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Drug Combination

Synergistic treatment effect!
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Challenges of drug combination trials

Larger searching space =⇒ larger sample size required!
Doses are only partially ordered in toxicity due to
complicated drug-drug interaction
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Challenges of drug combination trials

Larger searching space =⇒ larger sample size required!
Doses are only partially ordered in toxicity due to
complicated drug-drug interaction =⇒ single-agent
dose-finding methods cannot be directly used for
combination trials.
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Challenges of drug combination trials

Multiple MTDs may exist!
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MTD contour
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A key design question

A fundamental question when designing a combination
trial:

Are we interested in finding one MTD or the MTD contour
(multiple MTDs)?

The answer to this question determines the choice of
different design strategies.
This important issue, unfortunately, is largely overlooked in
practice.
We here focus on finding a MTD, refer to Yuan and Zhang
(2017) for designs to find the MTD contour.
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Three types of design

Algorithm-based designs
Dose transition is based on a set of prespecified rules/algorithm, e.g., 3+3
design or A+B design
Transparent, easy to implement, but perform poorly

Model-based designs
A dose-toxicity model is assumed, and then updated based on accrued
data to guide the dose transition, e.g., most existing drug combination trial
designs
Good performance, but less transparent and difficult to implement

Model-assisted designs
A class of designs that utilize a model for efficient decision making, similar
to the model-based design, but its rule of dose escalation/deescalation
can be pretabulated before the onset of the trial in a fashion similar to the
algorithm-based design (Yan, Mandrekar and Yuan, 2017)
Transparent, easy to implement and good performance
Examples: mtpi (Ji et al., 2007), BOIN (Liu and Yuan, 2015), and keyboard
design (Yan, Mandrekar and Yuan, 2017).
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Finding a single MTD

Many novel model-based combination designs have been
proposed to find a single MTD (Thall, et al, 2003; Yin and
Yuan 2009a, 2009b; Braun and Wang, 2010; Yuan and Yin,
2011; Wage et al., 2011; Riviere, et al., 2014, 2015; ...).
These designs perform well in simulation, but are rarely
used in practice.

Statistically and computationally complicated
Lack of easy-to-use software
Model-based, thus robustness can be a potential issue
because of complicated two-dimensional dose searching
space. In addition, incoherent dose escalation could be
rampant

Riviere et al. (2014) reviewed 162 drug-combination phase
I trials published 2011-2013, among which 88% used the
3+3 design.
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Coherent design

A design is coherent if it will never escalate the dose when
the latest treated patient experiences toxicity; and will
never deescalate the dose when the latest treated patient
does not experience toxicity (Cheung, 2005).
A design is long-memory coherent if it will never escalate
the dose when the observed toxicity rate at the current
dose is higher than the target toxicity rate; and will never
deescalate the dose when the observed toxicity rate at the
current dose is lower than the target toxicity rate (Liu and
Yuan, 2015).
Long-memory coherent is a natural requirement in practice.
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BOIN drug-combination design

The Bayesian optimal interval (BOIN) drug-combination
design (Lin and Yin, 2016; Yuan and Zhang, 2017) is a
model-assisted design that is as transparent as the 3+3
design, but yields substantially better performance.
The BOIN drug-combination design is long-memory
coherent, which may not be true for most existing
model-based drug-combination designs.
The BOIN drug-combination design is an extension of the
BOIN single-agent design (Liu and Yuan, 2015), and
makes the decision of dose escalation/de-escalation based
on the same rule as the latter.
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Bayesian optimal interval (BOIN) design

DLT rate at the current dose = No. of patients experienced DLT at the current dose
No. of patients treated at the current dose
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BOIN dose escalation/deescalation rule

DLT rate at the current dose = No. of patients experienced DLT at the current dose
No. of patients treated at the current dose
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Escalation/de-escalation boundaries

Table: The escalation/de-escalation boundaries (λe, λd ) under the
BOIN design for different target toxicity rates*.

Target toxicity rate φ
boundaries 0.15 0.2 0.25 0.3 0.35 0.4

λe 0.118 0.157 0.197 0.236 0.276 0.316
λd 0.179 0.238 0.298 0.358 0.419 0.479

* using the default underdosing toxicity rate φ1 = 0.6φ and overdosing toxicity rate

φ2 = 1.4φ.
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BOIN design with target toxicity rate of 25%

DLT rate at the current dose = No. of patients experienced DLT at the current dose
No. of patients treated at the current dose
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Statistical principle behind BOIN design

The BOIN is obtained by minimizing the decision error for
dose escalation/deescalation within the whole class of
nonparametric designs that do not assume a parametric
dose-response curve
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A class of nonparametric designs

1 The first cohort are treated at the lowest dose level.
2 At the current dose level j :

if π̂T ,j ≤ λ1j , escalate
if π̂T ,j ≥ λ2j , deescalate
otherwise, i.e., λ1j < π̂T ,j < λ2j , retain

where λ1j ≡ λ1j(nj , φ) and λ2j ≡ λ2j(nj , φ) denote the dose
escalation and deescalation boundaries.

3 Repeat step 2 until the maximum sample size is reached.
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A class of nonparametric designs

1 The first cohort are treated at the lowest dose level.
2 At the current dose level j :

if π̂T ,j ≤ λ1j , escalate
if π̂T ,j ≥ λ2j , deescalate
otherwise, i.e., λ1j < π̂T ,j < λ2j , retain

where λ1j ≡ λ1j(nj , φ) and λ2j ≡ λ2j(nj , φ) denote the dose
escalation and deescalation boundaries.

3 Repeat step 2 until the maximum sample size is reached.

Because λ1j and λ2j can freely vary across the dose levels (i.e.,
j) and the number of patients treated (i.e., nj ), this class of
designs include ALL possible nonparametric designs that do
not impose a dose-toxicity curve.
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Notations and setup

Specify three point hypotheses

H0 : pj = φ

H1 : pj = φ1

H2 : pj = φ2,

φ1 is the highest toxicity probability that is deemed
subtherapeutic (i.e., below the MTD) such that dose
escalation should be made
φ2 is the lowest toxicity probability that is deemed overly
toxic such that dose deescalation is required
Example: φ = 0.3, φ1 = 0.2 and φ2 = 0.4
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Remarks on the hypotheses

The purpose of specifying three hypotheses, H0,H1 and
H2, is NOT to represent the truth and conduct hypothesis
testing.
H1 and H2, or more precisely δ1 = φ1 − φ and δ2 = φ2 − φ,
represent the minimal differences (or effect sizes) of
practical interest to be distinguished from the target toxicity
rate φ (or H0), under which we want to minimize the
average decision error rate for the trial conduct.
This is analogous to power calculation.
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Remarks on the hypotheses

In practice, we should avoid setting φ1 and φ2 at values
very close to φ because of the limited power due to small
sample sizes of phase I trials.

At the significance level of 0.05, we have only 6% power to
distinguish 0.35 from 0.25 with 30 patients.

As default values, we recommend φ1 = 0.6φ and
φ2 = 1.4φ.

e.g., when φ = 0.25, φ1 = 0.15 and φ2 = 0.35.
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Correct and incorrect decisions

The correct decisions under H0, H1 and H2 are R, E and
D, respectively, where R, E and D denote dose retainment
(of the current dose level), escalation and deescalation.
The incorrect decisions under H0, H1 and H2 are R̄, Ē and
D̄, where R̄ denotes the decisions complementary to R
(i.e., R̄ includes E and D), and D̄ and R̄ are defined
similarly.
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Decision error rate

The probability of making an incorrect decision (or decision
error rate) at each of the dose assignments is given by

α ≡ pr(incorrect decision on dosing)

= pr(H0)pr(R̄|H0) + pr(H1)pr(Ē |H1) + pr(H2)pr(D̄|H2)

= pr(H0){Bin(njλ1j ; nj , φ) + 1− Bin(njλ2j − 1; nj , φ)}
+ pr(H1){1− Bin(njλ1j ; nj , φ1)}
+ pr(H2)Bin(njλ2j − 1; nj , φ2)
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Optimal escalation/deescalation boundaries

Assuming the non-informative prior that the current dose
has the equal probability of being at, above or below the
MTD, the optimal dose escalation/deescalation boundaries
that minimize incorrect dose assignment are given by

λ1j = log
(

1− φ1

1− φ

)/
log

(
φ(1− φ1)

φ1(1− φ)

)
λ2j = log

(
1− φ
1− φ2

)/
log

(
φ2(1− φ)

φ(1− φ2)

)
.

The optimal escalation/deescalation boundaries are
independent of nj and j !!
This makes the BOIN extremely simple because the same
pair of dose escalation/de-escalation boundaries can be
used throughout of the trial.
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Dose escalation using the BOIN design

DLT rate at the current dose = No. of patients experienced DLT at the current dose
No. of patients treated at the current dose
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Statistical properties of the BOIN

Coherence
The BOIN design is (long-memory) coherent in the sense that
the design will never escalate the dose when the observed
toxicity rate p̂j at the current dose is higher than the target
toxicity rate φ; and will never deescalate the dose when the
observed toxicity rate p̂j at the current dose is lower than the
target toxicity rate φ

Example: suppose target toxicity rate = 30%, if 1/3 has
toxicity, the BOIN design will never escalate dose; if 0/3
has toxicity, the design will never deescalate dose.

Consistence
Under the BOIN design, dose allocation and selection converge
to the target dose.
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BOIN drug-combination design

The BOIN drug-combination design uses the same
escalation/de-escalation rule as the BOIN single-agent
design
Thus, the BOIN drug-combination design is coherent,
consistent and easy to implement in practice.
The only difference is that, in combination trials, when we
decide to escalate or de-escalate the dose, there are more
than one neighbor doses that we can move to.
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BOIN drug-combination design

Let AjBk denote the combination of dose level j of agent A
with dose level k of agent B.
Let pjk denote the toxicity rate of AjBk .
The BOIN drug-combination design makes its choice
based on Pr(pjk ∈ (λe, λd )|data), which measures how
likely the combination has acceptable toxicity given the
observed data.
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Dose escalation

When the BOIN rule says escalation, we escalate the dose
to Aj+1Bk or AjBk+1, the one that has the largest value of
Pr(pj ′k ′ ∈ (λe, λd )|nj ′k ′ , yj ′k ′), where (j ′, k ′) = (j + 1, k) or
(j , k + 1).
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Dose de-escalation

When the BOIN rule says de-escalation, we de-escalate
the dose to Aj−1Bk or AjBk−1, the one that has the largest
value of Pr(pj ′k ′ ∈ (λe, λd )|nj ′k ′ , yj ′k ′), where
(j ′, k ′) = (j − 1, k) or (j , k − 1).
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Software

Windows desktop program for implementing the BOIN
combination design is freely available at MD Anderson
Biostatistics software download website
https://biostatistics.mdanderson.org/
softwaredownload/SingleSoftware.aspx?
Software_Id=99

Online app at http://www.trialdesign.org
R package "BOIN" available at CRAN
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BOIN Desktop Program
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BOIN Desktop Program
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Online app

http://www.trialdesign.org

An integrated platform for designing clinical trials
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Online app
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Online app
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Summary

The BOIN drug-combination design provides a simple,
robust, well-performing approach to find a MTD
The BOIN design can also be used to find the MTD
contour (Zhang and Yuan, 2016)
Easy-to-use software is freely available to implement the
BOIN combination designs
The R package "BOIN" can also be used to design
seamless phase I-II combination trials
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Backup slides
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Finding the MTD contour

Finding the MTD contour (or multiple MTDs) is of intrinsic
interest to many combination trials.

There are multiple MTDs in the dose matrix. Hard to justify
a single one as the target.

Finding multiple MTDs provides us an opportunity to find
the optimal synergistic treatment effect, e.g., identify the
MTD with the highest synergistic treatment effect in
subsequent phase II trials.
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Finding the MTD contour is more challenging

Much more challenging than finding a single MTD.
In order to find all MTDs in the dose matrix, we must
explore the whole dose matrix using a limited sample size;
otherwise, we risk missing some MTDs
More susceptible to model misspecification
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Robustness is an issue

To find the MTD contour, we must estimate the whole MTD
contour correctly.
In contrast, to find a single MTD, a good local fit to a MTD
is adequate.
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Finding the MTD contour

Several designs have been proposed to find the MTD
contour (e.g., Thall et al. 2003, Yuan and Yin, 2009;
Mander and Sweeting, 2015; Zhang and Yuan, 2016).
We focus on the waterfall design (Zhang and Yuan, 2016),
which is well-performing and easy to implement in practice.
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Divide and conquer

Waterfall design takes the divide and conquer strategy
(Yuan and Yin, 2008)
Partition the dose matrix into a series of blocks (i.e.,
groups of doses), within which the doses are fully ordered,
and then find the MTD within each block.
Each block is called a “subtrial"
We conduct each subtrial using the BOIN design
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Waterfall design
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