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Abstract

A common problem in Phase II clinical trials is the comparison of dose response curves
corresponding to different treatment groups. If the effect of the dose level is described by
parametric regression models and the treatments differ in the administration frequency (but
not in the sort of drug) a reasonable assumption is that the regression models for the different
treatments share common parameters.

This paper develops optimal design theory for the comparison of different regression models
with common parameters. We derive upper bounds on the number of support points of
admissible designs, and explicit expressions for D-optimal designs are derived for frequently
used dose response models with a common location parameter. If the location and scale
parameter in the different models coincide, minimally supported designs are determined and
sufficient conditions for their optimality in the class of all designs derived. The results are

illustrated in a dose-finding study comparing monthly and weekly administration.

Keywords and Phrases: Nonlinear regression, different treatment groups, D-optimal design, mod-
els with common parameters, admissible design, Bayesian optimal design
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1 Introduction

Adequately describing the dose-response relationship of a pharmaceutical compound is of paramount
importance for achieving a successful clinical development. Sacks et al. (2014) recently conducted
a review of the reasons for delay or denial of approval of drugs by the Food and Drug Administra-

tion (FDA). For those drug submissions that were not approved in the first-time application, one



of the most frequent deficiencies was a statistical uncertainty related to the selected dose, illus-
trating the importance of clearly determining an efficacious and safe dose in Phase II dose-finding
trials.
Efforts to improve this situation have led to the introduction of dose-response modeling approaches
in a prospective manner as the primary analysis method in dose finding studies, and have become
increasingly widespread in the past few years [see among many others, Grieve and Krams (2005),
Bretz et al. (2005), Thomas (2006), Dragalin et al. (2007), Bornkamp et al. (2007), Thomas et al.
(2014)]. These methods can more adequately address the main questions of interest in Phase
IT dose-finding studies (i.e. determination of the dose-response curve and estimation of target
doses of interest) than AN(C)OVA based pairwise comparisons. Moreover, it was pointed out by
numerous authors that an appropriate choice of the experimental conditions can improve the sta-
tistical accuracy in dose-finding studies substantially. For this reason there exists a large amount
of literature discussing the problem of constructing optimal experimental designs for regression
models, which are commonly used to describe the dose relationships [see Dragalin et al. (2007),
Dette et al. (2008), Dragalin et al. (2008), Fang and Hedayat (2008), Gilbert (2010), or Bretz
et al. (2010) among many others].
For many compounds a question closely related to “dose”, the amount of drug, is the administra-
tion frequency of the drug. In most situations it is not adequate to assume that the same amount
of drug per time unit (e.g. total daily dose) administered at different dosing intervals (e.g. once
a day or twice a day) will lead to the same pharmacological effect. For example for once a day
administration the drug exposure inside the body will generally be higher just after administration
and lower just before the next administration, compared to a twice a day administration, where
the same amount of drug is split into two doses in the morning and the evening, leading to more
uniform drug exposure over the day.
These considerations often lead to the need of evaluating the question of finding the right dose as
well as dosing frequency dose-finding studies in Phase II. One way of modeling the dose-response
curves in the different treatment groups is to estimate the dose response curve corresponding to
each of them separately. This can, however, be wasteful as certain aspects of the dose-response
curves for different group can be similar for both groups, suggesting a borrowing of strength. When
dose-response modeling is done in terms of parametric dose-response models, one can often assume
that certain parameters of the dose-response curves for the two (or more) groups are shared, while
other parameters might be assumed to be different between the curves. For example, if the Emax
function

6\ d
0 +d’
is used to model the dose response relationship for both groups [see Gabrielsson and Weiner
(2007) or Thomas et al. (2014)], it is often reasonable to assume that the placebo effect is the
same between groups, that is 9(()1) = 9(()2) = v1. In some situations it might also make sense to

£(d,6,,68) =65 +

i=1,2 (1.1)



assume that the maximum efficacy for high doses is similar, i.e. 0%1) = 952) = V19, as a biological
maximum attainable effect might exist. However it might not be adequate to assume that the
dose providing half of the maximum efficacy is the same for different treatment frequencies, which
means 951) # 9&2). The common parameters can then be estimated more precisely allowing for a
more accurate statistical analysis. An example motivating the research of this paper can be found
in Section 5.

The major question when planning such a dose-finding study then is which doses to utilize in the
different treatment groups and how to split the total sample size between the groups. Statistically,
this corresponds to the construction of optimal designs for different regression models (modeling
the effect of the drug in the different groups) which share some common parameters. To our best
knowledge, design problems in this case have not been considered in the literature, and the goal
of the present paper is to derive optimal designs for such situations. In Section 2 the model (in
the context of M treatment groups) is introduced and the main differences between the situation
considered in the paper and the common optimal design problems are explained. In Section 3
we derive some results on the comparison of different designs for regression models with common
parameters with respect to the Loewner ordering. In particular we generalize recent results of
admissible designs as presented in Yang (2010), Dette and Melas (2011) and Yang and Stufken
(2012) and derive upper bounds on the number of support points which cannot be improved upon
in the Loewner ordering. Section 4 is devoted to the construction of D-optimal designs which
are well suited for a “global” inference as they minimize the maximum confidence interval length
around the predicted dose-response curve. Explicit expressions for locally D-optimal designs for
the commonly used dose response models are derived, if some parameters of the models for the
different groups coincide. We also discuss minimally supported optimal designs and investigate if
these designs are optimal within the class of all designs. In Section 5 we illustrate the developed
methods in a particular clinical dose-finding study investigating two different treatment groups.
Finally, all technical details and proofs are given in Section 6 while Section 7 provides some more
background on the modeling problem discussed in Section 5.

For the sake of brevity and transparency, most parts of this paper consider locally optimal designs
which require a-priori information about the unknown model parameters if the models are non-
linear [see Chernoff (1953)]. In several situations preliminary knowledge regarding the unknown
parameters of a nonlinear model is available but not in a form that is accurate enough to specify
one parameter guess. As illustrated in Section 5, locally optimal designs can be used as bench-
marks for commonly used designs and also serve as basis for constructing optimal designs with
respect to more sophisticated optimality criteria, which are robust against a misspecification of
the unknown parameters (and model) [see Pronzato and Walter (1985) or Chaloner and Verdinelli
(1995), Dette (1997) among others|. Following this line of research the methodology introduced
in the present paper can be further developed to address uncertainty in the preliminary informa-

tion on the unknown parameters, and we will illustrate this approach in Section 5, where we also



discuss robust designs for the data example under consideration.

2 Models with common parameters

Consider the regression models
Yije= fd, 00,08 +eije i=1,... M;j=1,.. k;l=1,...ny, (2.2)

where ¢;;, are independent centered normally distributed random variables, i.e. €;; ~ N (0, a?).
The assumption of a normal distribution in (2.2) is made for the sake of transparency. Other
distributional assumptions can be treated exactly in the same way. This means that M different
groups are investigated and in each group observations are taken at different experimental condi-
tions dgi), e d,(g?, which vary in possibly different design spaces, say X; = [0, dl(%x] (i=1,...,M).
At each dose level dg-i) the experimenter can take n;; observations and n; = Zle n;; denotes
the number of observations in the i-th group (i = 1,..., M). Moreover, the total sample size is
given by n = 3. n,. In general the regression model e 91,0£i)) with a (p + ¢)-dimensional
parameter vector %) = (6, 0 ) is used to describe the dependency between the response and
the effect in every group. We consider the same parametric form for all groups. Moreover, the
parameter vector ¢, € R? is assumed to be the same in all groups (i = 1,..., M), while Héi) € R4
is different for different groups. Consequently, the vector of unknown parameters is given by
0 = (01, 0%1), e ,GéM)) € R™, where m = p + ¢M. The components of the vector are denoted by
6 = (0h,...,9,) and 65 = (0 .. 00y (i =1,..., M).

Following Kiefer (1974) we define for i = 1,..., M approximate designs ; (on the design space X;)
as probability measures with masses §;; at the experimental conditions dg-i) eEX, (J=1,...,k)
and a design p as a probability measure on the set {1,..., M} assigning mass \; to the ith
group. We collect these designs in the vector & = (&1,..., &y, i), which is also called design (on
the design space X} x ... x Xy x {1,..., M}) throughout this paper. If an approximate design
&= (&,...,&u, p) is given and N observations can be taken, a rounding procedure is applied
to obtain integers n; and n;; (i = 1,...M, j = 1,...,k;) from the not necessarily integer valued
quantities A\;n and &;;n;, respectively [see Pukelsheim and Rieder (1992)]. Then, under common

assumptions of regularity and the assumption

lim 22 =¢&; € (0,1) and lim % =\ € (0,1) (2.3)
n;—oo n—o0
(i=1,...,M,j=1,... k), the maximum likelihood estimate § = (0, o0 .. 6 satisfies (as

n— 0o)
V(0 —0) 2 N(0, ML)

where the symbol 2, denotes weak convergence. Here the matrix

M(,0) = // d)de.(d Z)\M (&, 0) (2.4)



is called the information matrix of the design & = (&1, ...,&u, ) and will be derived in Section
6.1. In (2.4) the matrices M@ are defined by

MO 0) = [ h(n @) 2:5)

hf(d)z—(a%f(d,el,eéi)) 0 i £ 0,,057),07 .., oT) cR™ (2.6)
%/—’ ————r

i—1 M—i

is the gradient of the function f(d, Ql,Héi)) with respect to the parameter § € R™, where, m =
p+qM, 0, € R? denotes a vector with all entries equal to 0.

Example 2.1 We assume that M = 2 and that the regression functions f(-, 91, ) can be written
as

£ 00, 087) = 9y + 0a fo-, 657) (2.7)

with a given function fy [see Bretz et al. (2005)]. Here the location and scale parameters 0; =
(91,92)7 € R? are the same for all groups, while the parameters 0&1) € R? are different. In this
case we have p = 2 and the vectors hy(d) and hy(d) are given by

1
h’?(d) = _(17 fO(d7 951))7 ﬁf()((t 651))7 05)7

1
(L fold, 07,07, 24 fo(d,057).

As a further example, consider a regression function f(-, 6y, 05“) of the form
PO 00,08) =01+ fol-,05)); i=1,2, (2.8)

with a given function fy. If the location parameter 6; is the same for the two groups and the
parameters 951) € R? are different, we have p = 1 and the vectors hy(d) and hy(d) are given by
B (d) = 2 (L, 5 fold, 65"),07) and h(d) = L (1,07 s fold 05))).

»Yq )

3 Comparing designs in the Loewner ordering

An optimal design £ = (&,..., &, t) maximizes a concave real valued function, say ®, of the
information matrix. Numerous criteria have been proposed in the literature (see Pukelsheim (2006)
among others) which can be used to discriminate between competing designs and the particular
case of D-optimality will be discussed in the subsequent section. The commonly used optimality
criteria are monotone with respect to the Loewner ordering, that is the relation M(&,0) <



M (&, 0) implies ®(M(&,0)) < O(M(&,0)). For this reason we discuss at first some results for
this ordering, which will be very helpful for the explicit determination of optimal designs in the
following sections.

Throughout this paper let |A| denote the cardinality of a set A and we denote by supp(§) the
support of the design & = (&1, ..., &, ). Moreover, we define the index I(&;) of the design &; on
the interval [0, dEf;LX] as the number of support points, where the boundary points 0 and dl(fl)ax are
only counted by 1/2 if they are support points of the design & (1 =1,..., M).

Note that the gradient (2.6) can be rewritten in the form

IPXP OPXQ 9 @)
0 i—1 0 i—1 90 f(d, ‘917 92Z ) i
hi(d) = 1 (i—1)gxp (i—1)gxq 1 ; = P, d,@ 79() 3.1
D=l o e | G200 9(d.6:,65") (3.1)

O —iygxp Or—i)axp
where P, is a (p + Mq) % (p + ¢q) block matrix, I,x, is the p-dimensional identity matrix and
g(d, 0y, 05“) is the p+¢-dimensional gradient of f(d, 01, Hg)) with respect to (6, 05”) (t=1,...,M).
Consequently, for the information matrix (2.5) the representation

M@ (&, 0) = B / g(d, 01,05 g(d, 01,65))dei(d) PF = P, C(&,6,,65) PT
X;

)

holds, where the (p+ q) x (p + ¢) matrix C(&;, 0y, Qéi)) is defined by
Uy 1(d,01,605)) .. Wy ,(d,60,05)
C(&:01,6") = s s &:(d)

" \ij+q,1(d7 91,9§i)) ‘I’p+q,p+q<da ‘9179§i))
fori=1,..., M.
In the following we will present a generalization of results in Yang (2010), Dette and Melas
(2011) and Yang and Stufken (2012). To be precise for i = 1,..., M we define ¥y(d) = 1 and
choose a basis, say {Uo(-), Ui(-),..., Wi | (-), Wi(-)} for the space span(W,, (-, 6,051 < s,t <
p+ q} U{1}), where the dependence on the parameters is reflected by the upper index i for the
sake of a transparent notation. We also assume that the function Wi () is a diagonal element of
the matrix C'(&;, 6, Qéi)), does not coincide with any of the other elements W ,(-, 6y, Qéi)) and that
{Wo(+), Wi(-),..., Wi ()} is a basis of the space

span({U,, | s,t € {1,...,p+q}; Uy, # U FU{1}).
For our first results we require the notation of Chebyshev system [see Karlin and Studden (1966)].

A set of k real valued functions fo, ..., fr—1 : [A, B] = Ris called Chebychev system on the interval
[A, B] if and only if it fulfills the inequality

Jo(zo) o folwr—1)
det : : >0

Je—1(xo) .. fr—1(Tp—1)

6



for any points xg,...,zp_1 with A <xg < z1... <231 < B.

Lemma 3.1
(1) If for alli = 1,..., M the sets {Uo(-), Vi(-),..., Vi ()} and {Wo(-), Wi(-),..., Wt (-), Wi(-)}

are Chebychev systems on the interval X; = | ,dJPM], then for any design & there exists a design
E = (&, &) with |supp(&F)] < 2 (i = 1,..., M), such that M(¢*,0) > M(&,0). If
the index of the design &; satisfies 1(§;) < g the design coincides with the design &. In the case

I(&) > 3, the following two assertions are valid.

(1a) If k is odd, then & has at most % support points and £ can be chosen such that its support
contains diihs (i=1,....,M).

1b) If k is even, then & has at most 22 support points and £ can be chosen such that its
1 2 (3
support contains the points 0 and dgﬁ)ax (i=1,....,M).

(2) If foralli=1,..., M the sets {Wo(-), Ui (-), ..., Tj_ ()} and {Wo(-), Ui("), ..., Uiy (), =T} ()}
are Chebychev systems on the interval X; = [O,dglx], then for any design & there exists a design

& = (&, & p) with |supp(§)] < B2 (i = 1,..., M), such that M(&,0) > M(&,0). If
the index of the design &; satisfies 1(§;) < g the design coincides with the design . In the case

1(&) > %, the following two assertions are valid.

(2a) If k is odd, then & has at most % support points and &, can be chosen such that its support
contains 0.

(2b) If k is even, then & has at most g support points.

Lemma 3.1 provides an upper bound for the maximal number of support points if the functions
Uo(+), We(),..., ¥l () and Wo(-), Wi(-),..., Ut (), Wi(-) are Chebychev systems for the differ-
ent groups ¢ = 1,..., M. Note that this bound is the same independently from the dimension of
61, since the number of support points is bounded in every group 1,..., M separately. The next
lemma shows that (for the commonly used dose response models) it is sufficient to allocate only
patients from the group with the smallest population variance to placebo.

Lemma 3.2 Assume that the design spaces are given by X; = [O,dr(%x] (t=1,...,M) and that
the regression models are given by (2.7) or by (2.8), where the function fq is differentiable with
respect to 95” (1t = 1,...,M). Moreover, assume that fy(0,65) = 0 and %fo(O,Gg) =0. If
n=(m,...,nu,v) denotes a design with 0 € supp(n;) for (at least) one index j, then there exists
a design & = (&1, ..., &, ) with the following properties

M(n,0) < M(E,0), 0 € supp(§-), 0 & supp(&;) for all j # =,

where j* € argmin,_, ,,0%.



model location location and scale

Oy + 04— (3.2) 01 + Dzt (3.5)

Emax L 501 63 +d
Linar-in-log g, + 9@ log(d/0%) +1) (3.3) V1 +V2log(d/6s) +1)  (3.6)

Exponential g, 9" (exp(d/vf’) — 1) (3.4) 01+ va(exp(d/ef)) — 1) (37)

Table 1: Commonly used dose response models for i =1,..., M. Left column: The placebo effect
is the same in every group (common location). Right column: Both the placebo effect and the scale

parameter coincide in every group (common location and scale).

In the following discussion we will apply the previous results to some of the commonly used dose
response models, namely the Emax model, linear-in-log and exponential model [see Gabrielsson
and Weiner (2007)], which are listed in Table 1. In this table we also illustrate our notation again.
The left part of the table corresponds to a model with a common location parameter (namely 6;),
while the right part of the table shows a model with a common location (1) and scale parameter
(¥2). We note that all these models satisfy the conditions of Lemma 3.1 and Lemma 3.2.

Corollary 3.3 Let & = (&,...,&u, 1) denote an arbitrary design with |supp(&)] > 3 (i =

1,..., M) and assume (w.l.0.g) that 0} = min;—y__ s 7.

(1) If the regression model is given by the Emax model (3.2) or (3.5), then there exists a de-
sign €7 = (&F, ..., &4y, 1) with at most 2M +1 support points such that M(E1,0) > M(E,0).
Moreover, €7 can be chosen such that |supp(&F)| = 3 with 0, ALl € supp(&7) and |supp(&F)| =
2 with ds € supp(&F) (i=2,...,M).

(2) If the regression model is given by the linear-in-log model (3.3) or (3.6), then there ezists
a design £ = (&,..., &, 1) with at most 2M + 1 support points such that M(EV,0) >
M(,0). Moreover, £ can be chosen such that |supp(&])| = 3 with 0, di)y € supp(&) and
lsupp(€)| = 2 with dh € supp(&f) (i=2,...,M).

(8) If the regression model is given by the exponential model (3.4) or (3.7), then there exists a
design €7 = (&, ..., &, 1) with at most 3M support points such that M(EV,0) > M(E,0).
Moreover, & can be chosen such that |supp(&7)| = 3 and Ay € supp(&7) (i=1,..., M).

4 D-optimal designs

When one of the major purposes of the study is to determine the dose-response curve, D-optimal
designs are well suited as they minimize the maximum confidence interval length around the

predicted dose-response curve [see Silvey (1980)]. Following Chernoff (1953), a design ¢ =

8



(&1, &, 1) s called (locally) D-optimal for the information matrix given in (2.4) if it max-
imizes the determinant of the information matrix det(M (&, 0)) in the class of all designs £ on
Xy X ..o x Xy x{1,...,M}. A main tool of optimal design theory are equivalence theorems
which, on the one hand provide a simple checking condition for the optimality of a given de-
sign, and on the other hand, are the basis of many procedures for their numerical construction.
Moreover, these characterizations of optimality can also be used to derive structural properties
of optimal designs. The following result provides the equivalence theorem for the D-optimality
criterion corresponding to the matrix given in (2.4). The proof follows by standard arguments of
optimal design theory and is therefore omitted.

Theorem 4.1 The design & = (&5, ..., &y, 1*) is D-optimal if and only if the M inequalities
ki(d, €%,0) = hi (A)M~H(E",0)hi(d) <m =p+gM, (4.1)

are satisfied for alld € X;, i = 1,..., M. Equality holds in (4.1) for any points (di,...,dy,2) €
supp(EF) X ... x supp(Exy) X supp(p).

Denote

= = {e= (& ) \f} [supp(§)] = m } (42)

as the set of all designs on X} x ... x Xy x {1,..., M} with exactly m different dose levels in the
M groups. The proof of the next lemma follows by similar arguments as in the standard case [see
Silvey (1980) among others], and is therefore also omitted.

Lemma 4.2 Let £ = (&,..., &y, 1) € M denote a design on Xy x ... X Xy x{1,..., M} and m;
denote the number of support points of & (i = 1,..., M). Assume that the m = Zf\il m; vectors
hl(dgl)), . ,hl(d%z), . ,hM(dgM)), . ,hM(d%) are linearly independent where dg-i) € supp(&)
j=1,....m;,i=1,..., M.

If € is locally D-optimal in the class ZM | then each component & has equal weights at its support

points. Moreover, the weights of u at the points 1,..., M are given by 7%, ... =2 respectively.

In the following two sections we present some locally D-optimal designs for the Emax, the ex-
ponential and the linear-in-log model. The proofs of these results are complicated and therefore
deferred to Section 6.

4.1 Models with the same location parameter

First, we consider the case where only the location parameter is the same in the different models.
In applications this reflects the situation of a common placebo effect for all groups (cf. the first
column of Table 1), and we are able to identify the locally D-optimal design explicitly. We begin



with a general result for the regression functions of the form (2.8) where the unknown parameter
vector is given by 6 = (61,951”, . ,HéM)’T)T € R™ with m = 1+ Mgq. The following result
provides a solution of the D-optimal design problem if the D-optimal design for the single models

are known.

Theorem 4.3 Let 07 = min;—y__ s 07 and consider the model given by (2.8), which satisfies

.....

1o(0,65) =0, 5 1o(d, 05 la=o = 0, (4.3)

(i=1,...,M). If the design
N (i (i
§@=<?ﬁ'“ﬁ) (4.0
q-’—_l m o e q_|__1
is locally D-optimal for the single model f(d, 91,9§i)) (i=1,...,M), then the locally D-optimal
design for model (2.8) is given by & = (&5,...,&y, w*) where
L o (d o dYY . 1 .M
6126(1)7 SZZ(} z 7Z:2>"'7M> n= q+1 q |- (45)

a e 6 m ‘m

Sk

Using Theorem 4.3 the placebo effect 6, is estimated in the group where the variance is smallest
(see also Lemma 3.2 and Corollary 3.3). Moreover, it follows from the proof of Lemma 3.2 that

the D-optimal design given by Theorem 4.3 is not unique if there exist two groups, say j; and

]2-5 = minj]\/i1 0]2-. We now use these results to determine D-optimal designs for the

Emax, exponential and linear-in-log model explicitly.

s : 2
Ja, with o5 =

v o2 The locally D-optimal design for the Emaz, exponential

2 ... M
l DS 2 '
05 div

o) = e T2 T M) (4.6)
T T oo ; 5, e .
A8 + 205

Corollary 4.4 Let 07 = min;_;

,,,,,

and linear-in-log model (3.2) is of the form & = (&5,...,&y, 1*), where

X 0 2z~ g . 2@ @\ N 1
51:(1 1 la ) fz: 1 la 72227---7M7 n=
3 3 3 2 2
)

and the point 2 is given by

3 e

for the Emax model, by
diinx — 05 ) exp (diaax/05) + 05

40 (i) ( : A
exp (d&éx/ﬁg’)) -1

exp

C(i=1,...,M) (4.7)

for the exponential model and by

(et )09 log (A 1) —
x*,(l) — .Tl(;g) — ( a 2 ) 2 g(d(l)a / 2 ) 2 : ('L _ 1’ o 7]\4—) (48)

for the linear-in-log model.

10



It is worthwhile to mention that the locally D-optimal design for model (2.8) with an Emax curve
consists of the designs which are locally D-optimal for the models given by an individual Emax
model with parameter (61,951)) and by an Emax model with location parameter equal to zero
and parameter Héi), 1 =2,...,M. This effect can also be observed for the exponential and the

linear-in-log model.

4.2 Models with the same location and scale parameters

In this section we consider model (2.7) and assume that the location and scale parameter coincide
across the different models (cf. the second column in Table 1). It turns out that in this case the
D-optimal design problem is substantially harder, and for the sake of a transparent presentation,
we restrict ourselves to the case of M = 2 groups. Similar results can be obtained in the case
M > 2 with an additional amount of notation. We begin with some general properties of locally
D-optimal designs for the model (2.7) in the case of an Emax, linear-in-log and exponential curve.
For this purpose we define

as the ratio of the two population variances.
Lemma 4.5

(A) The locally D-optimal design £ = (&5,&5, 1) for the Emax model (3.5) and the linear-in-log
(3.6) have the following properties:
(A1) |supp(§7)| + [supp(&3)] € {4,5}.
(A2) If |supp(&5)| + |supp(5)| = 5, then diex € supp(&]), i =1,2.
(A3) If |supp(€D)| + supp(&5)] = 4, then div € supp(&}) or diikx € supp(&5).

(B) The locally D-optimal design & = (&5,&5, 1) for the exponential model (3.7) satisfies
|supp(&7)| + [supp(&3)] € {4,5,6}.

By the previous lemma the number of support points of the locally D-optimal designs is at most
5 for the Emax and linear-in-log model and at most 6 for the exponential model. On the other
hand, at least four support points are required to estimate all parameters in both models (note
that the scale and location are assumed to be the same throughout this section). In the following
discussion we determine such “minimally” supported D-optimal designs explicitly for the Emax,

exponential and linear-in-log model.

11



4.2.1 Minimally supported designs
Recall the definition of the set =M in (4.2). We call a design of the ¢ = (&, &, ) minimally

supported (for the Emax, linear-in-log and exponential model) if £ € =% (note that for these
models the information matrix is of size 4 x 4 as the scale and location parameter coincide in both
models). It turns out the the minimally supported D-optimal designs for the three models under
consideration have a very similar structure. On the other hand the question, if these designs are
D-optimal in the class of all designs does not have a simple answer and will be discussed in the

following section.

o)
Theorem 4.6 Let9 = (),z—l2and0<91)<9 <1, deﬁney*z@éz),z*zeél) and

max

20 = 250, by (4.6) (i =1,2).

(1) If r <1, the locally D-optimal design for model (3.5) in the class =3 is given by

Ak 0 x*’(l) dSrllz)a,X ax y* a,x 12
1= (1 1 | &7 = L) BT : (4.9)
3 3 3

€
(2) If 1 <r< <1+9,(1)> the locally D-optimal design for model (3.5) in the class =2 is given by

(1) 1) 0 y* 12
> z max K ) *
611) = ( 1 1 ) ) fg = (l 1> Hb = . (4'10)
2 2 2 2

(8) If r > (1+9 ) the locally D-optimal design for model (3.5) in the class =% is given by

C,x Z* C,x O .CL'* (2) dr(n;x C,x 1 2
51’ — < 1 > , 52 — ( 1 1 R ) 7= . (411)
3 3 3

We can also obtain the minimally supported D-optimal designs for the exponential model and the

N9
=

o=
o=

=
IN[3S

linear-in-log with common location and scale parameter.

(4) _
Theorem 4.7 Let 05 = "m Li=1,2,0<0V <8P <1, define

max

x r— 2
9(0,2) = (1+ (z — 1) exp(§) — wexp(*5"))
and y* = = dB,, 2 = d'%)x and the point z*0) = x&(pi) by (4.7) fori=1,2.
(1) If r <1, the D-optimal design for model (3.7) in the class =3 is given by (4.9).

(2) If1l <r < % the D-optimal design for model (3.7) in the class 23 is given by (4.10).

12



(3) If r > 2 %2) x‘f‘(’;) , the D-optimal design for model (3.7) in the class =3 is given by (4.11).

(s (4) _ _
Theorem 4.8 Let 6y = 74— i =1,2,0 < 05" < 0 < 1, define

(2
max

T 1 2
(w+9)10g<£+1) (1+0)log(g +1)>

9(0.2) = (1+ 0)* (log(} + 1) log(5 + 1)) (

and y* = dmaX, * = d't)y and the point x*) = mlo by (4.8) fori=1,2.
(1) If r <1, the D-optimal design for model (3.6) in the class =3 is given by (4.9).

(1) (D)
(2) If1 <r< %, the D-optimal design for model (3.6) in the class 23 is given by (4.10).

log

(05D
(3) If r > fz) 1*"%2)) the D-optimal design for model (3.6) in the class =3 is given by (4.11).

(2 log )

4.2.2 D-optimal designs in the class of all designs

The question if a minimally supported D-optimal design for one of the models considered in
Section 4.2.1 is in fact D-optimal in the class of all designs is an extremely difficult one. Its
answer depends sensitively on the particular parameters in the model under consideration and
differs for the three dose response models under consideration. We exemplarily state a result
for the Emax model, which provides sufficient conditions for the D-optimality of a minimally
supported D-optimal design, and illustrates the general structure and difficulties in results of this
type. The proof is based on the equivalence Theorem 4.1 and given in the appendix. Similar
but substantially more complicated statements can also be obtained of the linear-in-log and the
exponential model (note that in contrast to the Emax model these models contain transcendental
functions).

(i) _
Theorem 4.9 Let 0(Z = 9@) ,i=1,2 and assume 0 < 9 < 6&2)

max

(1) Let r < 1. The design £** defined in (4.9) is locally D-optimal for model (3.5) if the

condition

r (6657 (85" + 1) (260" +1)?) — (1 —7)

é(Q) 2 - a
? (6 + 270 (1 + 26(V))

(4.12)

18 satisfied.

(2) Letr > 1. The design £%* defined in (4.10) is locally D-optimal for model (3.5) if and only
if the condition
(B50)2(1 + 2657)2 + (1 + 657)2(1 + 468 + 20(85")?) — 1

9(2) Z - _
6+ 2057 (1 + 265M)

2

(4.13)
18 satisfied.
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Figure 1: The marked regions describe the parameter spaces, where the minimally supported D-
optimal design is optimal in the Emax model (3.5) (see Theorem 4.9). The different figures
correspond to different values of 1 = oi/02. The domain for the first case of Theorem 4.9 is
represented in gray for the case r = 1/10, r = 1/2 and r = 1 (see the first three panels from the
left). In the right panel we display the case v = 2 of Theorem 4.9 (here the gray region corresponds
to case (2), while the dark gray region corresponds to case (3)).

(3) Let r > 1.
condition

The design £“* defined in (4.11) is locally D-optimal for model (3.5) if the

L6087 (05 + 1)(208 + 1)?) = (1 1)

é(l) > _ _
2 (6 + 2202 (1 + 261))

(4.14)
18 satisfied.

Figure 1 illustrates the parameter domains for different ratios r = Z—g The case where the variance
is equal in both groups is presented in the third panel. Obviously, there are several parameter
constellations 8;1) > 0;2) where the minimally supported D-optimal design £** is not optimal in
the class of all designs.

5 Application to a dose-finding study

In this section we illustrate the application of the results of the previous sections and discuss the
problem of designing experiments for a dose finding study with different treatment groups. Our
example refers to a Phase II study on a drug that works by increasing the level of a biomarker
that induces a beneficial clinical effect in patients. The dosing groups under consideration are
monthly and weekly administration. The primary objective of the study is the characterization of

14



dose-response relationships at a given time-point, say 7', after initiation of treatment for each of
these two dosing groups. This will support the selection of an appropriate dose level and group to
be used in phase III clinical trials. To maintain the confidentiality of the trial the dose-range has
been rescaled and the considered range (in terms of total monthly dose) is [0,400] for the weekly
group and [0, 1000] for the once-a-month group. The natural questions for the design of this study
are (i) which doses should be studied in each treatment group and (ii) how to split the total sample
size between the two treatment groups. Here the objectives of the study are addressed by deriving
the best estimates of the dose response curves, a task for which a D-optimal design is best suited.
To arrive at a suitable design for the Phase II study, we need to quantify the information. This
quantification can generate a best guess for the dose-response curves, but, even better, it can
be used to obtain a candidate set of dose-group-response scenarios to reflect the uncertainty
about the true dose-group-response relationship. The available information was data from a very
small early trial, which was used to develop a nonlinear mixed effects pharmacokinetics (PK) /
pharmacodynamics (PD) model linking drug concentrations to biomarker levels. Using this model,
data of the new trial were predicted for the time-point 1" of the dose-response analysis and dose-
group-response models were fitted to the data. Under the assumption of a normal distribution for
the logarithm of the biomarker level, it turned out that the Emax function was able to adequately
describe the population average predicted by the PK/PD model. The Emax model utilized total
monthly dose as input and had different ED5, parameters in the two groups (951) and 952)), but
the same placebo ¥;; and Emax parameter 115, so that the model function in the weekly and
monthly group is given by

£(d,0:,65) = 91, + 012%, i=1,2,
0y’ +d
Here group ¢ = 1 contains patients receiving monthly administration and the group i = 2 the
weekly administration. The parameter estimates can be found in Table 2 as model 1, which can
be considered as population average fit. We now use these estimates as a guess and determine
the locally D-optimal design for these values. The variability is expected to be the same in both
treatment groups. Recalling the design spaces for the monthly and weekly doses are X7 = [0, 1000]
and X, = [0,400], respectively, we obtain from Theorem 4.6 and Theorem 4.9 the (locally) D-

optimal design &* = (&5, &5, 1) as

o [0 2 di 0 13.45 1000 s 1046\ , (12
=11 1 — 1 1 1 , &= 1]~ 1 = .
5 05 3 5 35 3

It can be seen that based on the population average fit, it is sufficient to investigate the low

N[V
I,

dose-range in both groups and a high dose in one of the two groups. Here the maximum dose is
placed in the monthly group because le) / A < 952)/ d,(ﬁgx, so relative to the allowed maximum
dose a larger ED5y parameter exists for the weekly group and thus patients are allocated to the

monthly group.
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Figure 2: Candidate models for the dose-response curve in monthly and weekly group. In the
first row models 1-5 are depicted and in the second row models 6-10 (see Table 2). The solid line
represents the population average of the new trial data generated with the PK/PD model. The grey
area represents the biomarker level between the 25th and 75th quantiles of the patient responses
of the new trial data. Dotted curves correspond to the Emax models. Sigmoid Emax models are
depicted as dotted-dashed lines and the linear-in-log models as dashed lines.

In practice, it is not realistic to assume that the data and model from previous small trials com-
pletely represent the underlying truth (otherwise no further study would need to be conducted).
So it is important to derive ranges covering the uncertainty about the available information to
use for the design of the new study. In particular, because the population to be included in the
Phase II trial will cover a broader range of characteristics than in the small proof of concept
trial. For this purpose the PK/PD model was used to predict individual dose-response curves and
the Emax model was fitted to the individual dose-response curves to derive a range of plausible
dose-response parameters. Quantiles of the derived parameter distributions were used to derive
four additional candidate model shapes. More details on how these candidate shapes were derived
can be found in Appendix 7. The parameters for these four additional candidate models can be
found in Table 2 under the numbers 2-5. These models are depicted in the first row of Figure 2.
With this set of candidate models, the design maximizing the mean efficiency
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eél) 9£2)

model type id | 991 Y49 v
Emax 1 [5.48 0.90 13.82 1046 1
Emax 2 1547 0.93 293 239 1
Emax 3 1547 093 2.93 4040 1
Emax 4 1547 0.93 5349 239 1
Emax 5 | 547 0.93 53.49 40.40 1

Sigmoid Emax | 6 | 548 0.90 13.82 10.46 3

Model type |id | 6, 1951) 1952) 1951) 199 0

Emax 7 1548 085 0.95 13.82 1046 1
Sigmoid Emax | 8 | 548 0.65 0.75 293 239 3
Sigmoid Emax | 9 | 548 0.95 1.05 53.49 4040 3

Log 10| 544 0.13 0.14 0.32 041

Table 2: Set of candidate models used in the robust criterion (5.1)

can be calculated, where s is the number of candidate models (here 5 or 10), 7, ..., 7 are non-
negative model weights chosen to reflect prior probability associated the model function 1,... s
(throughout this paper we will use m; = 1/s, i = 1,...,s). The efficiencies Eff;(£) of the exper-
imental design ¢ with respect to the (locally) D-optimal design £*' associated to the model i is
defined as e ) .
00 = (e )

where M; is the Fisher information matrix associated to the model ¢ with parameter specification
0; and m; is the number of parameters of this model. The criterion (5.1) is called Bayesian
or compound optimality criterion in the literature [see Dette (1990), Cook and Wong (1994) or
Tsai and Zen (2004); Zen and Tsai (2004) among many others]. In the following we will denote
the designs maximizing (5.1) by &, = (& .4 & e Mas) and call it compound optimal design.
We emphasize that the definition of the criterion (5.1) requires knowledge of the locally optimal
designs £, which have been determined in Section 4.

The compound optimal design based on the first 5 models in Table 2 can be calculated numerically

and is given by &35 = (&5 05,835,050 e 5), Where

&~ 0 3.02 43.67 1000 e = 2.53 37.51 . [ 1 2
bes ~ 1026 024 025 025)7 % \oas 052 )"~ \o67 033)
and its optimality can be proved by an analogue of Theorem 4.1 for the Bayesian optimality

criterion (5.1). Compared to the design using only the best guess model, now the low dose-range
is investigated in finer granularity by using two instead of one dose (safeguarding against different
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g(s) | 1 2 3 4 5 6 7 8 9 10
5| 0823 [0.708 0835 0.877 0.845 0.847 0.098 0.795 0.927 0.906 0.625
Yo | 0.747 | 0.831 0.749 0.779 0.767 0.786 0.749 0.903 0.760 0.749 0.747

Table 3: Efficiency Eff;(§:,) of the two compound optimal designs compared to each of the locally

c,s

D-optimal designs for the 10 models.

possible values of the ED5g). In addition still more patients are evaluated for the monthly group,
as the high dose is only used there.

Based on general plausibility considerations five further candidate shapes were included as example
of models different from the Emax function (e.g. the sigmoid Emax and the linear-in-log function),
or of models where the maximum efficacy differed between the two groups. These models are shown
in the second row of Figure 2 and the corresponding parameters are given in the rows with ids

6-10 in Table 2. First a sigmoid Emax model
PR

d,0,,08) ~) =9y + 99—
f( y V1, Vo 7’}/) 11_'_ 12(951))7—|—d’77

1=1,2,

with Hill coefficient v = 3 (model 6) is also considered as a possible dose response function. Note
that this model provides a steeper dose-response curve compared to the Emax model, but with
the same EDj5y values as model 1. Furthermore, an Emax and a sigmoid Emax model

9

F(d, 00,09, 7) =0, + — L1 ——
(01, 6,7,7) ' (19&1))7—|—dv

1=1,2.

is added that allows for different Emax parameters in the two treatment group (models 7, 8, 9). In
addition a linear-in-log model (id 10) is utilized. The locally D-optimal designs for these models
can be computed using the results of Section 4. For the sigmoid Emax models, a transformation
has to be used to reduce it to the case of an Emax model, such that the derived theory is applicable
(note that the parameter +y is assumed to be fixed).

When using all s = 10 candidate models we obtain &5 = (£ .10, §5..105 He.10) Where

& 0 2.90 12.98 41.91 1000 o 3.01 13.16 49.46 400
Lelo™ 1027 0.13 022 0.13 024/ °2°7 1033 021 031 015/’

. (1 2
Hei0 =\ 958 0.42)

This design investigates the lower dose range comparably to the previous design based on the first
five candidate models, but the maximum dose is studied in both groups. The efficiencies of the
two designs &5 and £, in the different models are displayed in Table 3. We observe that the
design &5 has reasonable efficiencies in all models except in the sigmoid Emax (6). Note that
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this design has been constructed on the basis of the models (1) - (5). On the other hand the
the design &}, maximizes the criterion (5.1), where uncertainty with respect to all models (1)
- (10) is addressed. As a consequence this design has efficiencies varying between 75% - 90% in
all competing models under consideration. Moreover, it can be used for a goodness-of-fit test of
the Emax model, as both components have more than 3 support points. For these reasons we
recommend this design for the Phase II study under consideration.
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6 Appendix: technical details

6.1 Deviation of the information matrix

Assuming a normal distribution of the errors (g5, ~ N (0, 0?) independent) partial derivatives of
the corresponding log-likelihood function ¢(#) with respect to #; and 0&1) are given by

ki Ty

D0 = 305" L (v a0y 00 gt o),

=1 j=1 (=1 i
k; Mij
E E < ijl — d()aehgé))) (Z)f(dg)velaeé))a

ae( periyarict 06,

(1=1,...,M). Note that

0 0 T 0 if @£
E[aeg“g(e)(ae;”g(e)) | - {Z’?i e i) (@) it i =7

Jj=1 J J
0 0 1 NSNS (g0 ()
[3916(0)<39§Z)€<9)> ] o? — Z(dj ) (d] )
and vk
0 0 n N T i o)
|:891£<0) (891 (9)> ] - Zzl — 0_12 nz(dj )771 (d] )7



where 77 (d) = 8%1 (d§i)791,9§i))7 i (d) =

Fisher information

ae(z) f (d§i),91,0§i)). Consequently, we obtain for the

k;

M M n
=3 nghi(d)RT (d) Z:E 4

i=1 j=1

=

Ny

””h (d)hT (),

where the vector h; is defined in (2.6). Observing the assumption (2.3) it follows that AZ,
converges to the matrix M (&, ) defined in (2.4).

6.2 Proof of main results

Proof of Lemma 3.1: We only discuss the first part of the proof. The second assertion follows

(k+2)

by similar argument. Let & = (&1,...,&m, 1) be an arbitrary design with [supp(&)] > 5

(i=1,...,M) and assume that there exists a design £ = (&, ..., &, ) such that
C(E",61,65") = C(&,61.65)

for all i = 1,..., M. Recalling the definition of the matrix P; in (3.1) it then follows by Theorem
14.2.9 of Harville (1997) that

MO(e*,0) = BOEY,0,,00)PT > PC(E, 61,05 PF = MD(¢,0) i=1,..., M.
This implies

M M
T0) = NMOE0) =Y MM, 0) = M(E,0)
=1 =1

and the design £ increases the information matrix M (-, #) with respect to the Loewner ordering.
It now follows from Theorem 3.1 of Dette and Melas (2011) that there exists a design 1 with
components & with at most 22 support points (i = 1,..., M). The statements (1a) and (1b) in
Lemma 3.1 also follows from Theorem 3.1 in Dette and Melas (2011).

Proof of Lemma 3.2: We only prove the Lemma for the model given by (2. 7) The proof for
model (2. 8) is analogous. Note that in the model under consideration we have 5g-f(d, 61, 9 ) =

(1, fo(d, 02 )) for the gradient in (2.6). Consequently, if 6y denotes the Dirac measure at the point
0, it follows for the matrices M® defined in (2.5) that

o2 M9 (8,0) = a2 MM (80,0) , i=1,..., M. (6.1)

Now, we consider the design n = (11, ..., 1, v) and represent its components as
m=w0+ 1 —wiHn® i=1,..., M, V:Z)\i&-.
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Here ¢; is the Dirac measure at the point t, /\i,w(()i) €[0,1],i=1,...,M and 771, ...,n%; denote
designs with 0 ¢ supp(n?). Moreover, at least for one i € {1,..., M } we have )\Zwo > 0.

We now assume without loss of generality that j* = 1 and construct a “better” design & =
(&1, .., &, 1) as follows

M

51:‘*}*50_{—(]—_&}*)7]?752:77?’ (12277M)7 M:Z)\:(Sw
i=1
where
_ @)y (; _ 2 e
)\1+ZAZWO A* )\i(l—wo)(l—Q,...,M), w*—m

Note that we shift the weights of the measures 7; at the point 0 to the design for the group with
the smallest population variance. Observing (6.1) gives for the difference

M

M(&,0) — M(n,0) = w*Xi MM (80,0) + (1 — )N MY (0,0) + > - MM (nf, 0)

1=2

M M
— (DS 6,0) + Z (1= W) MO0, 0))
i=1 i
M

- <w*)\{—ZZ—§w§D)Ai>M(1)(5O, > < oV Z)\lwo ) D(85,0) = 0,

i=1

since 02 <o? (i=1,...,M).

Proof of Corollary 3.3: Lemma 3.1 can be applied in the case of an Emax model or linear-in-log
model with & = 4 [see Yang (2010)]. Consequently, there exists a design ™ with 3M support points
and each component & contains the placebo 0 and d%x t=1,...,M. Now we apply Lemma
3.2 with n = &7 and we allocate the placebo 0 in the group with the smallest variance. For the
exponential model Lemma 3.1 can be applied with k£ = 5 [see Yang (2010)]. Consequently, there
exists a design ™ with 3M support points and each component &' contains dmax 1=1,..., M.

Proof of Theorem 4.3: For the sake of transparency we restrict ourselves to the case M = 2
such that m = Mqg+1 = 2q+1. We use the equivalence Theorem 4.1 to establish the D-optimality
of the design &£*. In the present situation this means that the D-optimality of the design £* defined
in (4.5) for model (2.8) with assumption (4.3) can be proved by checking the two inequalities

mi(t,€%,0) = 5 (Log (¢, 657),07) M1 (€%, 0) (1, T (¢,6057),07)" < 2¢+ 1, t € [0,d(L),], (6.2)
Fa(t,€,60) = (1,07, (1, 657)) M1 (€%, 0) (1,07, m (¢,657))" < 2q+1, t€[0,dZ,], (63)
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where 7(d, 0( )) ( s fo(d, 0 ) A straightforward calculation shows that the information of the

design £* can be represented as
M(E,0) = —X (01,08, 05, 08N XT (51,65, 02,08 (6.4)

where the matrix X (o7, 0%1), o9, 952)) is given by

X11(01707d§1)»-~adt(11>=9§1)) X12(0-2) )

XU,@ ,0,9(2)
(1,027, 02 627) = 0 Xaz(02,d? .. d 09

and the matrices X1, (J,O,dgl), . ,dgl),éél)) € RletDxet) - X0, (o, dgz), . d,(] ),9( )) € R9%? and
Xio(0) € RUHDX2 are defined by

1
Xaslod? oo d2,0) = Lnd, 0. (a2, 0)

1 (1 17 1
X11(0,0,d", . ..dD gy = = a C Xpalo) = —
11(0 ' ! ’ ) d Oq X22(07 dgl)7 te de(ll)a eél)) 12(0) g

Consequently, the inverse of M (&*,6) is obtained as
_1(§*7 0) (XT<O-1a 02 , 02, 6(2)))_1X_1(0-17 0;1)7 02, 0&2))’
where

X Yo1,05",02,087) =
X (0,0,dy" i 05Y) X7 (0,0, df) 057) X (00) X! (0, 0, ™ 057,057
0 Xp'(o,d?, ... P, 65))

Using these block structures the function x4 (¢, £*, 6) defined in (6.2) reduces for the design £&* =
(&1, &, 1) to

* m — T yr— T
Ra(t,€5,0) = 2 (1,08 (t,08))) (X110, 0,4, .. dD)) " X17H(e,0,d", ... dD) (1, nE (¢, 65))

1

_ * T
= (q+1) (1 770( 7‘951)))M1 1(6176(1))(17ng(t78§1)))

where Ml(gfﬁl,@él)) = Oi%fol (1,ng(t,9§1)))T(1,ng(t,9&1)))d§f(t) denotes the information ma-
trix of the design & in the single model with parameter (91,09)). Consequently, the function
/il(t,f*,Gl,Hgl)) only depends on the first component £ and is proportional to the left-hand
side of the standard equivalence theorem for D-optimality for the single model. The inequal-
ity k1(t,&*,0) < m for all t € [0, dﬁ&&x] follows from the fact that the design & given in (4.4) is
locally D-optimal for the single model with parameter (6, Hél)) and this proves (6.2).

In order to show the remaining inequality (6.3) for all ¢ € [O,dg;x] we use the fact that the

information matrix in (6.4) can be represented as

M(£,0) = SX (09,057, 01,0 )diag (- 25, L, ..., 1) XT (09,6057, 01,658,

2’m’
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where S denotes a m x m permutation matrix, defined by

T T
1 Oq Oq

S = Og Ogxq Lgxq |
Og Igxg Ogxq

Ogxq denotes a matrix with all entries equal to zero and I, the ¢ X ¢ identity matrix. Observ-
ing that Shy(t) = é(l,ng(t,é)éz)),OqT)T it follows that the function ks(t,£&*,0) in (6.3) can be
represented as

/{2(t7 €*a 0) = gig(la ng(tv 052))) (‘le_l1 (0-27 07 d§2)a ce 7d¢(12)7 0 2))) |:ml +1xg+1

— m(l— Z_i)diag(l 0 )]Xﬂl(@,o d§2),.,, d? 9(2)) (1,77(?(t,9§2)))T

y Yg
= ﬁ(lﬂg(tgém)) (5279% )(1 Mo (t 9 ))

—m(1l = B) % (1,0) X5, (02,0,d7,...,d, 68 )(1,n§(t,9§2>))T]2,

where My(&, 61, 9&2)) is the information matrix of the design & given by (4.4) for the single model.
The first term of this expression is proportional to the left hand side of the equivalence theorem
corresponding to the D-optimality in the single model with parameter (91,0§2)). Moreover, it
follows that the design 52 is D-optimal for the single model with parameter (01,952)), which
implies that the first term is always smaller than m. By the assumption 0? < ¢ we obtain that
the second term of this expression is nonpositive, which shows ky(t, &*,6) < m for all ¢ € [0, d'oh].
This proves the inequality (6.3) and completes the proof of Theorem 4.3 in the case M = 2.

Proof of Corollary 4.4: The locally D-optimal designs for the (single) Emax, the linear-in-log
and the exponential model were calculated by Dette et al. (2010). The corollary now follows by

an application of Theorem 4.3.

Proof of Lemma 4.5: Let £ = (&, &5, 1*) denote the locally D-optimal design for the Emax,
the linear-in-log or the exponential model. Since the information matrix M (£*,0) of a locally
D-optimal design must be nonsingular one can easily deduce the following implications

[supp(&7)| + [supp(§3)] > 4 (6.5)
If [supp(&7)| + [supp(&3)| =4, then 0 & supp(£7) N supp(&3) (6.6)
If |supp(&)| =1, then 0 ¢ supp(§)), i = 1,2.

Moreover, it follows by Corollary 3.3 that the locally D-optimal design has at most 5 support
points for the Emax and the linear-in-log model and at most 6 support points for the exponential
model. This proves Assertion (A1) and (B). Assertion (A2) also follows by Corollary 3.3.

For a proof of (A3) we note that (|supp(&7)], [supp(&5)]) € {(1,3),(2,2),(3,1)} if the locally D-
optimal design is given by a design in Z3. If (|supp(&7)], [supp(&3)]) = (1,3), & must contain the
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boundary points 0, dﬁi&x, otherwise it could be improved with respect to the Loewner ordering (see
Theorem 3.1). If (|supp(&7)], [supp(&5)|) = (2,2), both designs must contain at least one of the
boundary points, otherwise I(£{f) = 2 (i = 1,2) and the designs could be improved with respect
to the Loewner ordering (see again Theorem 3.1). Using (6.6) it follows that at least one of the
designs contains the corresponding upper boundary point. If (Jsupp(&})], [supp(&3)]) = (3, 1), &
must contain the boundary points 0, dﬁﬁ&x, otherwise it could be improved with respect to the

Loewner ordering (see Theorem 3.1). Assertion (A3) now follows.

Proof of Theorem 4.6: For the sake of brevity we restrict the discussion to the Emax model.
The proof consists of two steps. At first we show that it is sufficient to prove the result on the
design space [0, 1]. Secondly, we determine the D-optimal design in the class =3.

(1) Recall the definition of the information matrix in (2.4) (with M = 2) in model (3.5) with
the parameter vector 6 = (11, VY12, Qél), 9&2))T € RY Let & = (&, &, 1) denote an arbitrary design
with components & and & defined on the design space [O,dg&x] and [O,dgix], respectively, and
denote by 51 and 52 the corresponding measures on the interval [0, 1] induced by the transformation
t—t/ A (¢ =1,2). Now a straightforward calculation gives

Fe)

max

ha(b)BT (t2)dEx (0) + (1 — A) / () (1) 6 (1),

e

max

M(E,0) = A /O
= /\/0 hi(t)R] (t1)dé(t) + (1 —A)/ ha(t2) 3 (t2)déa(ts),

0

where
~ 1 t1 —t
RT(t) = —(1, , ,O>P,
' o1\ T+ 00 7 (4 + 05D Jdl))?
- 1 to —ts
T (ty) = —(1, 0, )P,
2 T2\ Tty + 082 1R (8 + 08P Jd )2
where

P = diag(l, 1, d}’ﬁ, L)

A

is a 4 x 4 matrix. This shows that the components £ and & of the locally D-optimal design for the
Emax model on the design spaces [0, dsy] and [0, d'el] can be obtained by a linear transformation
of the corresponding locally D-optimal designs on the design space [0, 1], where the parameters
in the Emax model are given by 0 = (91, 1, 951) / dfﬁ;x, 1, 952)/ dfg&x)T. Therefore it is sufficient to
consider the case X; = Xy = [0, 1] in the following discussion.

(2) According to (1) we restrict ourselves to the case diax = d'Z) = 1 and 6; = 1. Therefore the
main assumption of the theorem reduces to 0 < 951) < 952) < 1. Because a D-optimal design in

the class =2 must have a nonsingular information matrix it follows that
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By an application of Lemma 4.2 we obtain the following candidates for the D-optimal design in

i) | (6.7)

the class =2

NPt

A%

=g

I
- D«lH’—%‘_\
=
I N
=
oW
W= we
N———

A%

g

I
-~
S
)
~

o

I
VR

d 1) d 1) d(z) d(2) 192
g=117 1] &= 1) v=(,1) (6.8)

2 2 2 2 2 2

. d(l) d(2) d(2) d(2) . 192
& = i>7 £2_<i T m = s ) (6.9)

3 3 3 1 1

Next we evaluate the determinants for these three candidate designs and maximize them with

respect to the support points. For example we obtain for the design D-optimal £* = (&£, &5, u®)

1 1 1 1
( ?gl)( ) ( jlgl)( ) ( ?l(l)( ) ( ?52)( )
1 1 1 1 1 1 2 2
1\3/1 1\4 9 d1 +6 d2 +6 +6 d1 +92
det(M(£",0)) = (32) (55) (7) det” | _ae¥ A 0
(@ +037)2 (a7 +ob )2 (5 +057) o
—a'?
0 0 0 L

(a1 +657)2

= ()& (2) (9<1>)4< (g i)y i)y —di)) >2< d? )2'
o7 4 2 (d§1)+0£1>)2(dél)+6§))Q(dgl)—l—Qél))z (d52)+052))2
(2)
Observing that 9%2) < 1 we obtain that the factor (m)z is maximized for dg
1 2
follows by a straightforward calculation that the support points of the design £ and &5 in (6.7)

maximizing the determinant are given by

wml’_‘

2= 6P and it

L _ @ _ oY L _ 2 _ 2
dl _07 d2 _H_;—eél)a d3 _17 dl _827

respectively. The resulting determinant of the information matrix of the corresponding design,

(z )(é) i)’
(1

(
(6562 (1 657)"

say £%*, is obtained as

det(M (", 0)) =

Analogously, we get that the support points

1) _ pn) @) _ @ _ o @) _

yield a maximal determinant for the designs &§, &5 in (6.9), respectively, and the determinant of
the information matrix of the corresponding design, say £“* is given by

1)y (133/1)8
(%) (5)"(5)

det<M(§C7*79)> = (651)‘952))2(1 +9§2))6
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Finally, we consider the determinant of the candidate design (6.8), that is

a(d) — a2y — )2 d? (057)" - iy (057)°)?
(di") + 057)1(dg” + 057 )4 (™ + 0571 (dy” + 657!

det(M(£,0)) = (éf(

wqtol'_‘
~—

o
—~
> =
~—

We assume without loss of generality that dgi) < déi) 1 = 1,2. Note that for D-optimality of
the design £° the smallest support points dgl) and de) of the components £ and &5 must satisfy
dgl) + de) > 0 (otherwise the determinant vanishes). Consequently there exist two possible cases
for the design £** corresponding to the cases dgl) =0or d?) = (0, namely

1) 2) 2
o (0 dS o [d? dY b (12
1 1 1 9 2 1 1 ) n = 1 ’
2 2 2 2 2
1) 4(1)
by __ (dl dé ) b2_< )
1 — 1 1 ’ 2 .
2 2

Now a straightforward calculation gives for the design flfl

N[

= O
Y
N | 1\3/[3
N~
=
=
[V
|
N
N[—= =t
NI DN

1 1 1 1

0 4V 4 42

(1), p(1) (2), p(2) (2), p(2)

dy ' +0 dy™’+0 dy 0

b1 (A% aN\2/1\4 542 2 110 3> 105
det(M(é 79)) - (o‘%) (o‘%) (4) det 0 7d(21§ 0 0

(dy)+65")?

(2) (2)
—d —d

O O 1 2

PR P

2 2
_ (L)Q(L)Q(l)‘l( (4 —d®)d{P df? ) ( dy") >
o‘% o‘% 4 (d§2)+9£2))(dé2)+9§2)) (dgl)—‘rOél))Q

Maximizing with respect to the support points yields

1 _ 1) _ o) @ _ o @) _
dl _07 d2 _027 dl _1+;952)7 2 _1

?

and we obtain for the determinant of the design £

()G ()

b1 ,x _
det(M(fl ,9)) - (0é1)9§2))2(1+052))6

(6.10)

A similar optimization of the determinant of the information matrix of the design £ gives

det (M (£, 0)) = (9;15;2))(2;’_51) szg)g))G . (6.11)

By a comparison of (6.10) and (6.11) it follows that the determinant of design £°2* is always larger
than the determinant of the design £, since 0%1) < 0&2). Finally, the assertion of the theorem
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follows by straightforward calculations comparing the determinants of the designs £%*, €5, £2* in

the different scenarios for the ratio r = 0—2
2

Proof of Theorem 4.9: By similar arguments as given in the proof of Theorem 4.6 we obtain
(2)

that it is sufficient to consider the case diass = diorx =
(1) In the case r < 1 it follows from Theorem 4.1 that the design £** defined in (4.9) is locally
D-optimal for model (3.5) if and only if the two inequalities

T
w(t.60) = & (L i o OM T E 0 (1t g 0) <4 (612)

a,x _ 1 t —t —1/¢ax —t
a(t,64,0) = (1t 0, ot )€ ) (1L 0, st) <4 (619

hold for all £ € [0,1] [see Theorem 4.1]. The information matrix of the design £** can be repre-

sented as
M(E,0) = 3K (01,65, 00, 07) X7 (01,65, 02,657,
where .
. X 0, —2—.1) X s
X(Gl,gél)702’9§2)) _ 11(017 ) 29§ 11 ) ~12(02 22 )
0 X (02, 05)

and the matrices Xy, Xlg and ng are defined by

1 1 1
(1) (1) (1)
d d d
(1) 1) S0y _ L 2 3
Xu(on,dy’ dy dy”) = aPeltalDyelh alD el ;
dlt ds! dl!
%1 %2 3

(@ +057)2 (@052 (dg 4ol
1

X12(02a9§2)) = E) ’ X12(02a9£2)) - <49§_2)102> ’

209

respectively. A straightforward calculation of the inverse of the matrix X yields

1)

X (01,0, -5 1) X7 (01,0, —%— 1) K1a(00, 02) X! (02, 02
11 01, ,m7 ) —Aq1 (017 ,ma ) 12(02, 2 ) 22 (027 2 )

X (017 0(1) 1 02, (952)) - v —1 (2)
0 X2_2 (02792 )

and we obtain for the function (¢, £%*,0) in (6.12) the representation

(1) (1) T
a,x o 4 t 92 1 92 —t
Kl(taf 70) - 30% <]- t+9<1>’ (t+9(1)) )3X11 (01707 2051)+17 1>X11 (01,07 2951)+17 1) 1 t+9(1)7 (t+9(1>)

T
o (gt \ag(enr g o
~ 30f (1’ t+05)” (t+9§1))2>M1 (&7 )< t+6?(1)7 (t+65))2 ) ’

where M, (£, 0M) is the information matrix of the design £0"* in the Emax model with parameter
vector (61, Qé )) . Because the design £;"* given in (4.9) is in fact locally D-optimal for this model,
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it follows that rq(,£%*,0) < 4, which proves the first inequality of the equivalence theorem.
In order to show that the inequality in (6.13) holds for all ¢ € [0, 1] we note that this inequality is
equivalent to

P(t) = (t + 0&2))4(/€2(t, fa’*, 9) — 4) = 0421t4 + 0622t3 + 0623t2 + aogt + o5 < 0, (614)

where the last identity defines the coefficients ay; in an obvious manner. For example, the leading
coefficient and the intercept are given by

as = L(1,1,0,0)M7(€%*,0)(1,1,0,0)7 — 4 = 24r68” (65" + 1) (265" + 1) —4(1 - 1),
ass = (057)'(%(1,0,0,0)M(£"*,0)(1,0,0,0)" — 4) = 4(67)* (r — 1),

respectively. Consider the case r < 1 (the case r < 1 is finally obtained considering the corre-
sponding limit) and note that P(0) = ag; < 0. Consequently, (6.14) holds if either there are no
roots of P in the interval (0,1) or all roots of P in the interval (0,1) have multiplicity 2. The
roots of P(t) are easily calculated as

4 = g0, = g3l 2SO g g 3 e )y o)
1 2 2 Tt 2 Lo 5

where we use the notation
s(O) = 8 — r2(1 4+ 65)2(1 + 46 + 20(65)2) + 2r(1 + 66 + 21(05)2 + 24(6) + 12(6V))

Note that s(@él)) is positive (because 951) > 0 and r < 1) and that 952) € (0,1) is a root of
multiplicity 2. Moreover, P(—Hém) > 0 (since M~1(£%*,0) is positive definite), and it follows from
P(0) < 0 that P has a root in the interval (—9%2), 0). This is either d; or dy depending on the sign
of the leading coefficient a;. The inequality (6.14) holds, if the other root is neither in (0, 1).

In order to check the location of the roots cfl and cig we consider the condition (4.12) and the
case that the right hand side of (4.12) is positive. This implies that the leading coefficient g
is positive and the root dy is also positive. We obtain from the condition d; € (—9%2),0) the
inequality

34700 (1 42080y < \/s(0)) .

This gives for the second root

26+ 2r 05 (1 4 208)
2 .

1
1321

J2>9

Therefore it follows from (4.12) (with positive right hand side) that the inequality dy > 1 is
satisfied.
On the other hand, if the right hand side of (4.12) is negative, the leading coefficient ) is negative
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and the conditions P(0) < 0 and P(—Qém) > 0 imply that both roots d; and dy must be negative,
because otherwise the polynomial P does not satisfy (6.14). Observing that dy < dy in this case,
it is easy to see that the condition (4.12) (with negative right hand side) implies d; < 0.
Summarizing, in the case r < 1 the inequality (4.12) implies (6.14) for all ¢ € [0,1] and the
D-optimality of the designs £** follows by an application of Theorem 4.1.

@)y6
(2) At first, we show that the condition (4.13) and » > 1 imply that 1 < r < (10, " The last
(14656

inequality is equivalent to 952) > rl/6(1 4 Hél)) — 1 and we have to show that:

(08)2(1 + 2657)2 4+ (1 + 057)2(1 + 465" + 20(65))%) —

1 1/6 (1)
> /514 6Y) — 1. (6.15)
6 + 20V (1 + 268Y) ?

This inequality can be rewritten by
(20r +4) (05 + (44r — &/r + 1) (657)2 + (20 — 6.9/ +5) (059)2 + (6r — 8 /7 +2) (0)) + (r — 6-/7 +5) > 0.

Note that the coefficients of the polynomial are positive for all » > 1. It follows by the rule of
Decartes that this polynomial has no positive roots and consequently, (6.15) is satisfied for all
positive 951).

Thus, if r > 1 and the inequality (4.13) holds, we investigate the D-optimality of the design £*
defined by (4.10) checking the two inequalities

—t 0>T <4  (6.16)

t
’ t+9£1) ) (t+9§1))2 )

T
0, <t+e_§>>z> <4 (6.17)

ma(t€,0) = (1, e, =t 0) M e, 0) (1

) t+9§1) ’ (t+951))2 )

Hg(t,§b7*7€) = 0-_1%<]-707 t+252)707 (t+g§g))2>M_l(§b7*,0) <1

t
) t+9§2) ’

on the interval [0, 1] [see Theorem 4.1].
Analogously to the proof of part (1) it can be shown that the first inequality (6.16) is satisfied for
all t € [0,1]. In order to establish the inequality (6.17) for all ¢ € [0, 1] we consider the polynomial

P(t) = (t + 952))4<’%2(t7 €b7*7 9) - 4) = 0521t4 + a22t3 + 0423t2 + 0424t + Quos,
where the leading coefficient and the intercept are now given by
am = an(65") = 4 (6821 + 268" 4 r(1+ 6571+ 4657 + 20(68")?)) — 4
Qg5 = 4(052))4 (Z—g — 1) =0.
Moreover, P(—Qg) ) > 0 (since M~1(&%*,0) is positive definite) and the leading coefficient c; is
always positive, since ag1(0) = 4r —4 > 0 and a9 is increasing for 951) > 0. The roots of P(t) are
given by
2 2 2 5 2) 642605 (14265
dg):O, dg)zeé), d1:9§)+2(+2)

4 Q21
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where d? is a root of second order. Now the inequality P(t) < 0 holds for all ¢ € [0, 1] if and only
ifd, > 1. Tt is easy to see that this condition is equivalent to

(O)2(1 + 2000)2 4 (1 + 09)2(1 + 468 + 20(6V)2) — 1

0(2) >
’ 6 + 208V (1 + 26Y)

which coincides with (4.13).

@)
(3) At first, one can show that the condition (4.14) and r > 1 imply that r > w. Then the
(1+65")6
result follows by similar arguments as given in the proof of part (1), which are omitted for the

sake of brevity.

7 Appendix: Derivation of candidate models based on a

preliminary PK/PD model

The PK/PD model was a nonlinear mixed effects longitudinal model describing the PK of the
drug and linking this to the PD of the drug. The model was used to simulate longitudinal profiles
per patient. The simulation took into account parameter uncertainty from the model fit. Then an
Emax dose-group-response model was fitted to the cross-sectional data at time 7', that assumed
that the placebo and maximum effect of the curve are the same, but the ED5, are different in the
two group. First this model was fit to the whole population of simulations to give a population
best guess, giving
U1y = 5.48, ¥1o = 0.90, 6 = 13.82, 0¥ = 10.46.

In addition 200 individual patient profiles were simulated (see Figure 3) and each individual dose-
response curve was fitted at time T" to give 200 parameter estimates, representing the variability
on the dose-response curve in the population. These 200 parameter sets are used to compute the
distribution of each parameter (¢, 912, Hél), 952)) and their summary statistics are given in Table
7. The logarithm of biomarker Y was modeled to achieve a better approximation through the

normal distribution.

Table 4: Summary statistics

Parameter | 10% quantile median 90% quantile
U 5.47 5.09 5.84
V1 0.93 0.66 1.20
o) 20.39 2.93 53.49
6% 14.99 2.39 40.40
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Based on that, we propose 4 extreme models using the 10% and 90% quantile for the EDs5g’s
parameter.

Weekly Monthly
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Figure 3: 200 simulated dose-response curves at timepoint T for monthly (group 1, right panel)
and for the weekly (group 2, left panel) in grey. In red is the fit of the population dose-response
curve.
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