,2, ..., n), with the
assumed prior distribution g(a) for parameter a being
Gamma(5,5).'" We specified numerical dose levels of d; for
=1,2, ..., K using backward fitting’ so that d; is satisfied with
the equation Y(djla = E(@)) = p; ( = 1, 2, ..., K), where p; is
the prestudy estimate of the proportion of patients who would
experience a DLT at dose level j. In addition, we fixed the para-
meter a to E(a), where E(a) denotes the prior mean of a under
g(a), in this case E(a) = 1. For example, if {p;, ps, ..., ps} =
{0.02, 0.04, 0.10, 0.30, 0.50, 0.60, 0.68, 0.70}, then {d,, d»,
..., dg} = {—6.89, —6.18, —5.20, —3.85, —3.00, —2.59,
—-2.25, —2.15}.

To determine the ith patient’s dose level x,€{d, d, ...,
d}, the posterior distribution of parameter a is updated based
on available (i — 1) enrolled patients’ data Q; ; = {x1, %3, ...,
Xi1> V1> Y2, - - -, Yi-1} using Bayes’ rule. The posterior distribu-
tion of a is given by

_ L(a|Qi_1)g(a)
P@l) = FTO e lwdn’

where the likelihood function L(a|Q;.) is given by

i-1
Lalfi) = ] ] W, @ {1 = o, @)} .
=1

Based on the posterior distribution of a, the posterior expected
DLT rate at dose level d; is given by

R@i01-1) = [ Wdna)p(el0y_)da @)

The nextV dose level x; is determined based on the criterion
R(xi|Qi1) = 07| < | R(dj|Q-1) — 07| < |~ 6°
(=12,.4nj=12,.,K,x; <xi_1 + 1,x # d)

3)

That is, x; is the dose at which the posterior expected DLT rate
given all available data is the closest to the target probability
0*. In this regard, dose skipping is prohibited.

The fixed sample size of 30 is used based on Thall et al.'' In
addition, the study is terminated early in the case of unacceptable
toxicity at the lowest dose level if Pr{R(d[Q:.1) > 8,oxic} = 0.95,
where 0,,,;. is the lower limit of the DLT rate considered to be
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toxic and in many cases is set at the same value of the target
probability 6*.
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