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Abstract

Purpose: Many of the therapeutic agents that are being

used currently were developed using the 3þ3 decision rule

for dose finding. Over the past 30 years, several dose-finding

designs have been proposed and evaluated, including the

"continual reassessment method" (CRM) and the "Bayesian

optimal interval design" (BOIN). This research investigates

the role of the choice of an early-phase design on the likeli-

hood that drugs entering the drug development pipeline

will have 2 successful phase III trials.

Experimental Design: Using simulation, each agent in a

population of hypothetical agents was tracked through the

drug development process, from initial dose finding to 2

confirmatory phase III trials. Varying the designs of the phase

I, II, and III trials allows for an assessment of the effect of the

choice of designs on the proportion of agents with successful

phase III trials.

Results: The results indicate that using the CRM or BOIN,

rather than the 3þ3, substantially enhances the proportion of

effective agents that have successful phase III trials, with the

CRM having a greater effect than BOIN. A larger phase II trial

magnifies the effect of the phase I design.

Conclusions: The results underscore the importance of

the choice of the early-phase designs. Use of the 3þ3

results in fewer agents with successful phase III trials com-

pared with the CRM or BOIN. The difference is more

pronounced among highly effective agents. In addition, the

results show the importance of a sufficiently powered phase

II trial.

Introduction

Numerous articles in the statistical and clinical trial literature

have compared the 3þ3 decision rule with the continual reas-

sessment method (CRM; refs. 1–6) for phase I dose-finding trials.

Other designs have been proposed recently, including the Bayes-

ian optimal interval design (BOIN; refs. 7–11), and these designs

have been comparedwith the 3þ3 rule. Consistently, these papers

have reported that both the CRM and BOIN are superior to the

3þ3 in termsof identifying theMTDand in allocating participants

to doses near the MTD.

The main criterion used to make this comparison, the percent-

age of times theMTD is correctly identified, does not resonatewith

clinicians and does not address the long-term implications of the

choice of the dose finding design. In this article, we consider a

different criterion, assessing the effect of the early stage design on

the probability that an agent will be shown to be significantly

different than the current standard in 2 consecutive phase III trials.

The overall goal of this research is to assess how the choice of the

early-phase design affects the outcome of the drug development

process.

Materials and Methods

A description of the standard and new therapies

We simulate the entire phase I, II, and III process of drug testing

starting from the dose-finding trial. To make the simulations

realistic, we use published data ondose-limiting toxicities (DLTs),

objective response rates (ORRs), and overall survival (OS) for 4

doses of pembrolizumab in participants with non–small cell lung

cancer (12–14). We recognize that pembrolizumab is a targeted

therapy, and the doses used in the trials did not necessarily

represent increasing levels of a single agent. Our goal is not to

review the process for this specific drug, but to use a concrete

example to evaluate, under realistic situations, the effect of the

dose-finding design on the probability that a hypothetical new

agent, with an efficacy and toxicity profile similar to pembroli-

zumab, would be shown to be significantly better than the current

standard. We assume that, with the current standard therapy, the

toxicity rate is 20%, theORR is 0.10, and themedian survival time

is 6 months. The toxicity rate of 20% was chosen to reflect that

most agents in use currentlywere developedusing the 3þ3design,

which targets a DLT rate between 10% and 30% (15, 16). Four

doses of an agent entering the development pipeline are under

consideration. These doses have DLT probabilities equal to 0.05,

0.12, 0.15, and 0.20, ORRs of 0.15, 0.25, 0.35, and 0.40, and

median survival times of 6.25, 6.50, 7.50, and 10.0 months,

respectively.

The simulations address how the effectiveness of the agent

affects the probability that a new agent is shown to be significantly

better than the current standard. The toxicity, response, and

median survival profiles for these agents are shown in Table 1,

indexed by a parameter, D, which ranges from 0 to 1.5. The

example in the previous paragraph corresponds to D¼ 1. A value

of D ¼ 0 means that for each dose of the new agent, the ORR

and themedianOS are the same as the current standard. A value of

D¼1.5means that the newagent ismore effective at all doses than
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the example in the previous paragraph, with ORRs of 0.175,

0.325, 0.400, and 0.625 and median survival times of 6.375,

6.75, 8.25, and 12.0 months, respectively, at the 4 dose levels.

The drug development process

Our simulation of the process begins with a dose-finding

study to find the MTD based on a toxicity endpoint, commonly

the DLT. For the 3þ3, the MTD is the highest dose with fewer

than 2 of 6 participants who experience a DLT. For the CRM, the

MTD is defined as the dose with the DLT probability closest to

the prespecified target toxicity rate. We are using the 2-stage

likelihood CRM (17), consisting of a rule-based run-in stage

and a modeling stage. In actual trial settings, we most com-

monly use cohorts of size 1 in the modeling phase of the CRM,

but at the request of the senior editor, we are using cohorts of

size 2 in the rule-based and modeling stages of the CRM

simulations. The working model for the DLT probabilities in

the CRM is guided by the recommendations of Lee and Cheung

(18). We also evaluate another recently proposed design, the

BOIN with cohorts of size 2 for comparisons with the 3þ3. All

of the dose-finding designs have stopping rules for safety based

on the participants assigned to the lowest dose level who

experience a DLT. In the 3þ3, if de-escalation is indicated at

the lowest dose level, the study is stopped. For the CRM, we

compute the lower bound of a 1-sided 90% confidence interval

(19) for the DLT probability at the lowest dose level. If the

lower bound exceeds the target, the study is stopped. With

BOIN, the stopping rule is based on the posterior probability

that the DLT probability at the lowest dose exceeds the target

DLT threshold. If the posterior probability is sufficiently large,

the study is stopped. For all designs, if the stopping rule is

activated, all of the doses are considered too toxic and the drug

will not be considered for further study.

In addition, the 3þ3 may include an expansion cohort in

which an additional set of participants are enrolled on the dose

identified as the MTD. This is the most difficult step in the

process to simulate, because in practice, there are rarely formal

rules applied to the data collected in the dose-expansion

cohort (20). In our simulations, in designs that use an expan-

sion cohort, if there are too few responders in the expansion

cohort, the agent at the identified dose is not considered for

further testing. The expansion cohort can also be used to assess

toxicity, and to modify the dose identified in the previous

dose-finding phase. Given a target level of toxicity, assumed to

be 20% in our simulations, the recommended dose for the

phase II is reduced by 1 level if the number of participants

experiencing DLTs in the expansion cohort is significantly

greater than the target, using a 1-sample binomial test. When

the expansion cohort is conducted at the lowest dose level, and

too much toxicity is observed, the agent is not considered for

further testing.

Following the dose-finding design, a 2-stage Simon design

(21) is conducted using an objective response endpoint at the

dose identified as the MTD. With a sufficient number of

observed responses after each stage of the Simon design, the

new agent is carried forward at the chosen dose into a ran-

domized comparative trial with OS as the outcome and the log-

rank test is used for testing significance. In addition, in the

phase III trial, at the end of the trial, we computed a 1-sided

binomial test for differences in toxicity proportions between

the current standard and a new agent, rejecting the null hypoth-

esis of equal toxicity when the new agent showed significantly

greater toxicity than the current standard. A design that tended

to over-estimate the MTD would be penalized at this stage,

because there would be a greater likelihood of rejecting equality

of toxicity proportions at the phase III trial. We added a

confirmatory phase III trial, with the same sample size as the

first phase III trial, conducted only if the first phase III trial

demonstrated a significant difference in survival time between

the new agent and control, and with no significant increase in

toxicity. With these decision rules, there are 9 possible out-

comes for the drug development process.

1. The dose-finding trial finds that all dose levels under

consideration are too toxic.

2. The dose expansion cohort has too few responders.

3. Too much toxicity is observed in the dose expansion cohort

conducted at the lowest dose.

4. Too few responders are observed in stage 1 of the Simon

design.

5. Too few responders are observed at the end of stage 2 of the

Simon design.

6. The initial phase III trial shows significantly greater toxicity

with the new agent.

7. The initial phase III trial showsno significant difference inOS.

8. The initial phase III trial shows a significant difference in OS

with no significant increase in toxicity, but the confirmatory

trial either shows no significant difference in survival time, or

shows a significant increase in toxicity.

9. Both the initial and confirmatory phase III trials show a

significant difference in OS with no significant increase in

toxicity.

Table 1. Assumed toxicity, ORR, and median OS for a range of profiles for a hypothetical new agent at 4 dose levels

Treatment DLT proportion ORR Median OS (mo)

Current standard 0.10 6

New agent: Dose level 1 0.05 0.10 þ D (0.15–0.10) 6.0 þ D (6.25–6.0)

New agent: Dose level 2 0.12 0.10 þ D (0.25–0.10) 6.0 þ D (6.50–6.0)

New agent: Dose level 3 0.15 0.10 þ D (0.30–0.10) 6.0 þ D (7.50–6.0)

New agent: Dose level 4 0.20 0.10 þ D (0.45–0.10) 6.0 þ D (10.0–6.0)

Translational Relevance

Every new agent developed in the laboratory is required to

go through the drug development process for approval before

it can be used to treat patients in the general population. This

article studies components of that process, assessing how the

choice of designs at each stage in the process affects whether or

not even a highly effective agent entering the drug develop-

ment pipeline will be observed to have 2 consecutive success-

ful phase III trials.
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Details of the phase I, II, and III designs

For the phase I design, we will consider 6 possibilities:

1. A 3þ3 with an expansion cohort of 12 participants (3þ3,

EC12).

2. A 3þ3 with an expansion cohort of 20 participants (3þ3,

EC20).

3. The CRM with 24 participants, cohorts of size 2, and no

expansion cohort (CRM, n ¼ 24).

4. The CRM with 36 participants, cohorts of size 2, and no

expansion cohort (CRM, n ¼ 36).

5. BOIN with 24 participants, cohorts of size 2, and no

expansion cohort (BOIN, n ¼ 24).

6. BOIN with 36 participants, cohorts of size 2, and no

expansion cohort (BOIN, n ¼ 36).

There is no expansion cohort used in our simulations of the

CRM or BOIN, but we allow for a preliminary check for response

in the simulated phase I trial, using the same percentage allowed

for the expansion cohort with the 3þ3. To move the agent into

phase II testing, we require at least 2 responders among all 24

participants, or at least 3 responders in 36 participants in the CRM

or BOIN designs. Although this is generally not part of CRM or

BOIN, which are based on toxicity only, we believe that sponsors

are reluctant tomove forwardwith an agentwithout a preliminary

indication of efficacy (22).

For the phase II design, we use 2 versions of the Simon

optimal design each with a null response rate of 0.10. The

designs differ in the alternative hypothesis response rate, 0.30

or 0.25. For an alternative response rate of 0.30, the first stage of

the design enrolls 10 participants. If 1 or fewer of these

participants respond, the trial is stopped and the agent is not

considered for further testing. If 2 or more first-stage partici-

pants respond, an additional 19 participants are enrolled. If 6

or more of the 29 participants in total are responders, the agent

proceeds to phase III testing. For an alternative response rate of

0.25, the first stage of the design enrolls 18 participants. If 2 or

fewer of these participants respond, the trial is stopped and the

agent is not considered for further testing. If 3 or more first-

stage participants respond, an additional 25 participants are

enrolled. If 8 or more of the 43 participants in total respond,

the agent proceeds to phase III testing.

For the phase III trial, we use an accrual rate of 23.5 parti-

cipants per month, similar to the accrual rate in Herbst and

colleagues (12), with an accrual period of 12.6 months and a

follow-up period of 6 months. Generated survival times are

exponentially distributed. Accrual was uniformly distributed

over the 12.6-month accrual period; participants are censored if

they were still alive at 18.6 months. The sample size for the

phase III trial is based on comparing median OS of 6 months

with the current standard versus 9 months for the new agent.

Enrolling 296 participants over a 12.6-month accrual period

yields 80% power for the log-rank test, with a 2-sided signif-

icance level of 5%. For an alternative median survival of 8

months with the new agent, the sample size is 498 participants

accrued over a 21.2-month accrual period. Participants were

censored if still alive at 27.2 months.

Generating populations of new agents

Another way to evaluate the drug development process is to

consider a population of new agents, each with its own toxicity,

objective response, and median survival profiles. We generate

populations of 20,000 new agents, and for each agent in the

population, we simulate a single set of phase I–II–III trials. We

evaluate the effects of the designs of the phase I–II–III studies by

estimating the proportion of the population of agents for which 2

successful phase III trials are observed.

The model for generating the toxicity, response, and median

survival profiles in the population of new agents is based on an

S-shaped curve for toxicity, response, and median survival,

f xð Þ ¼ bþ
a� b

1þ e�k logit xð Þð Þ

where x is evaluated on a grid from 0.001 to 0.999 in incre-

ments of 0.001, k > 0, and a > b. With this model, b is the

minimum toxicity, response rate, or median survival level for a

drug at any dose, and a is the maximum toxicity, response rate,

or median survival for the drug at any dose. For each drug

attribute of toxicity, response rate, and median survival, we

generate a, b, and k to create drug profiles that were not too

toxic, and had ORRs and median survival that are at least as

great as those of the current standard, which has an assumed

toxicity rate of 20%, an ORR of 0.10, and a median survival of

6 months. Even though the toxicity, response, and survival

profiles are generated from a model with the same functional

form, this form is sufficiently flexible to encompass a variety of

shapes, and allow for cases where the toxicity, response, and

survival are unrelated to dose.

Most dose-finding trials are done with discrete doses. For each

agent in the population, we randomly choose an integer number

of dose levels to be tested in the phase I trial, ranging from 3 to 8,

with probabilities 30%, 25%, 20%, 12.5%, 5%, and 2.5%, mean-

ing that on average, we expect 30% of trials to have 3 dose levels,

25%of trials to have 4 dose levels, and only 2.5% to have asmany

as 8 dose levels. Once the number of levels, n�, was chosen, we

randomly choose n� sorted values of x from the 999 grid values

that range from 0.001 to 0.999. To ensure spacing between the

dose levels, the random selection chose 1 x value from each of the

n� intervals, [(i-1)�k, i�k], where i ¼ 1, 2, . . ., n� and k ¼ 999/n�.

Simulating the drug development process on the population of

agents

The sample size for the CRM and BOIN is chosen to equal 6

times the number of doses under consideration, equal to the

maximum number that could be used in the 3þ3. An expansion

cohort of size 20 is used with the 3þ3. The same phase II and

phase III trial designs described in the previous section are used.

Each of the agents in the population enters the drug development

pipeline, and the frequency of the 9 possible outcomes listed in

section 2.2 was recorded over the population of agents. This

process was repeated 10 times for each population, and we report

the proportion of agentswith 2 successful phase III trials, averaged

over the 10 repetitions.

A population that matches the agents entering the pipeline

from 1993 to 2004

DiMasi and colleagues (23) tabulated the results of the drug

development process for 625 cancer drugs that entered the drug

development pipeline between 1993 and 2004. Overall, 75% of

agents successfully made the transition from phase I to phase II

testing. Of the agents entering phase II testing, 42% were subse-

quently tested in a phase III trial. Overall, 13% of agents went

from phase I testing to approval. These transition proportions

The Role of Early-Phase Design
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guide the parameters chosen to create a population of new agents.

Supplementary Table S1 displays the values for the parameters we

use to generate the toxicity, response, andmedian survival profiles

for this population. Figure S1 in the Supplementary Material

displays 100 toxicity, response rate, and median survival curves

randomly chosen from the 20,000 generated drug profiles; Fig. S2

in the SupplementaryMaterial displays the toxicity, response rate,

and median survivals for randomly chosen agents with 4, 6, or 8

dose levels in the phase I trial.

We simulated the transition probabilities with the population

generated from these parameters, assuming that the process is a

3þ3with an expansion cohort of 20participants, a Simonphase II

designwith stage sample sizes (10, 19), and a phase III trial of 296

participants. With this process, 75% of 20,000 agents in the

generated population transitioned from phase I to phase II;

43% of agents tested in phase II were subsequently tested in

phase III. Overall, if we require 2 significant phase III trials, with

no significant increase in toxicity, for "approval," then 14% of

Figure 1.

A–D, Probability of a significant phase III trial for different dose-finding designs by increasing levels of efficacy relative to the standard treatment for CRM and

BOIN with sample size n ¼ 24 and 3þ3 with an expansion cohort of size 12.

Figure 2.

A–D, Probability of a significant phase III trial for different dose-finding designs by increasing levels of efficacy relative to the standard treatment for CRM and

BOIN with sample size n ¼ 36 and 3þ3 with an expansion cohort of size 20.
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agents in this population would go from phase I to approval. We

recognize that different phase I, II, and III designswere used for the

625drugs entering the pipeline between1994 and2003, but these

results suggest that the population of agents is a realisticmodel for

agents entering the development process.

A population of agents with low toxicity

In an era of targeted and biological agents, we can anticipate

agents with lower toxicity than were considered in the previous

section. To assess the role of early stage designs in this situation,

we generate a population of agents with the same parameters for

response andmedian survival as in the previous section, but with

agents with lower toxicity profiles. This population is one for

which the effect of dose finding could be expected to be smaller

than for other populations. For agents with low toxicity and

robust median survival profiles relative to the standard, even a

suboptimal dose selection would still put an agent into phase II

and phase III testing that has low toxicity and conveys a survival

advantage over the current standard.

Results

Results for a single drug, D ¼ 1, in Table 1

With 6 phase I, 2 phase II, and 2 phase III designs under

consideration, there are a total of 6 � 2 � 2 ¼ 24 phase I–II–III

processes to be evaluated. Table 2 shows summaries of the 9

possible trial outcomes, based on 2,500 simulated drug devel-

opment processes, for each of the 24 combinations, using the

toxicity, ORR, and OS values in the column with D ¼ 1 in Table

1. The results suggest that the CRM design is associated with an

increase in the probability of a successful phase III trial com-

pared with the 3þ3, even with an expansion cohort of size 20.

Averaged over the 4 phase II and phase III designs, even a small

CRM trial (n ¼ 24) is associated with a 7.7 percentage point

increase in the probability of 2 successful phase III trials. Using

a larger CRM (n¼ 36) adds another 4.4 percentage points to the

probability of success, for an average of a 12.2 percentage point

increase in the probability of 2 successful phase III trials. BOIN,

with a sample size of 24, is comparable with the 3þ3 with an

expansion cohort of 20 patients, but shows an increase of

approximately 5 percentage points compared with the 3þ3.

Figure 1 displays the probability that both the initial and

confirmatory phase III trials show a significant benefit, with no

significant differences in toxicity, for each of the 24 combinations

of 6 phase I, 2 phase II, and 2 phase III designs as a function of the

index D. With n ¼ 24 participants, the CRM dominates the 3þ3.

There is little separation between the methods for small values of

D, which are agents that do not differ much from the current

standard. The separation becomes greater with increasing values

of D, suggesting that the greater the benefit of the new agent

relative to the current standard, the greater the benefit in using the

CRM over the 3þ3. For n ¼ 36, BOIN shows a substantial

advantage over the 3þ3, but the effect is not as great as that

observed for the CRM (Fig. 2).

Results for a population that matches the agents entering the

pipeline from 1993 to 2004

For 2,775 (14%) of the generated profiles, as described in

section 2.6., all of the dose levels under consideration in the

phase I trial have a toxicity probability greater than 20%. For the

17,225 drugs with at least 1 safe dose, Fig. 3 shows the average

Table 2. Results of 2,500 simulated phase I–II–III trials

Phase I

Phase II

sample size

Phase III

sample size

Stop after

phase Ia
Stop after

phase IIb
Initial phase III

not successfulc

Initial phase III

successful, second

phase III not successfuld
Both phase III

trials successfule

3þ3, EC12 (10, 19) 296 5.2 15.1 30.3 10.6 38.8

3þ3, EC20 (10, 19) 296 5.4 14.2 30.9 10.4 39.0

BOIN, n ¼ 24 (10, 19) 296 1.6 11.1 38.4 11.5 37.3

BOIN, n ¼ 36 (10, 19) 296 1.1 9.6 34.5 11.6 43.2

CRM, n ¼ 24 (10, 19) 296 0.8 8.3 32.4 12.0 46.5

CRM, n ¼ 36 (10, 19) 296 0.4 7.4 31.5 10.6 50.1

3þ3, EC12 (18, 25) 296 4.8 10.5 34.9 11.2 38.5

3þ3, EC20 (18, 25) 296 4.4 9.9 35.6 11.3 38.8

BOIN, n ¼ 24 (18, 25) 296 1.4 5.5 40.3 11.8 41.0

BOIN, n ¼ 36 (18, 25) 296 1.7 4.4 39.8 11.5 42.6

CRM, n ¼ 24 (18, 25) 296 1.0 3.9 36.6 11.8 46.7

CRM, n ¼ 36 (18, 25) 296 0.5 2.5 34.2 12.2 50.6

3þ3, EC12 (10, 19) 498 5.6 14.0 25.0 8.6 46.8

3þ3, EC20 (10, 19) 498 4.9 14.9 20.8 9.0 50.4

BOIN, n ¼ 24 (10, 19) 498 2.0 10.7 29.2 10.1 48.0

BOIN, n ¼ 36 (10, 19) 498 1.9 11.0 23.7 10.4 53.0

CRM, n ¼ 24 (10, 19) 498 1.0 8.7 22.7 10.8 56.8

CRM, n ¼ 36 (10, 19) 498 0.2 7.4 22.7 10.4 59.3

3þ3, EC12 (18, 25) 498 5.6 8.8 27.9 10.5 47.2

3þ3, EC20 (18, 25) 498 4.8 9.4 26.2 9.4 50.2

BOIN, n ¼ 24 (18, 25) 498 1.9 5.8 31.8 11.2 49.2

BOIN, n ¼ 36 (18, 25) 498 1.6 4.3 29.6 11.5 53.0

CRM, n ¼ 24 (18, 25) 498 0.8 4.1 26.0 10.2 58.9

CRM, n ¼ 36 (18, 25) 498 0.3 2.7 25.0 11.8 60.1
aIncludes trial outcomes 1 to 3: all doses too toxic in dose-finding or expansion cohort, or too few responders.
bIncludes trial outcomes 4 and 5: too few responders in either stage 1 or stage 2 of Simon phase II design.
cIncludes trial outcomes 6 and 7: initial phase I trial not successful due to excessive toxicity or insufficient efficacy.
dTrial outcome 8: the initial phase III trial was successful, but the confirmatory phase III trial showed excessive toxicity or insufficient efficacy.
eTrial outcome 9: both phase III trials successful.
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proportion of agents with 2 successful phase III trials; these

proportions are tabulated in Supplementary Table S2. The hor-

izontal axis is the median survival, grouped by month, at the true

MTD, defined as the highest dose under consideration with a DLT

probability of 20% or less. The results mirror those presented

earlier in this article: the proportion of effective agents shown to

be significantly better than the current standard in 2 successive

phase III trials is greater with the CRM than with the 3þ3. The

difference increases with increasing effectiveness of the drug

relative to the current standard. Overall, the proportions of

agents with 2 successful phase III trials using the 4 combinations

of phase II–III designs are 2.3, 2.5, 2.4, and 3.2 percentage points

greater with the CRM than the 3þ3 and 1.5, 1.8, 2.0, and 2.3

percentage points greater with BOIN than the 3þ3. The overall

differences are dampened by the number of relatively ineffective

therapies in the population. Of the 17,225 drugs, 3,631 (21%)

have median survival times between 6 and 7 months, and only

1.3%, 1.4%, and 1.5% of agents have 2 successful phase III trials

with the 3þ3, CRM, and BOIN, respectively, averaging over the

four phase II–III designs. Among agents with amedian survival of

at least 12months, a 100% increase over the current standard, the

proportions are 5.1, 5.6, 4.8, and 6.2 percentage points greater

with the CRM and 3.3, 3.7, 3.5, and 4.2 percentage points greater

with BOIN than the 3þ3 with an expansion cohort of 20.

Averaging over the 4 possible phase II and phase III designs, the

proportion of agents with 2 successful phase III trials is 2.6

percentage points greater with the CRM or 1.9 percentage points

greater with BOIN than with the 3þ3, indicating that using

the CRM may have produced an additional 16 to 17 and BOIN

an additional 11 to 12 approved agents among the 625 agents

entering the pipeline from 1993 to 2004. Comparing panels

A with B and panels C with D, in Fig. 3, indicates that a larger

phase II trial also has a substantial effect on the probability of

success.

In many ways, this example underestimates the limitations of

the 3þ3 relative to the CRMor BOIN. In the simulations, both the

CRM and BOIN used cohorts of size 2; better performance is

achievedwith cohorts of size 1, as originally proposed in theCRM.

In addition, the target toxicity for the CRM and BOIN was set to

20%. This level was chosen to match the 3þ3, which has been

shown to identify the point on the dose toxicity curve with a 15%

to 30% toxicity rate (1, 15–16) not the often-perceived 33rd

percentile suggested by the decision rules. One of the additional

advantages of the CRM or BOIN is flexibility in setting the target

toxicity threshold, for example, increasing the threshold in cases

where the main DLTs might be transient or easily reversible.

Allowing for a greater threshold for toxicity would result in

choosing doses with greater ORRs and longer median survival.

Results presented in Supplementary Table S4 and Supplementary

Fig. S3 indicate that this is the case. If the target toxicity rate was set

at 30%, then overall, the percentage of effective therapies with 2

successful phase III trials is 10.3 percentage points greater with

the CRM and 9.8 percentage points greater with BOIN, than with

the 3þ3.

Results for a population of agents with low toxicity

The results for the proportion of agents, generated as in section

2.7, with 2 successful phase III trials are shown in Fig. 4. As in the

earlier populations, the use of the CRM for dose finding is

associatedwith a greater proportion of agents proceeding through

2 successful phase III trials.Overall, theproportions of agentswith

2 successful phase III trials using the 4 combinations of phase II

and phase III designs are 3.3, 3.8, 3.7, and 4.0, averaging 3.7

percentage points greater with the CRM, than the 3þ3 and 2.4,

2.8, 3.0, and 3.2, averaging 2.9 percentage points greater with

BOIN than the 3þ3. Among agents with amedian survival at least

12 months, the increase in the proportions over the 3þ3 for the

CRMare 5.3, 6.1, 5.2, and 5.5, an average of 5.5 percentage points.

The increase in theproportions for BOINover the 3þ3 are 3.7, 4.7,

4.0, and 4.3, an average of 4.2 percentage points. Similar

to Fig. 3, Fig. 4 also highlights the importance of a well-powered

phase II trial.

Figure 3.

A–D, Proportion of agents with 2 successful phase III trials among 17,225 drugs (section 3.2) with at least 1 safe dose by true median survival at the true MTD.
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Discussion

The results presented in this article demonstrate that the use of

the CRM, rather than the 3þ3most commonly used, increases the

proportion of effective agents shown to be significantly better

than the current standard therapy in 2 successive phase III trials.

The same is true, though to a lesser extent, for BOIN. In many

ways, this analysis underestimates the limitations of the 3þ3

relative to the CRM. One of the advantages of the CRM and BOIN

is flexibility in setting the target toxicity threshold, for example,

increasing or decreasing the threshold depending on the defini-

tion of a DLT.

The simulations were carried out on single agents with increas-

ing dose-toxicity, dose-response profiles, and with median sur-

vival increasing with dose. Contemporary dose-finding trials

often feature combinations of agents, molecular-targeted agents,

multiple schedules of agents, and heterogeneous groups of parti-

cipants or bivariate endpoints involving both response and tox-

icity. The 3þ3 is ill-suited to handle the additional complexities of

these studies (24, 25), whereas extensions of the CRM have been

proposed to address the challenges of contemporary dose-finding

trials, including combinations of agents (26–28), molecular

targeted agents (29), participant heterogeneity (30–34), or bivar-

iate outcomes (35, 36). Other model-based extensions have also

been proposed to handle the additional complexities of contem-

porary dose-finding trials (37–47).

In the past, one of the perceived barriers to the use of the CRM

was the availability of readily available, easy-to-use statistical

software. That perceived barrier has largely been removed with

the development of web-based applications to implement and

document the operating characteristics of the CRM (48).

We recognize that no simulation study can capture completely

the idiosyncrasies of the drug development process. We have

proposed a model that we believe captures the fundamental

features of drug development, even if not every nuance in the

development process. For example, in the simulations, no interim

monitoringof the phase III trials is done,whereas in practice, there

are usually interim analyses for futility and efficacy.Wewould not

expect this to affect the results presented in this article because the

interim analysis boundaries are constructed to allow interim

looks at the data without greatly affecting size and power char-

acteristics of the trial. In addition, for the confirmatory phase III

trial, we simulated a second trial with the same number of

participants as the first. In practice, the size of the second phase

III trial would often depend on the observed magnitude of the

effect observed in the initial phase III trial.

There have been a number of discussion papers on failure rates

of new agents in oncology (49–51). Many of the suggestions

revolve around designing larger phase II and phase III trials with

multiple endpoints. Gan and colleagues (49) review 235 pub-

lished phase III cancer trials and find that about 62% of the trials

show no significant difference between treatment groups. The

authors suggest that much of the reason is overly optimistic

estimates of the treatment effect, leading to underpowered trials.

We conjecture that part of the reason is that the often-used 3þ3

decision strategy tends to be overly conservative and settles on a

dose that is not as effective as a higher, but still safe, dose. The

smaller effect size at this dose could be part of why new agents are

not shown to be superior to a standard therapy.We recognize that

this is conjecture on our part, becausewe do not knowwhat phase

I design was used in the 235 studies evaluated by Gan and

colleagues, although the majority of phase I trials in general use

the 3þ3. In contrast, our results indicate that emphasis on more

efficient early stage designs, both phase I and phase II, has amuch

greater effect on the likelihood of success for an agent than the size

of the phase III trial.

In an era of greater scientific understanding of the molecular

characteristics of cancer and drug targeting, we anticipate that

many of the new agents entering the drug development process in

the near future will be substantially better than the current

Figure 4.

A–D, Proportion of agents with 2 successful phase III trials among 20,000 drugs (section 3.3) from the population of low-toxicity agents by true median survival

at the true MTD.
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standard. It is an obvious statement that even a well-designed,

highly effective agent, with a well understood mechanism of

action, cannot benefit participants unless that agent successfully

navigates the drug development process. Our results underscore

the importance of well-designed early stage designs. Use of better

early-phase designs has been advocated by statisticians for many

years, but these recommendations have largely gone unheeded.

Ourmodels demonstrate that suboptimal dose finding has effects

that ripple through the entire development process and suggest

thatmore attention paid to early stage trial design would improve

the overall drug development process.
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