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Abstract

For phase I trials, the subgroup-specific time-to-event (Sub-TITE) design iden-

tifies the maximum tolerated dose (MTD) separately in 2+ heterogeneous

patient subgroups. Sub-TITE allows borrowing strength and dynamic cluster-

ing across subgroups from the trial's start, but delaying the initiation of bor-

rowing and clustering may improve trial accuracy. We propose the 2-stage

Sub-TITE (2S-Sub-TITE) design in which the trial starts by estimating separate

models per subgroup, and then initiates the Sub-TITE design at some pre-

specified point of patient accrual. We evaluate the operating characteristics of

the 2S-Sub-TITE design using simulations. Nine configurations of the 2S-Sub-

TITE design (varying in timing of initiation of borrowing/clustering and prior

probability of subgroup heterogeneity, p_hetero) and three control methods

were compared across 1000 randomly-generated true toxicity probability

scenarios. Effects of priors, sample size, escalation rules, target toxicity

probability, accrual rate, and number of subgroups were evaluated. Metrics

included: proportion of correct selection (PCS) of the true MTD, and aver-

age number of toxicities incurred. Among the 5 2S-Sub-TITE configurations

(out of 9 total) with the highest PCS (45%) when the subgroup heterogene-

ity assumption is correct (all of which out-perform the control methods by

2%–6%), the configuration which enables borrowing and clustering allow-

ance with p_hetero = 0.7 starting at 75% patient accrual best minimizes

toxicities as well as losses in accuracy if the heterogeneity assumption is incor-

rect. For trials with high confidence in subgroup heterogeneity, the 2S-Sub-TITE

configuration enabling borrowing/clustering with p_hetero = 0.7 starting at 75%

patient accrual exhibits superior dose-finding accuracy compared to existing

methods.
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1 | INTRODUCTION

Phase I clinical trials in oncology aim to find the maximum tolerated dose (MTD) of an experimental agent.
While a majority of phase I trials have used conservative rule-based designs,1 such as the 3 + 3,2 rolling six,3

and accelerated titration4 designs, model-based designs, such as the continual reassessment method (CRM),
more frequently find the correct MTD.5–7 The CRM, uses a Bayesian framework to model the dose-toxicity rela-
tionship using the observed dose limiting toxicity (DLT) data to date and a set of prior toxicity assumptions to
recommend a dose level for the next patient.5 A popular extension is the time-to-event CRM (TITE-CRM) which
can model partial DLT observations to allow for continuous patient enrollment while maintaining similar accu-
racy and safety.8–10

These designs implicitly assume that enrolled patients are relatively homogeneous to estimate a single MTD across
all patients. When there is a possibility of significant patient heterogeneity, numerous published methods can account
for subgroup-specific dose-finding.11–23 One such design, called subgroup-specific time-to-event (Sub-TITE), uses spike-
and-slab priors and previous patient DLT information to estimate the dose toxicity curve for each subgroup at each
step.24 The observed similarity between these estimated subgroup-specific dose toxicity curves effectively determines
whether the subgroups will be modeled in a two-parameter vector model, or clustered together in a one-parameter vec-
tor model. This method allows for trials with subgroup-specific dose-finding to benefit from borrowing strength
between subgroups, while allowing subgroup information to be clustered together when necessary.

Our current study is motivated by an ongoing Pacific Pediatric Neuro-Oncology Consortium (PNOC) Phase I trial of
DAY 101 (formerly TAK-580, MLN2480), a type II BRAF inhibitor, for children with low-grade gliomas
(NCT03429803).25 Preliminary data suggested differing response by body surface area (BSA), thus motivating a
subgroup-based dose-finding approach. The investigators implemented the Sub-TITE design to test five dose levels
among two BSA subgroups. The investigators were uncomfortable with the aggressive dose escalation rules in the origi-
nal Sub-TITE design and implemented a more conservative escalation approach (see Section 2). In addition, the original
design allowed borrowing and clustering from the trial's start, but gathering additional DLT observations before making
these allowances may increase trial accuracy.

In this article, we introduce a practical extension of the Sub-TITE design, in which the two subgroups are first
modeled separately according to the TITE-CRM and then at some pre-specified point of patient accrual, the Sub-TITE
design is introduced with varying parameter settings. The 2-Stage Sub-TITE (2S-Sub-TITE) design is a flexible frame-
work that can allow more DLT information to be gathered before determining whether subgroups should be clustered.
Our goal is to identify the optimal time at which to initiate the Sub-TITE design, as well as the optimal prior assump-
tions regarding subgroup heterogeneity, to maximize the true MTD recommendation rate and minimize the average
number of toxicities when the assumption of subgroup heterogeneity is correct, while minimizing losses when this
assumption is incorrect. We will also investigate whether these optimal conditions vary by investigator-specified prior,
escalation rules, sample size, target toxicity probability, accrual rate, and number of subgroups.

2 | METHODS

For phase I trials with patient heterogeneity, Figure 1 presents an overview of the different dose-finding strategies con-
sidered in this study. Separate TITE-CRM models per subgroup (Figure 1A) allows independent dose finding for each
subgroup. A single TITE-CRM model across subgroups (Figure 1B) allows combined dose finding for all patients (thus
ignoring potential subgroup heterogeneity). The original Sub-TITE design (Figure 1C) allows for separate dose finding
per subgroup while allowing borrowing and dynamic clustering across subgroups from the trial start. The original Sub-
TITE design is a hybrid of separate TITE-CRM models for each subgroup and a single TITE-CRM model across all
subgroups.

The 2S-Sub-TITE design (Figure 1D) is a 2-stage sequential combination of separate TITE-CRM models for each
subgroup, and the original (1-stage) Sub-TITE design. The 2S-Sub-TITE design begins with Stage 1, which uses the
TITE-CRM to estimate a separate dose-finding model for each subgroup and proceeds until a pre-specified number of
Stage 1 patients have been accrued, denoted Nsep. Then, Stage 2 begins and continues until the maximum number of
patients is reached, denoted Nmax . Stage 2 uses a form of the Sub-TITE, determined by prior assumptions of patient
heterogeneity.
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2.1 | Stage 1

Slightly modifying the notation of Chapple & Thall,24 let standardized dose xj ¼ xrawj �xraw
� �

=SD xrawð Þ, for j¼ 1,…,J,
where xrawj is dose j. Given g¼ 1,2,…,G subgroups, let Wi � 1,…,Gf g denote the subgroup and x i½ � the dose level of the
ith patient. The probability of toxicity given dose level x i½ � and subgroup Wi ¼ g is

logit π x i½ �,θg
� �� �¼ αgþexp βg

� �
x i½ �, ð1Þ

where π x i½ �,θg
� �¼P Y i ¼ 1jx i½ �,Wi ¼ g,θg

� �
and θg ¼ αg,βg

� �
where αg and βg are the intercept and dose effects for sub-

group g, respectively. To allow use of partial follow up information, we use a working likelihood similar to Cheung and
Chappell.8 Let T be the fixed DLT observation period. For patient i at trial time t, let μi tð Þ denote the follow-up time
with μi tð Þ¼T for all follow-up times past the observation period. Let weight function ωi tð Þ¼ μi tð Þ=T, and Yi μi tð Þð Þ be a
stochastic binary indicator of patient i experiencing a DLT by trial time t. The likelihood contribution for a patient in
subgroup g is

L θgjDnt ,Wi ¼ g
� �¼ π x i½ �,θg

� �Yi μi tð Þð Þ
1�ωi tð Þπ x i½ �,θg

� �� �1�Yi μi tð Þð Þ ð2Þ

where Dnt ¼ Yi μi tð Þð Þ,Wi,μi tð Þ,x i½ �, i¼ 1,…,nt
� �

denotes the data collected by trial time t and nt is the number of
patients accrued at time t. Unique subgroup-specific normal prior distributions are assumed for the parameter vectors
θ1,…,θG and posterior distributions are estimated via Markov Chain Monte Carlo (MCMC) sampling with Metropolis
Hastings proposals (Supplement A). Posterior means of the vectors θ1,…,θG are entered into the dose-toxicity model
along with the values x1,…,xJ to estimate the subgroup-specific toxicity probabilities at each dose level. Posterior means
of these parameters were used to estimate toxicity probabilities instead of computing posterior toxicity probabilities for
the entire sample and averaging them. The primary reason was due to reduced computation time; this approach did
not result in changes in operating characteristics. Thus, dose-finding estimates are modeled completely separately for
each subgroup, effectively conducting G trials under the original TITE-CRM design. We will use this model until a pre-
specified point of patient accrual, Nsep=Nmax , and then proceed to Stage 2.

(A) (B)

(C) (D)

FIGURE 1 Overview of dose-finding strategies for phase I trials with patient heterogeneity: (A) Separate TITE-CRM models per

subgroup; (B) Single TITE-CRM model across subgroups; (C) Original Sub-TITE design; and (D) 2S-Sub-TITE design. CRM, continual

reassessment method; 2S-Sub-TITE, 2 stage-subgroup-specific time-to-event
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2.2 | Stage 2

We implement an over-parameterized version of the Sub-TITE design24 to remove a baseline group, allowing all combinations
of subgroups to cluster freely, by adding a shared intercept and slope parameter to the dose-toxicity curve in the form

logit π x i½ �,Wi,θ
� �� �¼ αþ

XG
g¼1

αgI Wi ¼ gð Þþexp βþ
XG
g¼1

βgI Wi ¼ gð Þ
( )

x i½ �: ð3Þ

The working likelihood function for nt patients at trial time t is

L θ1,…,θGjDntð Þ¼
Ynt

i¼1

XG
g¼1

I Wi¼ g½ �π x i½ �,Wi,θg
� �Yi μi tð Þð Þ

1�ωi tð Þπ x i½ �,Wi,θg
� �� �1�Yi μi tð Þð Þ

:

In this overparameterized version, the normal prior on θ1 is used for the shared parameter vector α,βð Þ and priors
on θ2,…,θG are expressed as deviations from the shared parameters, with θ1 having a vector mean 0. Similar to in Stage
1, posterior sampling is carried out via MCMC and posterior means of α,β,θ1,…,θGð Þ are entered into Equation (3) with
x1,…,xJ in place of x i½ � to estimate the subgroup specific dose-toxicity probabilities at each dose level. This model bor-
rows strength among the subgroup specific dose-toxicity curves.

2.3 | Dynamic clustering of subgroups

We allow for the dynamic clustering of subgroups by introducing the random latent subgroup membership variables
ζ1,…,ζG � 1,…,Gf g as defined in Chapple & Thall. These induce clustering through the prior distribution

αg j ζg � I ζg ¼ g
h i

N eαg,σα� �þ X
m≠ g

I ζg ¼m
h i

δαm αg
� �

,

βg j ζg � I ζg ¼ g
h i

N eβg,σβ� �
þ

X
m≠ g

I ζg ¼m
h i

δβm βg
� �

,

where δαm αg
� �

denotes the dirac measure at αm, i.e. αg ¼ αm with probability 1, The hyperparameters eαg,eβg,σα, and σβ
are derived from a clinician-advised table of prior mean probabilities of toxicity at each dose level, for each subgroup.
Given that ζg ≠ g, the random latent subgroup parameter ζg takes on values in the set m: ζm ¼mf g with equal
probability.

The parameter vectors θ1,…,θG are adaptively clustered and unclustered throughout the MCMC based on the ran-
dom parameters ζ1,…,ζG which are also being sampled. It is possible that, for example, θm ¼ θg for 95% of posterior
samples, indicating extreme homogeneity, or 5% of the samples, indicating heterogeneity among subgroups g and m.

A key user-specified parameter is P ζg ¼ g
� 	

, denoted P_hetero, which controls the probability that subgroup g will
not be dynamically clustered on other subgroups. Effectively, P_hetero represents the prior assumption that a subgroup
is heterogeneous and is a fixed value chosen at trial start. P_hetero = 1 indicates that the subgroup will never be clus-
tered on other subgroups (fully heterogeneous); P_hetero = 0 indicates that the subgroup always be clustered on
another subgroup (fully homogeneous). P_hetero = 0.9 indicates a 0.9 prior probability that the subgroup will not be
clustered on another subgroup. We will explore how P_hetero affects dose-finding accuracy.

2.4 | Dose escalation rules

Two sets of dose escalation rules will be implemented. First, “aggressive escalation” rules, as in Chapple & Thall,24

require only one patient to be enrolled, but not necessarily fully evaluated, at a dose before allowing escalation to the

MCGOVERN ET AL. 1141
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next, previously untested, dose. Second, “conservative escalation” rules require that three patients be fully evaluated at
a dose before allowing escalation to the next, previously untested, dose.

2.5 | 2S-Sub-TITE method configurations

We evaluated 9 2S-Sub-TITE method configurations with varying combinations of P_hetero and the accrual point at
which borrowing and clustering allowance begins (Table 1). These combinations were chosen factorially so the full
range of potential P_hetero and accrual rate pairings could be assessed. Configurations A–C, D–F, and G–I start borrow-
ing and allowing for dynamic clustering at 25%, 50%, and 75% of patient accrual, respectively, with varying P_hetero.
For comparison, three control methods were evaluated: (1) the original Sub-TITE design, denoted “Sub”; (2) two sepa-
rate TITE-CRM models, denoted “Sep”; and (3) a single TITE-CRM model, denoted “Same.” Observe that these control
methods are the designs depicted in Figure 1A–C.

2.6 | Simulation design

We performed extensive simulations in R version 4.0.1 to assess the operating characteristics of different configurations of our
2S-Sub-TITE design and compare them to the original (1-Stage) Sub-TITE design24 and the original TITE-CRM design.8 Our
primary varied parameters were: (1) the true toxicity probability scenarios and (2) the dose-finding methods determining
when and how borrowing and clustering take place (including 9 2S-Sub-Tite method configurations and three control
methods: the original Sub-TITE method, and combined and separate original TITE-CRM models). This would allow us to
evaluate the efficacy of each method whether or not the assumption of subgroup heterogeneity was correct.

2.7 | Randomly-generated true toxicity probability scenarios

We randomly generated 1000 true toxicity probability scenarios where we specified the probabilities πTrueg,j for g¼ 1,2
and j¼ 1,2,3,4,5: We first randomly selected a dose level in each subgroup to be the true MTD and generated its true
toxicity probability from a 0.1-length uniform distribution around the target (e.g., between 0.15 and 0.25 for a target of
0.2). We then generated the remaining true toxicity probabilities under two conditions: (1) that all toxicity probabilities
increased monotonically and none were within 0.01 of each other and (2) that no dose-toxicity probabilities were closer
to the target than the randomly chosen true MTD. This was done repeatedly for both subgroups until the average

TABLE 1 Summary of nine 2S-Sub-TITE configurations and three comparison methods

Method Start borrowing and clustering at
Probability that subgroups are
heterogeneous (P_hetero)

A Brrw&Clstr@25%jPhet = 0.5 25% Accrual 0.5

B Brrw&Clstr@25%jPhet = 0.7 25% Accrual 0.7

C Brrw&Clstr@25%jPhet = 0.9 25% Accrual 0.9

D Brrw&Clstr@50%jPhet = 0.5 50% Accrual 0.5

E Brrw&Clstr@50%jPhet = 0.7 50% Accrual 0.7

F Brrw&Clstr@50%jPhet = 0.9 50% Accrual 0.9

G Brrw&Clstr@75%jPhet = 0.5 75% Accrual 0.5

H Brrw&Clstr@75%jPhet = 0.7 75% Accrual 0.7

I Brrw&Clstr@75%jPhet = 0.9 75% Accrual 0.9

Sub Brrw&Clstr@0%jPhet = 0.9 0% Accrual 0.9

Sep Separate TITE-CRM N/A 1

Same Combined TITE-CRM N/A 0

Abbreviations: Brrw, borrrowing; Clstr, clustering; N/A, not applicable; Phet, “P_hetero,” probability that subgroups are heterogeneous.
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difference in true subgroup-specific toxicity probabilities was less than 0.3. We added this last restriction since it is
unlikely that dose 1 (e.g.) would have a toxicity probability of 0.1 in one subgroup and 0.8 in another.

The large number of simulation scenarios was randomly generated to cover a wider, more comprehensive array of
potential trial scenarios. Of these scenarios, 45.9% had the same MTD across subgroups and 54.1% had differing MTDs
across subgroups. A descriptive summary of the 1000 randomly generated scenarios is shown in Table 2.

2.8 | Simulation parameters

We performed a primary set of simulations using the primary simulation parameters defined below. We performed a
series of secondary simulations to vary key parameters individually while fixing other primary simulation parameters.

1. Number of subgroups: Trials have G¼ 2 (primary) or G¼ 3 (secondary) subgroups
2. Number of dose levels per subgroup: All trials have five standardized dose levels per subgroup x1,…,x5ð Þ¼

�2,�1,0,1,2ð Þ with each subgroup starting on dose x1. Negative dose levels are possible since these are standard-
ized values and not raw dose levels.

3. DLT observation period: All trials assume a 1-month DLT observation period.
4. Accrual rate: Trials assume an accrual rate of two patients (primary) or four patients (secondary) per month per subgroup.
5. Target toxicity probability π�ð Þ: Trials assume π� ¼ 0:2 (primary) or π� ¼ 0:3 (secondary). A typical toxicity rate

ranges between 0.2 and 0.33 in phase I trials.26 The occurrence of a DLT was assumed to be uniform across the DLT
observation period.

6. Prior Toxicity probabilities: For trials with G¼ 2 subgroups, we selected 18 different sets of prior toxicity probabili-
ties (primary) πeg,j for g¼ 1,2 and j¼ 1,2,3,4,5. For trials with G¼ 3 subgroups, we selected 2 different sets of prior
toxicity probabilities (secondary) πeg,j for g¼ 1,2,3 and j¼ 1,2,3,4,5 (See Supplement B).

7. Escalation rules: Trials used conservative (primary) or aggressive escalation rules (secondary), as defined above.
8. Sample size: Trials accrued a total sample size Nmax ¼ 40 (primary) or Nmax ¼ 64 (secondary) patients. All trials

assumed equal accrual to each subgroup.

2.9 | Simulation conduct

We performed trial simulations using the SubTite R package version 4.0.1.27 First, we calculated the prior means and
variances for each of the 18 sets of priors using the GetPriorMeans() function with the fixed standardized levels and the
hypervariances on the intercepts and slope set to 5 and 1, respectively, as in Chapple & Thall.24

TABLE 2 Summary of 1000 randomly generated scenarios for trials with 2 subgroups and 5 dose levels

Characteristic Category Value(s)

Proportion of scenarios with true MTD per dose level per subgroup Subgroup 1 (dose1, dose2, dose3, dose4, dose5)
(0.192, 0.310, 0.247, 0.173, 0.078)

Subgroup 2 (0.209, 0.306, 0.240, 0.162, 0.083)

Proportion of scenarios with NMTD dose levels between subgroup true MTDs 0 0.459

1 0.447

2 0.090

3 0.004

True toxicity probability per dose level per subgroup (dose1, dose2, dose3, dose4, dose5)

Mean Subgroup 1 (0.092, 0.175, 0.284, 0.446, 0.675)

Subgroup 2 (0.095, 0.179, 0.286, 0.454, 0.681)

SD Subgroup 1
Subgroup 2

(0.071, 0.099, 0.161, 0.223, 0.244)
(0.072, 0.101, 0.158, 0.227, 0.248)

Difference in true toxicity probability between subgroups per dose level

Mean (�0.003, �0.005, �0.002, �0.007, �0.006)

SD (0.076, 0.081, 0.091, 0.101, 0.105)

MCGOVERN ET AL. 1143
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Next, we simulated trials using the SimTrial() function. Our primary set of simulations consisted of 10 simulated tri-
als using the primary parameters specified above, for each combination of 18 priors, 12 method configurations, and
100 scenarios, totaling 21,600,000 simulated trials (See Supplement C for exact function input). We conducted second-
ary sets of simulations for each combination of 18 priors, 12 method configurations, and a minimum of 200 scenarios
for each of the secondary parameters specified above.

The output of the SimTrial() function returns a collection of summary statistics of the simulated trials. The primary
endpoint is the probability of correct selection (PCS): the proportion of simulations for which the correct dose was cho-
sen as the MTD for each subgroup. Secondary endpoints include: the average number of toxicities in each subgroup
(AvgTox), and weighted average distance between the target toxicity probability and the toxicity probability at the
selected dose (AvgWgtDist). Example R code and output for SubTiTE R package functions are available in Supplemental
Materials.

3 | RESULTS

3.1 | Primary simulation results

Figure 2 presents the (A–B) Average PCS and (C-D) AvgTox for 9 2S-Sub-TITE configurations and three control
methods averaged across 18 priors x 100 simulated trials for scenarios in which the two true subgroup MTDs were equal
(N = 459 scenarios) or different (N = 541 scenarios). In each heatmap, 2S-Sub-TITE configurations A-I are arranged
based on when borrowing and clustering allowance begins (x-axis) and P_hetero (y-axis). For example in Figure 2A, S-
Sub-TITE configuration C (borrowing/clustering at 25% accrual with p_hetero = 0.9) is listed in the top left cell of the
3x3 grid. The simulated PCS is 56.9% (averaged across 459 scenarios with the same true subgroup MTD). Note that
when PCS for Figure 2A,B, lighter colors indicate higher PCS, and therefore better performance, whereas in Figure 2C,
D, lighter colors indicate more toxicities, and therefore worse performance.

The “optimal” 2S-Sub-TITE configuration should have relatively high PCS (Figure 2A,B) while maintaining low
AvgTox (Figure 2C,D). When our subgroup heterogeneity assumption is correct (e.g., subgroups have different true
MTDs), the 2S-Sub-TITE configurations with highest PCS are A, B, E, H, and I (44.6%–45%), which is 2%–6% higher
than the 3 control methods (Figure 2B). Among these configurations, configuration H (beginning borrowing and clus-
tering allowance at 75% patient accrual with p_hetero = 0.7) is optimal, with relatively high PCS when our subgroup
heterogeneity assumption is incorrect (PCS = 53.6%; Figure 2A) and the lowest avgTox when subgroup MTDs are the
same (AvgTox = 7.73; Figure 2C) or different (AvgTox = 7.55; Figure 2D). Heatmaps generated using a third operating
characteristic, AvgWgtDist, support these results (Supplemental Figure 1).

From Figure 2A we can also observe that if two separate TITE-CRM models (Sep) were used in a trial with truly
homogeneous subgroups (where one model should have been used), then an average of 58.7%–45.9% = 12.8% accuracy
in MTD selection is lost, but if 2S-Sub-TITE configuration H was used, only an average of 58.7%–53.6% = 5.1% accuracy
in MTD selection is lost. Conversely, if the original Sub-TITE method configuration (starting borrowing and clustering
allowance at the beginning of the trial with phetero = 0.9) were used in the same case, then a mere 2.3% of accuracy in
MTD selection is lost on average. However, in the case our subgroup heterogeneity assumption is correct, the original
Sub-TITE method results in a smaller 1.3% loss in MTD selection accuracy on average, compared to the 2S-Sub-TITE
method with configuration H.

3.2 | Secondary simulation results

In a series of secondary simulations, we assess whether our findings are consistent when we vary different trial parame-
ters (Figure 3 and Supplemental Figures 2–3).

3.2.1 | Effect of prior

In Figure 3A, the PCS was averaged across all 1000 scenarios for each of the 18 priors. We observe that although some
priors perform better than others, the 18 curves all have a similar shape, indicating that selection of prior does not

1144 MCGOVERN ET AL.
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significantly modify which method configurations have the highest PCS. Effect of Dose Escalation Rules. In
Figure 3B, the PCS was averaged across all priors and scenarios for simulations using conservative or aggressive
escalation. The relative pattern of PCS across configurations is very similar between the conservative and aggres-
sive escalation. There is an average increase in PCS of approximately 1.1% (interquartile range [IQR] = 0.7–1.5%)
for simulations using aggressive escalation versus conservative escalation. With an interquartile range of 0.7%–
1.5%, this increase is both small and consistent across configurations. Effect of Sample Size. In Figure 3C, the PCS
was averaged across all priors and 200 scenarios for simulations using a sample size of Nmax=40 or Nmax=64
patients. To ensure a fair comparison, the same combinations of priors and scenarios were simulated under both sample
sizes. Increasing the sample size by 24 patients (60%), results in a fairly substantial increase in PCS, approximately 5.1%
on average, but this increase does not vary significantly by configuration (IQR = 4.7%–5.5%). Effect of Accrual Rate. In
Figure 3D, the PCS was averaged across all priors and 200 scenarios for simulations using an accrual rate of 2 or
4 patients per month. Increasing the accrual rate to 4 patients per month decreases the PCS for nearly all
configurations.

3.2.2 | Effect of target toxicity probability

In Supplemental Figure 2A, the PCS was averaged across all priors and scenarios for simulations using a target toxicity
probability of π� ¼ 0:2 or 0:3. The PCS is uniformly lower for a target of 0.3 versus 0.2. Effect of number subgroups. In
Supplemental Figure 2B, the PCS was averaged across all priors and scenarios for simulations assuming G¼ 2 or G¼ 3
subgroups. The PCS is uniformly lower for 3 versus 2 subgroups.

(A) (B)

(C) (D)

FIGURE 2 Operating characteristics for nine 2S-Sub-TITE configurations and three control methods averaged across 18 priors and

100 simulated trials for: (A) PCS in 459 scenarios with the same true subgroup MTDs; (B) PCS in 541 scenarios with different true subgroup

MTDs; (C) AvgTox in 459 scenarios with the same true subgroup MTDs; (D) AvgTox in 541 scenarios with different true subgroup MTDs
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Our secondary simulations suggest that our conclusions regarding PCS of the 9 2S-Sub-TITE configurations pres-
ented in Figure 2 are generally robust with respect to selection of prior toxicity probabilities, escalation rules, sample
size, accrual rate, target toxicity probability, and number of subgroups.

4 | DISCUSSION AND CONCLUSIONS

Based on our simulation results, we recommend the 2S-Sub-TITE method configuration of beginning borrowing and
clustering allowance with p_hetero = 0.7 at 75% patient accrual in trials when investigators are confident in their
assumption of subgroup heterogeneity. For example, the 2S-Sub-TITE design can maximize dose-finding accuracy if
preliminary evidence of subgroup heterogeneity in a prior clinical trial is available. This configuration of the 2S-Sub-
TITE method increases the dose-finding accuracy by 2% to 6% compared to competing methods, without requiring an
increase in the total sample size. For comparison, achieving a similar increase in accuracy of 5.1% requires substantially
increasing the sample size by 60% (N = 40 to 64 patients). This method configuration also reduces the average number
of toxicities by 0.25 to 0.88 compared to competing methods which account for subgroup heterogeneity. The potential
trade-off is slightly reduced accuracy when the assumption of subgroup heterogeneity is incorrect. While the original
Sub-TITE method configuration (enabling borrowing and clustering allowance with p_hetero = 0.9 from trial start) per-
forms quite well, in agreement with the results shown in Chapple & Thall,24 this recommended 2S-Sub-TITE method
configuration is preferable when investigators are confident in subgroup heterogeneity.

While this suggestion is based on simulation results, this recommendation also makes intuitive sense. If a clinician
truly believes that patient subgroups are heterogeneous, they may want to do separate dose-finding in those groups for

(A) (B)

(C) (D)

FIGURE 3 Mean probability of correct selection (PCS) separated by different: (A) priors; (B) escalation rules; (C) total sample size

[Nmax]; (D) accrual rate
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a large portion of the trial. Later in the trial, we can relax our heterogeneity assumption and allow the dose-finding data
gathered for both subgroups to infer whether patient subgroups should be clustered.

While prior toxicity probability assumptions and choice of escalation rules do not have a significant effect on dose-
finding accuracy in agreement with the existing literature,28,29 increasing sample size does increase PCS. However, this
increase is relatively uniform across all 2S-Sub-TITE configurations, thus not affecting our recommendations. Increas-
ing the accrual rate in the trial generally decreases the PCS as a faster accrual rate leads to more participants having
incomplete DLT observations when making dose escalation decisions.

Details regarding how these method configurations may be implemented using the GetSubTite() function in the Sub-
Tite R package can be viewed in Supplement D. We recommend that investigators conduct a thorough comparison of
the 2S-Sub-TITE and Sub-TITE designs using trial simulations with parameters pertaining to their trial.

One strength of the paper is our comprehensive set of secondary simulations to assess a variety of secondary simula-
tion parameters. Nonetheless, several parameters are assumed to be fixed including: five dose levels per subgroup
starting at the lowest dose, a DLT observation period of one month, uniform occurance of DLT across the observation
period. A potential limitation is that only 100 trials were simulated for each setting. However, our focus was to evaluate
the designs across a large number (N = 1000) randomly-generated scenarios to ensure results are generalizable and not
specific to investigator-selected scenarios.

Additionally, this 2-Stage design has the potential to be expanded to three stages: (1) separate TITE-CRM models,
(2) Sub-TITE CRM model with only borrowing allowed, and (3) Sub-TITE CRM model with both borrowing and
dynamic clustering allowed. While comprehensive simulations were performed with parameters settings varying over
subgroup-specific true toxicity probability scenarios, subgroup-specific prior toxicity probabilities, prior probability of
subgroup heterogeneity, escalation rules, sample sizes, and nine 2S-Sub-TITE configurations, this study was not feasibly
able to address the operating characteristics of such a 3-Stage design because of the increased number of varying
factors.

The 2S-Sub-TITE method is novel in its optimally varied use of data throughout the trial. There are several other
trial designs, such as accelerated titration4 and the partial order continual reassessment method (PO-CRM),22 which
effectively use a 2-Stage approach. However, the 2S-Sub-TITE method differs in that its switch to the second stage is
based on an optimally chosen point in patient accrual, rather than DLT incidence. Moreover, this method is more flexi-
ble than designs such as the PO-CRM because it is not limited by any a priori assumptions regarding ordering of
subgroups.22

From this simulation study we conclude that when investigators have high confidence in heterogeneity between
two subgroups, using the 2S-Sub-TITE method configuration which enables borrowing and clustering allowance with
phetero = 0.7 starting at 75% patient accrual exhibits superior dose-finding accuracy compared to the TITE-CRM and
original Sub-TITE design.
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