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CHAPTER1

Introduction and Background

Over the years, clinical trials have changed and evolved to better understand the effects of different treatments on
the human body. Each advance has allowed investigators to address the scientific question of interest, from the
introduction of placebo controls to the use of personalized medicine to determine which treatment would be best
based on a patient’s genetic makeup. One such design consideration is using multiple phases in a clinical trial to
determine how best to assess the treatment in question at different stages of understanding its effects on patients. In
particular, phase 1 trials are used for first-in-human studies to assess toxicity and determine the maximum tolerated
dose (MTD) for subsequent phases to use as a guide when determining efficacy. Generally, a phase 1 trial will
attempt to determine the MTD by exposing as few patients as possible to escalating dose levels and comparing the
number of patients at each dose level with dose-limiting toxicities (DLT) and a prespecified limit. Using the MTD,
researchers will ascertain a recommended phase 2 dose (RP2D), and in phase 2 a larger group of patients will be
treated with the RP2D established in phase 1 to assess efficacy.

Phase 1 trials are sometimes organized into two main components, a dose-escalation component, and a dose-
expansion component. In the dose-escalation component, patients are treated in cohorts at multiple escalating dose
levels, and multiple methods of determining the MTD have been proposed and studied, with varying properties,
strengths, and weaknesses. In a dose-expansion component, additional cohorts of patients are treated at the MTD
established during escalation and depending on the number of DLTs an RP2D is recommended either at or near the

MTD.



1.1 3+3 Method

The most conventional method for dose escalation, the 3+3 method, involves enrolling a cohort of three patients at
the lowest available dose level and then determining how many DLTs occurred at that dose level. Based on the
number of DLTs, the study would escalate to the next dose level, enroll three more patients at the current dose level,
or de-escalate and either enroll three more patients at the previous dose level or set the previous dose level as the
MTD.

If at a given dose level, zero of the three patients enrolled had DLTs, the next three would be enrolled at the next
dose level. If one patient of the three experiences a DLT, then a second cohort of three patients will be enrolled at
the same dose level, and if two patients experience a DLT between both cohorts, then that dose and all higher ones
would be discontinued, and if there is still a lower dose with only three patients treated then a second set of three
will be enrolled at that dose. If after the second cohort of three patients at a given dose, the total number of DLTs is
still one, then that dose is selected as the MTD. If the total is two DLTS, then the dose is either treated as the MTD,
or discontinued, depending on rules established at the start of the study. And if the total after six patients is three or
more DLTs, the dose is discontinued. The study ends once all doses have no more patients to enroll, either from
having six patients enrolled, having been discontinued due to too many DLTs at that dose or a lower one, or once a
dose has been chosen as the MTD.

This method is especially conservative, and previous simulation studies have shown that it does not consistently
choose the correct MTD and tends to underestimate the true MTD. (He et al. 2006 and Iasonos et al. 2008) We will

explore this further in establishing our methodology.



1.2 Continual Reassessment Method

Due to the conservative nature of the 3+3 method and its tendency to treat multiple patients at dose levels below the
MTD when the true MTD is in one of the higher proposed dose levels, O’Quigley asserted that it is not particularly
effective in situations like phase 1 oncology trials, where concerns about providing inferior treatment and the benefits
of providing appropriate treatment quickly can outweigh the risks of escalating dose level due to the nature of the
disease. (O’Quigley et al. 1990) For this reason, O’Quigley proposed a continual reassessment method (CRM), a
Bayesian method that updates its prior estimations for the dose toxicity curve with information collected from each
cohort of patients enrolled in dose escalation before recommending a dose based on the new posterior mean estimate
of the MTD for the next cohort. In this way, if the model predicts that the MTD will be one of the higher dose levels
based on information from the earlier dose levels, it can skip dose levels unlikely to be the true MTD and arrive at a
recommended MTD close to the truth more quickly. Modifications on CRM include rules that prevent skipping dose
levels or stopping the trial if the model predicts that the lowest dose level has an unacceptable toxicity rate, which
may be more appropriate for trials where the risk of overdosing is greater than the risk of undertreating.

CRM works by assuming a parametric model for the actual dose toxicity curve. The original formulation of CRM
utilized a one-parameter model, where a function of dose level and some arbitrary parameter a is set up to provide
the expected probability of response for patients enrolled on a given dose level. Let x; represent the dose level, and
Y; represent a binary random variable (0,1) where 1 denotes DLT for patient i entered into the trial. If the target
toxicity rate is 0, then there would be some x* that represents the dose level with E(Y;) = 6. E(Y;) can be represented
by some function 1]J(x]-, a), therefore, there must exist a y(x*, a,) where a, represents the true natural state where
dose x* gives a response probability of 0. Let Q; = {y;, ..., yi—1} andf(a, Q;) be a nonnegative function that
summarizes all available information about parameter a,. Giving all possible values of a as A = (0, o), we find

that
f fla,Q)da=1 (i=1,..,n).
0

Using Bayes theorem, it is possible to obtain f(a,Q;,1) from f(a, Q;), allowing estimation of 8; ;) at dose level j
given information about the first i — 1 patients. If patient i is enrolled on dose level x(i), this allows for updating

our prior for a with information taken from the i*" patient enrolled.



Let

L) =f0 U(x,a)f(a,Q)da  (=1,..,k)
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Prediction of the correct dose level for the i + 1t" patient enrolled by updating a, based on the responses from
patients 1 through i can be repeated for each patient enrolled to recommend the dose level of the next patient.
This can then be used with some function to minimize the distance between 6(; ;) and 6, 6’(; jyand 8, or x;and
P~ (u(i), 8), whichever criterion is selected. Once all patients are enrolled in this way, the recommended dose is
the dose that gives the smallest distance between those variables in the criterion selected. Let g(a) = f(a, ;)
represent the prior distribution of a, before experimentation, or our prior knowledge of the relationship between
dose level and toxicity. This function can take multiple forms, such as gamma, log-normal, or exponential, and is
even sometimes modified to have a two-parameter form.
A commonly used functional model for CRM is the power model, with a as the unknown parameter. This uses an
exponential function to describe the prior relationship between dose level and toxicity. Let p; denote a true DLT
probability at dose level j, and let ¢ represent the target DLT probability.

pj = anp(a), forj=1,..,j

The prior guesses for DLT probability at a given dose, 0 < a; < -+ < a; < 1, represent the initial estimates for the

dose-toxicity curve. After each cohort is treated, these estimates are updated based on the accumulated DLT data for
all dose levels, and the method assigns the next cohort to an “optimal” dose, the dose with a posterior mean estimated

DLT probability closest to ¢». (Zhou et al. 2018).



1.3 Modified Toxicity Probability Interval

While the 3+3 method is known to have poor performance, it is still widely used for its ease of understanding and
implementation. Model-based designs like CRM may have better performance but can be substantially more
complex. For this reason, the modified toxicity probability interval (mTPI) design was introduced to provide a
method that is simpler to implement than CRM with better performance than the standard 3+3. The original TPI
method relied on the specification of parameters in its model and the method is potentially vulnerable to
misspecification of the model. Yuan et al. proposed the mTPI to provide a method that does not rely on the
specification of any parameters beforehand. (Yuan et al. 2010)

mTPI makes decisions on when to escalate or de-escalate based on rules created using unit probability mass (UPM)
calculations. For a given interval on the real line, UPM can be defined as the ratio of the probability of something
falling within that interval and the length of the interval. For a given dose, a beta-binomial model is used to find the
probability of DLT at that dose falling within an interval, and the intervals used are those for underdosing, proper
dosing, and overdosing. The proper dosing interval for the original TPI method was initially provided by doses
considered by physicians as close enough to the true target toxicity level that they would feel comfortable selecting
these doses as the estimated MTD, and decisions on escalation or de-escalation required calculations based on
prespecified parameters. Under the mTPI, after each cohort of patients on a given dose is observed, the toxicity
probability for a given dose is updated based on new information, and the UPM values of each dose being below the
lower bound of the target interval, within the target interval, and above the upper bound of the target interval are
updated based on the total information available in the trial. When the UPM for underdosing is the maximum of the
three, the study escalates to the next highest dose. Likewise, when the UPM for overdosing is the maximum, the
study de-escalates to the next lowest dose, with the UPM for the proper dose being the maximum indicating that the
study should continue to the next cohort at the current dose. This method utilizes a prespecified sample size, and at
the exhaustion of that sample size, the MTD is selected based on which estimate of DLT probability for each dose
level is closest to the target rate.

Yuan et. Al (2010), showed that using decision rules based on a beta-binomial model for determining when to
escalate, de-escalate, or stay, a modified model can be used that is invariant to the specification of the target interval.
The beta-binomial model follows a Bayesian paradigm, starting with a given beta prior distribution giving the
distribution of a parameter p. This parameter p is then used as the parameter of a binomial model that represents the
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distribution of the data. This combined posterior model follows a beta-binomial distribution, which is a special type
of beta distribution where the beta distribution is a conjugate prior to the binomial data.
Stopping rules based on excessive toxicity are usually implemented. In this, the posterior probability of that dose
level having a probability of toxicity given the data that exceeds the target level is calculated, and if it exceeds the
excessive toxicity threshold, typically 0.95, then the dose level is excluded, or alternatively expressed as

P(p; > prldata) > 0.95
If this occurs, that dose level and those above it are eliminated, and the study continues using the remaining dose
levels. If all dose levels are eliminated due to excessive toxicity, then the trial is terminated, and no dose levels are
recommended as MTD.
14 Bayesian Optimal Interval Design
Similarly to mTPI, Yuan et al. introduced the Bayesian optimal interval design (BOIN) in an effort to provide a more
rigorous method than 3+3 that is simpler to implement or understand than CRM. (Yuan et al. 2016) This method
takes the basic framework of the 3+3 and adapts a more flexible design, based on comparing the DLT probability at
a given dose to prespecified boundaries. Let pg,, represent the observed DLT rate at a given dose. Escalation and
de-escalation occur if pg,, falls outside the boundaries, with escalation when it is below the lower bound and de-
escalation when it is above the upper bound. These boundaries are calculated such that if a given dose has a DLT
occurrence rate at the upper or lower boundary, the target rate is the edge of a set confidence interval from the
boundary so that whenever p,, falls within the boundaries it is reasonable that the true DLT probability at that dose
is near the target rate. These boundaries and the escalation/de-escalation rules are set before the trial begins and can
be modified during the study to account for deviations from planned cohort sizes.
Yan et al. proposed a similar excessive toxicity stopping rule for BOIN as that included in mTPI, where a dose is
excluded once at least 3 patients have been enrolled at that dose if the posterior probability that the probability of
toxicity exceeds the target level is greater than a threshold, also generally set at 0.95, or alternatively expressed as
whenn >3

P(p; > prldata) > 0.95
This stopping rule also eliminates a dose level and any higher levels, similarly to the one utilized in mTPI, and

terminates the trial without recommending an MTD if all dose levels are eliminated due to excessive toxicity.



1.5 Expansion

Even with the more consistently accurate methods, the dose escalation stage does not always choose the true MTD
in simulation studies, but it does often select a dose level that is within one level from the true MTD. Iasonos
suggested using the expansion cohort to also reassess and/or confirm the MTD by dosing expansion cohort patients
at the indicated MTD as well as one level above or below it. (Iasonos et al. 2016) Dose expansion cohorts can be
incorporated into a study for a variety of reasons, including reassessing toxicity.

Therefore, in this paper we will explore simulation studies across multiple toxicity scenarios with each escalation
dose-finding method, and apply one of 5 different expansion strategies to determine which has a better chance of
selecting the correct dose, and how many toxicities occur in each one. These are discussed more in the methodology

section.



CHAPTER 2

Methodology

2.1 3+3 Revisited

As was discussed earlier, the 3+3 method tends to be conservative in selecting a recommended dose for expansion
or phase 2. To explore this, simulations were performed using true dose toxicity curves that represent possible curves
that could be found in new drugs. In these simulations of the standard 3+3 method, using dose toxicity curves as
shown in table 2.1.1, the correct dose was selected between 18% and 37% of the time, depending on the dose toxicity
curve used. These simulations also showed that the dose level below the true correct dose was consistently selected

as the recommended dose more often than the true correct dose.

Toxicity Dose Curves

Dose 1 Dose 2 Dose 3 Dose 4 Dose 5
Scenario 1 0.0417 0.0833 0.1667 0.3333 0.6667
Scenario 2 0.1111 0.2222 0.3333 0.4444 0.5555
Scenario 3 0.3333 0.4714 0.5773 0.6667 0.7454
Scenario 4 0.0133 0.0533 0.1200 0:2133 0.3333
Scenario 5 0.0500 0.0500 0.3333 0.6000 0.6000

Table 2.1.1: Toxicity Dose Curves for Simulation

One might consider whether removing some of the safeguards to the 3+3 method could improve how often it selects
the correct dose. The 3+3 method was modified to not stop for any reason until 30 patients had been enrolled,
removing the stopping rules for too many toxicities at a given dose, 6 patients enrolled at a given dose, or
escalation/de-escalation of dose at the outer limits of the available dose levels. This modified 3+3 method gave
slightly improved results, ranging from 31% to 41% correct recommendations of dose level, but again this method
consistently selected the dose level below the true correct dose more often than the actual true correct dose. Tables

2.1.2 and 2.1.3 show the exact recommendation values at each level for the standard and modified 3+3 simulations.



Standard 3+3 Recommended Dose Percentage

Dose Curve 1

Dose Curve 2

Dose Curve 3

Dose Curve 4

Dose Curve 5

No Dose Dose 1 Dose 2 Dose 3 Dose 4 Dose 5
0.0174 0.0681 0.2051 0.4003 0.2956 0.0135
0.1147 0.3003 0.3361 0.1856 0.0557 0.0076
0.5665 0.3461 0.0795 0.0070 0.0009 0.0000
0.0022 0.0302 0.1250 0.2709 0.3289 0.2428
0.0255 0.0249 0.5459 0.3713 0.0300 0.0024

Table 2.1.2: Standard 3+3 Recommended Dose Percentage

Modified 3+3 Recommended Dose Percentage

Dose Curve 1

Dose Curve 2

Dose Curve 3

Dose Curve 4

Dose Curve 5

No Dose Dose 1 Dose 2 Dose 3 Dose 4 Dose 5
0.0000 0.0021 0.0800 0.5521 0.3589 0.0069
0.0035 0.1508 0.4223 0.3120 0.1032 0.0082
0.4802 0.4093 0.0957 0.0138 0.0010 0.0000
0.0000 0.0001 0.0136 0.1927 0.4797 0.3139
0.0000 0.0016 0.5638 0.4088 0.0237 0.0021

Table 2.1.3: Modified 3+3 Recommended Dose Percentage

2.2

Simulation Methodology

For this simulation study, therefore, we will examine how these proposed modified expansion cohort methods

proposed by Iasonos do in terms of toxicities and whether they provide insight into which dose is truly the MTD. The

study will look at multiple methods of dose escalation, including 3+3, BOIN, MTPI, and CRM. It will then utilize five

expansion cohort strategies to determine which of them offer improved determination of true MTD and what the

change in toxicity is compared to simply extending the escalation cohort by the same number of patients. These

strategies are as follows:

Standard Expansion — put the entire expansion cohort onto the recommended dose from escalation
Extended Escalation — simply increase the maximum escalation patient number by the same number as
the expansion cohort(s) would be in total

Expansion and Dose Minus One — split the expansion cohort between the recommended dose and the

dose level below it, putting the whole cohort on the recommended dose if it is the lowest



4. Expansion and Dose Plus One — split the expansion cohort between the recommended dose and the dose
level above it, putting the whole cohort on the recommended dose if it is the highest

5. Expansion and Dose Plus and Minus One — split the expansion cohort between the recommended dose
and the dose levels above and below it, with patients placed on the recommended dose if there is not a

dose level higher or lower than the recommended one.

The simulation will be performed in RStudio under R version 4.1.2, using programs for each escalation method from
the ‘escalation’ R package. There will be 30 patients enrolled for the escalation cohort, and 18 for the expansion
cohort. The same five dose toxicity curves used for comparing escalation methods will also be used for this (Table
2.1.1). Each combination of dose toxicity curve, escalation method, and expansion method will be repeated over
10,000 simulations. Each scenario will be compared for the total number of toxicities, toxicities at each dose, and
percent of toxicities at each dose, in escalation, expansion, and in total. Additionally, the accuracy of dose
recommendation for each scenario will be compared after escalation and after expansion, and the change in accuracy
provided by each expansion method from its corresponding escalation simulation will be evaluated. For trials where
there is no recommended dose, meaning the lowest dose level was deemed too toxic, no expansion will be performed.
The escalation methods have built-in techniques for determining the recommended dose. For the expansion portion of
the study, after completing the escalation the additional expansion results will be simulated following each expansion
method and starting with the recommended escalation dose for each simulation. Since the 34+3 method’s code in the
‘escalation’ package is not easily adaptable to results that don’t follow the 3+3 method’s dosing structure, the
recommended dose after expansion will be calculated using a simple comparison for which dose level has a simulated
toxicity percentage closest to the target of 33% without going over after combining escalation and expansion results
for each simulation. This method is not mathematically dissimilar to the normal dose selection process in 3+3, which
essentially rules out dose levels once they have more toxicities than 1/3 of the total number of subjects on each dose
level.

For the other three methods, the escalation and expansion results will be combined for each simulation and these
results will be put back through their respective selection methods again, resulting in a recommended dose level after
expansion using the same algorithm as the escalation recommended dose level.

In the escalation portion of the simulations, prespecified samples sizes and/or dose stopping rules at n=30 will be

used for all escalation methods, adjusted to n=48 for the “extended escalation” expansion method. The target dose

10



toxicity level will be p; = 0.33 in all escalation methods. For CRM, an uninformative prior dose toxicity curve will
be used, that being a sequence from 0.1 to 0.5 increasing by 0.1 each level. and the adjusted method that does not
skip dose levels will be utilized. The mTPI simulations will use interval bounds of p; + 0.05, and an excessive

toxicity threshold of 0.95. For BOIN, the same excessive toxicity threshold was used.

11



CHAPTER 3

Results

3.1 Escalation Simulation Results

After performing the simulations, comparisons across the escalation methods show that the 3+3 method consistently
underestimates the true MTD across the different dose curves as previously mentinoed, selecting the dose below the
true MTD as the recommended dose level. Even the modified 3+3 method consistently underestimates the true MTD
though with slightly better performance than the standard 3+3 method. BOIN, CRM, and mTPI all consistently
recommend the true MTD, with varying degrees of accuracy across different dose curves. CRM tends to be the most
accurate, followed by mTPI and then BOIN. Figure 3.1.1 shows the simulated dose selection probabilities for each

method and each dose toxicity curve.

Escalation Probability of Dose Selection by Dose Curve Scenario
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Lines represent simulated probability of choosing a dose level given escalation method and toxicity curve.

Figure 3.1.1: Escalation Probability of Dose Selection by Dose Curve across Escalation Methods

Figure 3.1.2 shows the percent of simulated standard escalation results that correctly recommended the true MTD

for each curve, and their corresponding percent of simulated toxicities among subjects across all dose levels. In terms
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of accuracy, 3+3 is the least accurate, with CRM, mTPI, and BOIN being significantly more accurate, though which
is most accurate fluctuates depending on the dose toxicity curve. CRM tends to be more accurate than the other two.
For all scenarios except Scenario 3, 3+3 had the lowest toxicity percent, with BOIN and mTPI generally having
slightly higher toxicity rates, and CRM having the highest. This is all consistent with the literature regarding

escalation methods.

Recommended Dose Accuracy by Escalation Method
Recommended Dose after Escalation

A N n
Group
_____________________________________________________ Dose Curve 1
Dose Curve 2
[0) ® Dose Ci 3
% 30% - . ose Curve
= ® Dose Curve 4
[0}
o Dose Curve 5
@ L
o
2
© Escalation
3
= ] * 3+3
0% 4 BOIN
b -
L A = CRM
+ mTPI
[ ]
1 1 1
20% 40% 60%

Correct Recommendation Percentage

Figure 3.1.2: Recommended Dose Accuracy by Escalation Method

3.2 Expansion Simulation Results

After the expansion portion was included with the escalation portion of the simulation, similar results were shown
as far as the accuracy of the escalation methods, with 3+3 being the least accurate and CRM tending to be the most.
Of more interest is how the different expansion methods affected the accuracy of the final recommended dose. In
particular, the “extended escalation” method outperformed the “regular expansion” method with 3+3 and CRM

without substantially increasing toxicity, and the reverse is true for BOIN and mTPI, again without substantially
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increasing toxicity. For 3+3, “extended escalation” gave a correct recommendation between approximately 19% and
48% of the time, while “regular expansion” ranged from around 14% to 28% (see Figure 3.2.1). With BOIN,
“extended escalation” correctly recommended the true MTD in 51% to 72% of simulations, while “regular
expansion” ranged from 54% to 73% correct recommendations. CRM had ranges from 69% to 85% and 69% to 83%

for “extended escalation” vs. “regular expansion”, and mTPI 48% to 76% and 51% to 77% for the same.

Recommended Dose Accuracy and Toxicity
By Escalation and Expansion Method

40% - A L
° +
L J
n
A n "
o 4 - Expansion
n
Extended Escalation
A
"""""""""""""""" 'l"""'rr""""i'"' ®  Regular Expansion
8, A K A= ® 1 Dose Below
n
-g 30% - - A ® 1 Dose Above
o A [ ] - A
o np Both
@ 5 A =
o us =
2 ° a4 "
o ° + Escalation
3 ol +
[ T L e 3+3
° ~ A BOIN
20%- ==
. = CRM
o + mTPI
L]
[ ]
1 1 L} 1
20% 40% 60% 80%

Correct Recommendation Percentage

Figure 3.2.1: Recommended Dose Accuracy and Toxicity by Escalation and Expansion Method Combinations

There were not many consistent trends in accuracy by escalation and expansion method combinations for the
proposed experimental expansion methods, either by escalation type or by true dose toxicity curve, as shown in
Figure 3.2.2. The “one dose above” method did tend to outperform or equal the accuracy of the standard methods
with 3+3 escalation, except in the case of dose curve scenario 3, where the true MTD is the lowest dose. No general
trends existed for it in the other escalation methods. “One dose below” reduced accuracy in most escalation and dose
curve combinations, though not for scenario 3 with escalation methods other than 343. The expansion method using
the dose levels to either side of the recommended dose did not have any consistent trends outside of performing

poorly with scenario 3.
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Recommended Dose Accuracy and Toxicity by Expansion Method
Separated by Dose Toxicity Curve and Escalation Method
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Figure 3.2.2: Recommended Dose Accuracy and Toxicity by Expansion, Separated by Dose Curve and Escalation Method

As expected, the “one dose below” and “one dose above” expansion methods resulted in fewer and more toxicities,
respectively, when compared to the “no expansion”, “extended escalation”, and “regular expansion” methods across
the board. The expansion method using “one dose on either side” of the recommended escalation dose did not usually

result in substantially more toxicities, remaining close to the standard methods.

33 Change in Recommended Dose from Escalation to Expansion
The different expansion methods did result in changes in recommended MTD in each scenario as shown in Table
3.3.1, and Table 3.3.2 shows how many of these changes resulted in the expansion recommendation correcting an

incorrect recommendation in escalation, while Table 3.3.3 shows the converse.
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Percent of Changes in Recommended Dose from Escalation to Expansion

Group

Dose Curve 1
Dose Curve 1
Dose Curve 1
Dose Curve 1
Dose Curve 2
Dose Curve 2
Dose Curve 2
Dose Curve 2
Dose Curve 3
Dose Curve 3
Dose Curve 3
Dose Curve 3
Dose Curve 4
Dose Curve 4
Dose Curve 4
Dose Curve 4
Dose Curve 5
Dose Curve 5
Dose Curve 5

Dose Curve 5

Escalation

3+3

BOIN

CRM

mTPI

BOIN

CRM

mTPI

BOIN

CRM

mTPI

BOIN

CRM

mTPI

Regular Expansion
0.1322
0.6557
0.4361
0.1832
0.1547
0.5710
0.3816
0.1535
0.2028
0.2955
0.1790
0.0881
0.1239
0.3920
0.2045
0.1351
0.1730
0.5979
0.4322

0.1099

1 Dose Below

0.1467

0.6655

0.4429

0.1634

0.1426

0.5869

0.4037

0.1331

0.1977

0.2749

0.1825

0.0708

0.1248

0.3866

0.2115

0.1102

0.1604

0.6411

0.5268

0.0984

1 Dose Above

0.4173

0.3449

0.5423

0.3304

0.3715

0.3654

0.3883

0.5969

0.1942

0.1356

0.1754

0.3311

0.4781

0.3321

0.1981

0.3387

0.3051

0.1307

0.4832

0.2633

Table 3.3.1: Percent of Changes in Recommended Dose in Escalation vs. Expansion

Percent of Correct Changes in Recommended Dose from Escalation to Expansion

Group

Dose Curve 1
Dose Curve 1
Dose Curve 1
Dose Curve 1
Dose Curve 2
Dose Curve 2
Dose Curve 2
Dose Curve 2
Dose Curve 3
Dose Curve 3
Dose Curve 3
Dose Curve 3
Dose Curve 4
Dose Curve 4
Dose Curve 4
Dose Curve 4
Dose Curve 5
Dose Curve 5
Dose Curve 5

Dose Curve 5

Escalation

3+3

BOIN

CRM

mTPI

BOIN

CRM

mTPI

BOIN

CRM

mTPI

BOIN

CRM

mTPI

mTPI

Regular Expansion
0.0193
0.8882
0.6746
0.3964
0.0500
0.5071
0.4261
0.1697
0.1009
0.3552
0.4764
0.1305
0.0000
0.5517
0.5058
0.2392
0.0472
0.9639
0.6867

0.2600

1 Dose Below

0.0137

0.8502

0.7607

0.3230

0.0327

0.4731

0.4458

0.1274

0.0625

0.3245

0.4952

0.0925

0.0000

0.4839

0.5791

0.1752

0.0318

0.9377

0.7656

0.2207

1 Dose Above

0.1388

0.6401

0.6013

0.7036

0.1324

0.1914

0.4353

0.3814

0.0834

0.0000

0.4619

0.0000

0.0951

0.4787

0.4795

0.6880

0.2285

0.2035

0.7730

0.4131

Both

0.3586

0.3295

0.4311

0.3690

0.3112

0.3694

0.3920

0.6298

0.1906

0.1634

0.1820

0.3803

0.4078

0.3123

0.1941

0.3266

0.2616

0.1710

0.3712

0.3282

Both

0.1092

0.6107

0.7152

0.5919

0.0944

0.1774

0.4415

0.3093

0.0565

0.0000

0.4684

0.0000

0.0747

0.4222

0.5395

0.6758

0.1759

0.2041

0.7327

0.3560

Table 3.3.2: Percent of Correct Changes in Recommended Dose from Escalation to Expansion
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Percent of Incorrect Changes in Recommended Dose from Escalation to Expansion

Group Escalation Regular Expansion 1 Dose Below 1 Dose Above Both
Dose Curve 1 =) 0.3791 0.3724 0.3537 0.3239
Dose Curve 1 BOIN 0.4316 0.4717 0.0243 0.0501
Dose Curve 1 CRM 0.2686 0.2841 0.4451 0.2791
Dose Curve 1 mTPI 0.0730 0.0808 0.0927 0.1900
Dose Curve 2 343 0.4207 0.3415 0.3935 0.3751
Dose Curve 2 BOIN 0.4272 0.4902 0.2718 0.3059
Dose Curve 2 CRM 0.2496 0.2614 0.2546 0.2542
Dose Curve 2 mTPI 0.0743 0.0812 0.5528 0.6205
Dose Curve 3 =) 0.3771 0.4007 0.3838 0.3947
Dose Curve 3 BOIN 0.1968 0.1852 0.1980 0.2264
Dose Curve 3 CRM 0.0611 0.0570 0.0594 0.0632
Dose Curve 3 mTPI 0.0374 0.0409 0.4619 0.5052
Dose Curve 4 33 0.4136 0.3508 0.3980 0.3671
Dose Curve 4 BOIN 0.1916 0.2088 0.1816 0.1941
Dose Curve 4 CRM 0.1008 0.0800 0.1010 0.0775
Dose Curve 4 mTPI 0.0304 0.0375 0.0378 0.0380
Dose Curve 5 343 0.3863 0.3432 0.3621 0.3277
Dose Curve 5 BOIN 0.3961 0.4838 0.0578 0.0977
Dose Curve 5 CRM 0.2498 0.4115 0.3407 0.2153
Dose Curve 5 mTPI 0.0471 0.0481 0.1745 0.2731

Table 3.3.3: Percent of Incorrect Changes in Recommended Dose from Escalation to Expansion

34 Net Change in Recommended Dose Accuracy

Figure 3.4.1 shows the net correct change percentage of each expansion method, or the percent of times that an
incorrect escalation recommendation was corrected by expansion minus the percent of times that a correct escalation
recommendation was changed to incorrect by expansion. This result represents how often an expansion method was
shown to improve accuracy in the simulation assuming the escalation recommendation was just as likely to be correct
as not correct. For 3+3, none of the expansion methods resulted in a net positive change in accuracy, though the “one
dose above” and “one dose on either side” methods tended to be the most accurate. For BOIN, “regular expansion”
always had a net positive result on change in accuracy and generally had the highest net change in accuracy. The
other expansion methods fluctuated between positive and negative net changes. With CRM, each expansion method
had a net positive change in accuracy, though which was most beneficial was not consistent. Only “regular
expansion” and “one dose below” resulted in net positive accuracy changes for mTPI across every dose level, while

“one dose above” and “one dose on either side” fluctuated from -50% to +60% net accuracy change.
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Net Change in Accuracy by Expansion Method
Separated by Dose Toxicity Curve and Escalation Method
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Figure 3.4.1: Net Change in Recommended Dose Accuracy by Expansion Method, Separated by Dose Curve and Escalation Method
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CHAPTER 4

Conclusions

4.1 Discussion of Results

Based on these results, it is not immediately apparent that any of the proposed modified expansion methods can
reliably provide improvements on accuracy in finding the MTD across all scenarios. Especially when utilizing BOIN
or mTPI, the standard expansion method used performs similarly well or better than the modified methods across
most dose curve scenarios evaluated. The “one dose above” and “one dose on either side” methods could have some
value in use with the 3+3 escalation method compared to standard expansion, but if accurate MTD determination is
the ultimate goal then based on these results any expansion at all does not seem to be the most effective method, as
it results in worse accuracy than just the standard 3+3 escalation. There are multiple other reasons to include an
expansion cohort in a study, but these results do not indicate that it improves accuracy in determining the MTD.

An interesting point is that with CRM, across all dose curve scenarios, the “one dose on either side” method
outperformed standard expansion in ultimate accuracy and likelihood of improving accuracy compared to escalation,
while not substantially increasing toxicity. These results indicate a correlation between using the “one dose on either
side” expansion method and better accuracy in determining the true MTD when compared to using either standard
expansion cohorts using CRM for escalation, or escalation only using CRM. This holds true across all dose level
evaluated in the simulation and could benefit from future exploration to determine if this method continues to
consistently outperform standard expansion alone.

4.2 Takeaway Recommendations

Some recommendations can be made following these results, especially in situations where the true dose toxicity
curve is approximately known. If the accuracy of the recommended dose is the most important criterion for
methodology selection, then CRM with the “one dose on either side” expansion method is the most effective across
various dose curve options. Even though toxicity is the main concern in phase 1 trials, the poor accuracy of 3+3 and
the relatively smaller increase in toxicity for the much larger increase in accuracy means any of the other escalation
methods would be preferable when used in conjunction with either the standard expansion methods or the modified

methods proposed in this paper. mTPI is the escalation method that achieves the best balance between accuracy and
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toxicity most effectively in conjunction with standard expansion across all dose curve scenarios and performs well
with the “one dose on either side” method in dose curve scenarios where the true MTD is likely to be among the
higher doses tested. None of the modified expansion methods perform well compared to regular expansion when the
true MTD is the lowest dose, as in dose curve three results.

Since many expansion cohorts also evaluate for efficacy, incorporating efficacy measures into the simulation could
provide additional insight into the value of each method beyond mere MTD determination accuracy. Investigation
into whether the alternate expansion methods improve efficacy evaluation could give justification for them even

when their improvements on MTD determination are not significant.
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