
A comprehensive comparison of phase I dose escalation methods

Abstract

Phase I clinical trials are fundamental in drug development because they bring proposed designs to initial clinical testing. 
Recently, several dose finding methods have been developed. However, the comparison of those designs and traditional 
designs are not intensive. This study compares the most commonly used phase I dose finding methods and determines 
which one performs better. To do so, two different real life stories are analyzed through simulation studies. It was found that 
the 3+3 design, the most popular method employed by scientists, produced the worst results. More reliable and applicable 
results for phase I dose escalation trials can be produced by BMA-CRM, CRM, and BCRM designs.
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1.   Introduction

Clinical trials play a critical role on how new medical 
approaches work in humans. Moreover, they aim to detect, 
treat or manage known and unknown diseases or medical 
conditions.  Friedman et al. (2010) define a trial as a 
“prospective study for determining the effect of treatment 
in humans.” Clinical trials are just one of the stages in long 
and careful processes. Experts have been working for many 
years to understand the effects of the new treatments and 
also their side ef fects. For this reason, clinical trials start 
with a small group of people to reduce any possible damages. 
Although there is no certainty that clinical trials will result 
in favorable treatment, the participating patients provide 
significant contributions to future treatments. Erroneous 
decisions can be made if a doctor considers patients with 
frequent looks (Jennison & Turnbull, 2013). To achieve the 
desired results, medical doctors, researchers and patients 
should work together with a care and royalty when clinical 
trials are finalized. 

In general, clinical trials are classified as four 
consecutive phases (Friedman et al., 2010). The trial design 
for each phase is a complex process and usually requires 
a close collaboration among academic institutions, medical 
centers or hospitals, pharmaceutical companies, public 
organizations and regulatory agencies. Most studies focus 
on human pharmaceuticals (Savci, 2016). In phase I trials, 
pharmaceutical operators are applied to humans for the first 
time (O’Quigley & Chevret, 1991). The objective of these 
trials is to determine any drug tolerance and interaction 
description properties of pharmacokinetics and to identify 
dosage and side effects. The main objective of a phase I trial 

is to understand drug tolerance in volunteers. To do so, the 
maximum tolerated dose (MTD) must be determined. The 
MTD is the highest dose of a drug which does not cause any 
unacceptable side effects. Several dose escalation methods 
are used in order to determine the MTD. Those methods 
fall into two classes: rule-based designs and model-based 
designs. The most popular method employed by scientists is 
the 3+3 design, one of the rule-based designs (Hansen et al.,
2014). The main advantage of this design is that it is simple 
to implement. 

Instead of traditional methods like 3+3 design and the 
Continual Reassessment Method (CRM), new phase I 
clinical trial methods have been developed in recent years. 
These include Bayesian Optimal Interval Designs (BOIN), 
Modified Toxicity Probability Interval Method (mTPI), 
Bayesian Model Averaging with Continual Reassessment 
Method (BMA-CRM), a Bayesian Interval Dose-Finding 
Design Addressing Ockham’s Razor (mTPI-2), and 
Bayesian Continual Reassessment Method (BCRM).

There are several studies in the literature comparing 
phase I dose finding methods. Some studies are focused on a 
comparison of the rule and model based designs. Others are 
focused on a theoretical window. In general, a comparison 
of old and new dose finding methods are uncomprehensive. 
According to Hansen et al. (2014), 3+3 design is appropriate 
when the toxicity of a drug is uncertain or narrow. On the 
other hand, the model-based designs perform better than 
3+3 design if the expected toxicity is low. It can be seen 
from their findings, there is no single phase I dose escalation 
method that produces the best results in all circumstances. 
Iasonos et al. (2008) conducted a study comparing CRM-
based methods with the 3+3 method. They compared three 
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parameters: total sample size, the number of patients needed 
to reach the MTD, and trial duration. They concluded that 
CRM-based methods perform better than 3+3 design in 
terms of accuracy and optimal dose allocation. However, 
they did not include several alternative CRM-based designs 
in their study. Jaki et al. (2013) studied three classes of 
dose-escalation designs in a non-statistical window. They 
compared the strengths and weaknesses of rule-based 
designs, Bayesian model-based designs, and Bayesian 
curve-free methods. They concluded that rule-based designs 
are not recommended. In addition, they suggested that 
Bayesian model-based designs are appropriate if previous 
information is available. Paoletti et al. (2015) came to similar 
conclusions, claiming that model-based methods outperform 
the 3+3 design in terms of selecting the correct dose level 
as MTD. They found that in order to adapt new objectives, 
model-based designs can be significantly enriched.

This study compares the most used phase I dose finding 
methods to determine which one performs the best. The 
content of this paper is as follows: The next section presents 
the dose escalation methods. The scenarios and simulation 
studies are introduced in secti on 3. The comparison of 
methods is also given in section 3. The last section gives the 
conclusion of the study. 

2.   Dose escalation methods

There has been an increasing interest in phase I clinical trials. 
Thus, many phase I dose escalation studies are developed in 
literature. As stated, some phase I clinical trials are based 
on model selection while others are based on an algorithm. 
In this paper , both approaches are considered. The most 
popular choice of the phase I dose finding method among 
clinicians in clinical trials is 3+3 design (Ji & Wang, because 
it is simple and easy to implement. The 3+3 design is a rule-
based design that proceeds with cohorts of three patients. 
DLT (dose limiting toxicity) is the most important factor in 
the assessment of doses. In this method, the first cohort is 
treated at a starting dose level (lowest dose level). The other 
subjects are enrolled in cohorts with increasing dose levels. 
The research continues with higher doses, depending on 
assessments of the previous doses. 

A modified toxicity probability interval (mTPI) is a 
method that proposes dose-finding-decision rules based 
on the unit probability mass (UPM). This method is an 
improved version of the toxicity probability interval method 
(TPI), and it uses beta-binomial hierarchical model (Ji et
al., 2010). The UPM is used to determine decision rules of 
three intervals corresponding to low, high and proper dosing 
in terms of toxicity (Ji & Wang, 2013). Although the mTPI 
allows researchers to understand the decisions before the 
trials start, some decision rules are debated in practice (Guo 

et al., 2016). To prevent such debates, Yang et al. (2015) 
proposed an ad-hoc remedy that allows decision rules in the 
mTPI design. However, there is a lack of solid statistical 
justification, so it cannot be properly assessed. To handle this 
problem, mTPI-2 was developed. It solves the undesirable 
issue in the current decision under the mTPI (Guo et al.,
2016).

In algorithm-based dose finding methods, modeling 
information from the other doses is not used. In other 
words, it only considers the data observed from current 
dose level. A model-based dose finding method assumes 
a precise parametric model for the dose-toxicity curve. 
CRM, first proposed by O’Quigley et al. (1990), is one of 
the model-based approaches for dose-finding methods in 
drug development. CRM particularly links the likelihood of 
toxicity at each dose level with a pre-determined toxicity 
probability via a one-parameter model. While the toxicity 
data are collected, the CRM continually updates the 
estimation of the toxicity probabilities of all the doses. Each 
new patient cohort is transferred to the most appropriate 
dose based on the updated toxicity probabilities, and the 
MTD occurs when the entire sample size is used. 

In general, toxicity is assumed to be monotonically 
increasing depending on the dose. Assume  is a set of 
toxicity probabilities of a pre-determined K set of doses. 
These probabilities are often known as the skeleton of CRM 
(Wages et al., 2013). Let  be the predetermined possibility 
of target toxicity. The power-dose toxicity model for CRM 
in which j= 1….K is as follows.

  (1)

Here,        are unknown parameters. The CRM can be 
in different model constructions. For example, the equation 
of a logistic regression model, which has a c fixed-point, is 
given in the following CRM model.

where c is usually set to 3, and  is the standard dose level 
at j-th.

Another example is the hyperbolic tangent function 
given as the CRM model (Eq. 3).

 Another important part of the CRM is the dose finding 
algorithm. In practice, patients are usually treated as three-
membered cohorts for each dose. Dose escalation and 
reduction can be limited to only one dose level at a time. The 
process of finding a dose for the CRM method is as follows:
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1. Start with a prior estimate of DLT for each dose level.
2. Select a mathematical model to describe the relationship 

between the dose and DLT.
3. Describe any uncertainty about the model by prior distri-

bution.
4. After each patient, update the model, and estimate the 

probability of toxicity for each dose level.
5. Treat the next patient at the dose whose estimate is the 

closest to some pre-specified target. 
6. Stop when a maximum sample size is reached (O’Quig-

ley et al., 1996).
Another model-based design used in phase I trials is 

the Bayesian Continual Reassessments Method (BCRM). 
CRM is used because there is a need to choose the dose 
for the next patient by using the posterior distribution from 
recruited patients. BCRM is implemented by placing a 
prior distribution, , on the model parameter . The posterior 
distribution for α after n outcome is written is as

where L()=(1-((i);α) is the likelihood. The prior distribution 
for α can be a number of possible, positive valued, 
distributions such as Gamma, Uniform or Lognormal. A 

Table 1. Summary of Selected Phase 1 Dose Escalation Methods
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الملخص

أصبحت التجارب الاكلينيكية من النوع الأول محببة جداً في العشر سنوات الأخيرة. وتعتبر التجارب 
إلى  المقترحة  التصاميم  تقدم  لأنها  وذلك  الأدوية  تطوير  أساسيات  من  الأول  النوع  من  الاكلينيكية 
المرحلة الابتدائية للاختبارات الاكلينيكية. تم حديثاً تطوير طرق عديدة لتحديد الجرعة. لكن المقارنة 
بين هذه التصاميم وتلك التقليدية ليست على درجة عالية من الكثافة. تهدف هذه الدراسة إلى مقارنة 
ولعمل  بينها.  من  الأفضل  الطريقة  وتحديد  الأولى  للمرحلة  استخداماً  الأكثر  الجرعة  تحديد  طرق 
ذلك، تم تحليل قصتين حقيقيتين باستخدام المحاكاة. وجدنا أن التصميم 3+3 الأكثر استخداماً من قبل 
العلماء هو الأسوأ مقارنةً بالتصاميم الأخرى. في المقابل كانت التصاميم CRM ،BMA-CRM و 

BCRM أفضل من ناحية الثقة والاستخدام لتحديد الجرعة في المرحلة الأولى.
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