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CHAPTER 1 

 

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. 
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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.  
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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 θ, then there would be some 𝑥⋆ that represents the dose level with E(Y୧) = 𝜃. E(𝑌௜) can be represented 

by some function ψ൫𝑥௝ , 𝑎൯, therefore, there must exist a ψ(𝑥∗, 𝑎଴) where 𝑎଴ represents the true natural state where 

dose 𝑥⋆ gives a response probability of θ. Let Ω௜ = {𝑦ଵ, … , 𝑦௜ିଵ} and𝑓(𝑎, Ω௜) be a nonnegative function that 

summarizes all available information about parameter 𝑎଴. Giving all possible values of 𝑎 as A  =  (0, ∞), we find 

that 

න 𝑓(𝑎, Ω௜)𝑑𝑎
ஶ

଴

= 1 (𝑖 = 1, … , 𝑛). 

Using Bayes theorem, it is possible to obtain 𝑓(𝑎, Ω௜ାଵ) from 𝑓(𝑎, Ω௜), allowing estimation of θ(௜,௝) 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 𝑖௧௛ patient enrolled.  
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Let 

θ(௜,௝) = න ψ൫𝑥௝ , 𝑎൯f(𝑎, Ω௜)da
ஶ

଴

 (𝑗 = 1, … , 𝑘) 

𝜃’(௜,௝) = ψൣ𝑥௝ , μ(𝑖)൧ μ(𝑖) = න 𝑎
ஶ

଴

𝑓(𝑎, Ω௜)𝑑𝑎 

ϕ(𝑥(𝑖), 𝑦௜ , 𝑎) = ψ௬೔(𝑥(𝑖), 𝑎)[1 − ψ(𝑥(𝑖), 𝑎)](ଵି௬೔) 

∴ 𝑓(𝑎, Ω௜ାଵ) ∝ ϕ(𝑥(𝑖), 𝑦௜ , 𝑎)𝑓(𝑎, Ω௜) 

Prediction of the correct dose level for the 𝑖 + 1௧௛ 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 θ(௜,௝) and θ, θ’(௜,௝)and θ, or 𝑥௝and 

ψିଵ(μ(𝑖), θ), 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, Ωଵ) 

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 α as the unknown parameter. This uses an 

exponential function to describe the prior relationship between dose level and toxicity. Let p୨ denote a true DLT 

probability at dose level j, and let ϕ represent the target DLT probability. 

p୨ = a୨
ୣ୶୮(஑)

,   for j = 1, … , j 

The prior guesses for DLT probability at a given dose, 0 < aଵ < ⋯ < a୨ < 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 𝜙. (Zhou et al. 2018). 
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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௜ > 𝑝்|data) > 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. 

1.4 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 pୡ୳୰ෞ  represent the observed DLT rate at a given dose. Escalation and 

de-escalation occur if pୡ୳୰ෞ  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 pୡ୳୰ෞ  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 

when 𝑛 ≥ 3 

𝑃(𝑝௜ > 𝑝்|data) > 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. 

  



7 
 

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.
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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. 

 

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. 
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Table 2.1.2: Standard 3+3 Recommended Dose Percentage 

 

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: 

1. Standard Expansion – put the entire expansion cohort onto the recommended dose from escalation 

2. Extended Escalation – simply increase the maximum escalation patient number by the same number as 

the expansion cohort(s) would be in total 

3. 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 
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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 3+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 
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toxicity level will be 𝑝் = 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 𝑝் ± 0.05, and an excessive 

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

 

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. 

 

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. 

 

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 3+3. 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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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. 

 

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

 

Table 3.3.2: Percent of Correct Changes in Recommended Dose from Escalation to Expansion 
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Table 3.3.3: Percent of Incorrect Changes in Recommended Dose from Escalation to Expansion 

3.4 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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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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