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Abstract
A three-arm parallel design has been proposed to assess the biosimilarity between a biological product and

a reference product using relative distance (Kang and Chow, 2013). The three-arm parallel design consists of
two arms for the reference product and one arm for the biosimilar product. This paper extended the three-arm
parallel design to a (k + 1)-arm parallel design composed of k (≥ 3) arms for the reference product and one arm
for the biosimilar product. A new relative distance was defined based on Euclidean distance; consequently, a
corresponding test procedure was developed based on asymptotic distribution. Type I error rates and powers
were investigated both theoretically and empirically.
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1. Introduction

Biological drug products are manufactured by a living system (or organism) and can be used for the
treatment, prevention, and cure of human diseases. These are important drug products for patients
with unmet medical needs; however, some biological drug products can be very expensive. This high
cost makes it difficult for many patients to access these products. A number of biological products
are due to expire in the next few years and the subsequent production of follow-on products has at-
tracted significant attention from the pharmaceutical industry and regulatory agencies. The European
Medicines Agency (EMA) has taken the initiative to develop regulatory guidelines for the approval
pathway of biosimilar products (for example; EMA, 2003, 2005), while the Food and Drug Admin-
istration (FDA) has published a draft guidance for the demonstration of biosimilarity to a reference
product (US FDA, 2012). These guidelines define a biosimilar product as one that is highly similar
to the reference product, notwithstanding minor differences in clinically inactive components, with
no clinically meaningful differences in terms of safety, purity, and potency. The guidelines do not
contain sufficient discussions of the criteria for biosimilarity; consequently, several articles have been
devoted to the search for biosimilarity criteria and corresponding measures for the assessment of the
biosimilarity of biosimilar products (Chow and Liu, 2009; Chow et al., 2009; Chow, 2013; Chow et
al., 2013; Chow et al., 2014; Dong and Tsong, 2014; Dong et al., 2014; Hsieh et al., 2013; Kang and
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Chow, 2013; Kang and Kim, 2014; Liu et al., 2013; Lu et al., 2014; Shin and Kang, 2014; Yang and
Lai, 2014).

The manufacturing process for reference biological products may undergo important periodic life
cycle changes and small manufacturing changes can affect clinical efficacy and the safety of biologics.
Hence, it is important to conduct studies to compare the reference product to itself. In these studies, the
reference products can come from different batches or different manufacturing processes (or locations)
in order to find the variability associated with the reference product. In order to incorporate this
variability, Kang and Chow (2013) proposed a new three-arm parallel design and statistical methods
to assess the biosimilarity between a biological product and a reference product. Lu et al. (2014)
studied the power comparisons between the frequency estimator method, the ratio method, and the
linearization method under the three-arm parallel design. Shin and Kang (2015) extended the three-
arm parallel design to a binary endpoint.

One of the most commonly used designs for the assessment of biosimilarity is a two-arm equiv-
alence trial with an alternative hypothesis that states that the difference between the two population
means of a biosimilar product and a reference product is smaller than a pre-specified margin. A
disadvantage of this method is that the variability of the reference product from different batches or
different manufacturing processes cannot be incorporated.

The three-arm parallel design consists of two arms for the reference product and one arm for the
biological product. This paper extended the three-arm parallel design to a (k + 1)-arm parallel design
composed of k (≥ 3) arms for the reference product and one arm for the biological product, to be
applied to cases in which k (≥ 3) different batches or different manufacturing processes (or locations)
are available. A new relative distance was defined based on Euclidean distance. An asymptotic distri-
bution of the point estimator for the new relative distance was derived using the central limit theorem
and delta method. A new test procedure to test biosimilarity was developed based on asymptotic
distribution. Type I error rates and powers were investigated theoretically and empirically.

2. Statistical Assessment of Biosimilarity

2.1. The (k + 1)-arm parallel design

Let T denote a biosimilar product and Ri represent the reference biological product from k different
batches, respectively, i = 1, 2, . . . , k. It is assumed that the N patients are randomized into the follow-
ing k + 1 groups. The patients allocated to the first group receive the biosimilar product T , and the
number of patients is denoted with n1. The patients assigned to the (i+1)th group receive the reference
product, Ri, respectively, i = 1, 2, . . . , k, and the number of patients in each group is denoted with n2
for simplicity. The randomization ratio k : 1 : 1 : · · · : 1 is used, so that we have n1 = kn2, and the
total sample size is N = n1 + kn2. Let Y denote a continuous primary endpoint.

When developing a relative distance to assess the biosimilarity between one biosimilar product
and k reference products, the distances should satisfy the following conditions.

1. The distances should make sense intuitively.

2. The mathematical form of the relative distance should be simple enough to be used to develop a
good statistical hypothesis testing procedure.

Considering these two factors, we define the distance d(T,R) between a biosimilar product and k
reference products as the Euclidean distance between the two averages of each population mean(s) as
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follows.

d(T,R) = |µT − µR|, µR =
1
k

k∑
i=1

µRi ,

where µT is the population mean of Y in patients with the biosimilar product T and µRi is the popu-
lation mean of Y in patients who receive the reference product Ri, respectively, i = 1, 2, . . . , k. We
define the distance d(R1,R2, . . . ,Rk) among k same reference products from different batches as the
corresponding Euclidean distance as follows.

d(R1,R2, . . . ,Rk) =

√√√ k∑
i=1

(µRi − µR)2.

We then consider the following relative distance in order to assess the biosimilarity between the
biosimilar product and the reference product

rd =
d(T,R)

d (R1,R2, . . . ,Rk)
. (2.1)

When k = 2, the relative distance above is the same as that in Kang and Chow (2013) except at 1/
√

2
times. Since the equivalence margin can be redefined to include 1/

√
2, the relative distance in (2.1)

can be considered as a natural extension of the relative distance in Kang and Chow (2013).
If the relative distance rd is less than a prespecified margin δ(δ > 0) in the (k + 1)-arm parallel

design, we claim that the two products are biosimilar. Therefore, the hypotheses of interest are given
by

H0 : rd ≥ δ versus HA : rd < δ. (2.2)

Then the hypotheses in (2.2) can be rewritten as

H0 : θ ≤ −δ or θ ≥ δ versus HA : −δ < θ < δ, (2.3)

where

θ =
µT − 1

k
∑k

i=1 µRi√∑k
i=1(µRi − µR)2

.

It is well known that the hypotheses in (2.3) can be decomposed into two one-sided hypotheses as
follows.

H01 : θ ≤ −δ versus HA1 : −δ < θ (2.4)

and

H02 : θ ≥ δ versus HA2 : θ < δ. (2.5)
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2.2. Statistical tests

Let YT, j ( j = 1, 2, . . . , n1) and YRi, j (i = 1, 2, . . . , k, j = 1, 2, . . . , n2) denote the continuous primary
endpoints from the biosimilar product in the first group and the reference product in the (i + 1)th

group, respectively. We assume that YT, j’s is a random sample from a distribution whose mean and
variance are µT and σ2 (< ∞), respectively. Similarly, YRi, j’s is assumed to be a random sample from
a distribution whose mean and variance are µRi and σ2 (< ∞), respectively. It is further assumed that
YT, j’s and YRi, j’s are mutually independent and that the sample size is adequate for the central limit
theorem to be used.

A natural way to estimate θ in (2.3) is to replace the unknown population means with the corre-
sponding sample means. So an estimator of θ is given by

θ̂ =
ȲT − ȲR√∑k

i=1

(
ȲRi − ȲR

)2
,

where

ȲT =
1
n1

n1∑
i=1

YTi , ȲRi =
1
n2

n2∑
j=1

YRi, j, ȲR =
1
k

k∑
i=1

ȲRi .

In the Appendix, we derive the asymptotic distribution of
√

n1(θ̂ − θ) using the central limit theorem
and delta method as follows.

√
n1

(
θ̂ − θ

) d−→ N
(
0, σ2

θ

)
,

where the specific form of σ2
θ is provided in the Appendix.

By using this asymptotic normality of
√

n1(θ̂−θ), we can conduct hypothesis testing and establish
an asymptotic confidence interval for θ. The null hypothesis H01 in (2.4) is rejected if Z1 > zα where

Z1 =
θ̂ + δ

σ̂θ/
√

n1
,

where σ̂θ is an estimator of σθ whose specific form is provided in the Appendix and zα is the upper α
quantile of the standard normal distribution (for example, z0.05 = 1.645). In this paper, σ̂2

θ is obtained
by replacing µT , µRi , σ

2 in σ2
θ with ȲT , ȲRi , and s2 (pooled sample variance). Similarly, the null

hypothesis H02 in (2.5) is rejected if Z2 < −zα where

Z2 =
θ̂ − δ

σ̂θ/
√

n1
.

We claim that the two products are biosimilar if each null hypothesis in both (2.4) and (2.5) is rejected
at the significance level α.

Alternatively, a two-sided asymptotic confidence interval for θ can also be used to assess the
biosimilarity between the two products. Because a 100(1 − α)% asymptotic confidence interval for θ
is given by (

θ̂ ± z α
2

σ̂θ√
n1

)
,

we claim that the two products are biosimilar if

−δ < θ̂ − z α
2
σ̂θ and θ̂ + z α

2
σ̂θ < δ.
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2.3. Type I error rate and power

In Section 2.2, we proposed a statistical test to test the hypothesis in (2.3). In this section we investi-
gate asymptotic type I error rates and powers based on the asymptotic distribution and empirical type
I error rates and powers based on simulation studies.

First, we derive the formula of the asymptotic type I error rate and power based on the asymptotic
distribution. Under the alternative hypothesis HA : −δ < θ < δ, the asymptotic power function is
given by

p
(
µT , µR1 , . . . , µRk

)
= P (Z2 < −zα and Z1 > zα| − δ < θ < δ)

∼ P
(
Z < −zα +

δ − θ
σθ/
√

n1
and Z > zα −

δ + θ

σθ/
√

n1

)
= Φ

(
−zα +

δ − θ
σθ/
√

n1

)
− Φ

(
zα −

δ + θ

σθ/
√

n1

)
, (2.6)

where the random variable Z follows the standard normal distribution, and Φ is the cumulative distri-
bution function of the standard normal distribution. In order to have positive powers, the following
condition should be satisfied.

−zα +
δ − θ

σθ/
√

n1
> zα −

δ + θ

σθ/
√

n1
.

Therefore, the margin δ should satisfy the following constraint.

δ > zα
σθ√

n1
.

The asymptotic type I error rate is the same as (2.6), except that it is evaluated under the null hypoth-
esis H0 in (2.3). The asymptotic type I error rates and powers are calculated with (2.6) and presented
in Tables 1 and 2.

We need to investigate the empirical type I error rates and powers in finite samples since the
statistical test developed in Section 3 employs large sample theory. Random samples of YT, j and
YRi, j (i = 1, 2, . . . , k) are generated from normal distributions under the null hypothesis in (2.3). We
compute two test statistics Z1 and Z2. If Z1 > z0.05 and Z2 < −z0.05, then the null hypothesis in (2.3)
is rejected. We generate 5,000 simulation samples and calculate the empirical type I error rates as
the proportion of samples in which the null hypothesis in (2.3) is rejected. Similarly, the empirical
powers are also computed.

Table 1 displays asymptotic and empirical type I error rates at n1 = 100 and n1 = 200, respectively.
It shows that the asymptotic type I error rates are close to the nominal level (5%) except in the cases of
σ2 = 2 and n1 = 100, and that the empirical type I error rates are much smaller than the nominal level
(5%). Table 2 presents the asymptotic and empirical powers at n1 = 100 and n1 = 200, respectively.

3. Concluding Remarks

In this article, we focused on biosimilarity testing for a biosimilar product and a reference product. We
proposed a biosimilarity testing procedure based on the relative distance under a (k + 1)-arm parallel
design. We investigated the performance of the proposed method theoretically and empirically. Shin
and Kang (2014) extended the three-arm parallel design to binary endpoints for three popular metrics
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Table 1: The asymptotic and empirical type I error rates (%)

µT µR1 µR2 µR3 σ2 θ δ
n = 100 n = 200

Asym Empi Asym Empi
13 15 14 9 2 0.07332 0.07332 0.3 0.4 4.9 2.3
13 15 14 9 2 0.07332 0.07330 0.2 0.4 4.9 2.3
13 15 13 10 2 0.09366 0.09366 0.2 0.6 4.9 2.2
13 15 13 10 2 0.09366 0.09360 0.2 0.4 4.9 2.0
13 14 16 8 2 0.05661 0.05661 0.4 0.3 4.9 2.3
13 14 16 8 2 0.05661 0.05660 0.3 0.2 4.9 1.8
13 14 16 10 2 −0.07715 0.07715 0.3 0.3 4.9 2.5
13 14 16 10 2 −0.07715 0.07700 0.2 0.3 4.9 2.3
13 14 9 17 2 −0.05832 0.05832 0.3 0.4 4.9 2.1
13 14 9 17 2 −0.05832 0.05800 0.2 0.2 4.9 2.0
12 11 8 18 2 −0.04593 0.04593 0.4 0.3 4.9 2.5
12 11 8 18 2 −0.04593 0.04550 0.1 0.1 4.9 1.8
12 11 7 17 2 0.04683 0.04683 0.4 0.4 4.9 2.2
12 11 7 17 2 0.04683 0.04650 0.1 0.0 4.9 1.8
12 14 9 14 2 −0.08165 0.08165 0.3 0.5 4.9 2.2
12 14 9 14 2 −0.08165 0.08130 0.1 0.4 4.9 1.8
12 15 9 13 2 −0.07715 0.07715 0.3 0.4 4.9 2.2
12 15 9 13 2 −0.07715 0.07700 0.2 0.3 4.9 1.8
10 12 7 10 2 0.09366 0.09366 0.2 0.6 4.9 2.1
10 12 7 10 2 0.09366 0.09340 0.1 0.4 4.9 2.0
13 15 14 9 1 0.07332 0.07332 4.9 2.3 5.0 2.3
13 15 14 9 1 0.07332 0.07000 4.8 1.9 5.0 1.5
13 15 13 10 1 0.09366 0.09366 4.9 2.6 5.0 2.2
13 15 13 10 1 0.09366 0.09000 4.8 1.8 5.0 1.3
13 14 16 8 1 0.05661 0.05661 4.9 2.2 5.0 2.3
13 14 16 8 1 0.05661 0.05000 4.7 0.9 5.0 0.6
13 14 16 10 1 −0.07715 0.07715 4.9 2.6 5.0 2.2
13 14 16 10 1 −0.07715 0.07000 4.5 1.0 5.0 0.7
13 14 9 17 1 −0.05832 0.05832 4.9 2.1 5.0 2.5
13 14 9 17 1 −0.05832 0.05000 4.1 0.7 5.0 0.4
12 11 8 18 1 −0.04593 0.04593 4.9 2.4 5.0 2.3
12 11 8 18 1 −0.04593 0.04000 4.3 0.8 5.0 0.6
12 11 7 17 1 0.04683 0.04683 4.9 2.0 5.0 2.3
12 11 7 17 1 0.04683 0.04000 4.1 0.8 5.0 0.5
12 14 9 14 1 −0.08165 0.08165 4.9 2.2 5.0 2.6
12 14 9 14 1 −0.08165 0.07000 4.1 0.6 5.0 0.5
12 15 9 13 1 −0.07715 0.07715 4.9 2.5 5.0 1.9
12 15 9 13 1 −0.07715 0.07000 4.5 1.1 5.0 0.9
10 12 7 10 1 0.09366 0.09366 4.9 2.2 5.0 2.4
10 12 7 10 1 0.09366 0.08000 4.1 0.6 5.0 0.3

: the risk difference, the log relative risk, and the log odds ratio. It is useful to extend the (k + 1)-arm
parallel design to binary endpoints. The determination of the biosimilar margin δ is crucial to the
evaluation of biosimilarity. The margin should be pre-specified and justified on statistical and clinical
grounds (World Health Organization, 2009; US FDA, 2012); however, the method to determine the
margin is not yet known. There have been some studies and relevant guidelines (Li et al., 2013; World
Health Organization, 2009; US FDA, 2010, 2012); however, determining the margin for the evaluation
of biosimilarity remain an urgent topic for future research.

Appendix: Central Limit Theorem and Delta Method

By the central limit theorem,
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Table 2: The asymptotic and empirical powers (%)

µT µR1 µR2 µR3 σ2 θ δ
n = 100 n = 200

Asym Empi Asym Empi
13 15 14 9 2 0.073 0.17 70.7 74.0 92.7 96.4
13 15 14 9 2 0.073 0.18 77.9 82.2 96.2 98.5
13 14 16 8 2 0.057 0.14 78.9 83.4 96.5 98.8
13 14 16 8 2 0.057 0.15 86.4 90.4 98.7 99.6
13 14 9 17 2 −0.058 0.14 75.3 79.9 95.0 98.0
13 14 9 17 2 −0.058 0.15 83.4 87.4 98.0 99.2
12 11 7 17 2 0.047 0.11 72.6 76.8 93.7 96.8
12 11 7 17 2 0.047 0.12 83.0 87.9 97.9 99.4
12 15 9 13 2 −0.077 0.18 71.5 75.8 93.1 96.7
12 15 9 13 2 −0.077 0.19 78.3 81.8 96.3 98.3
13 15 14 9 1 0.073 0.15 79.1 83.3 96.6 98.6
13 15 14 9 1 0.073 0.16 87.1 91.7 98.9 99.7
13 14 16 8 1 0.057 0.11 71.6 74.5 93.2 96.7
13 14 16 8 1 0.057 0.12 83.8 87.9 98.1 99.3
13 14 9 17 1 −0.058 0.12 80.0 84.7 96.9 98.8
13 14 9 17 1 −0.058 0.13 89.3 93.6 99.3 99.9
12 11 7 17 1 0.047 0.09 70.0 74.2 92.3 95.9
12 11 7 17 1 0.047 0.10 84.8 89.5 98.4 99.5
12 15 9 13 1 −0.077 0.15 71.6 76.0 93.2 96.2
12 15 9 13 1 −0.077 0.16 80.9 85.8 97.2 99.0

√
n1

(
ȲT − µT

) d−→ N
(
0, σ2

)
,

√
n2

(
ȲRi − µRi

) d−→ N
(
0, σ2

)
, for i = 1, . . . , k,

√
n1

(
ȲRi − µRi

)
=

√
n1√
n2

√
n2

(
ȲRi − µRi

) d−→ N
(
0, kσ2

)
.

Since (k + 1) groups are independent,

√
n1




ȲT

ȲR1

...
ȲRk

 −

µT

µR1

...
µRk




d−→ Nk+1




0
0
...
0

 ,Σ
 ,

where

Σ = σ2


1 0 · · · 0
0 k · · · 0
...

...
. . .

...
0 0 · · · k

 .
We consider the following function to use the multivariate delta method.

g(a, b1, . . . , bk) =
a − 1

k
∑k

i=1 bi√∑k
l=1

(
bl − 1

k
∑k

i=1 bi

)2
≡ h

f
,
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where

h ≡ h (a, b1, . . . , bk) = a − 1
k

k∑
i=1

bi,

f ≡ f (a, b1, . . . , bk) =

√√√
k∑

l=1

bl −
1
k

k∑
i=1

bi


2

.

Then, the partial derivatives of g with respect to its components are given by

∂g
∂a
=

1
f
,

∂g
∂bi
=

[
∂h
∂bi

]
f − h

[
∂ f
∂bi

]
f 2 ,

where

∂h
∂bi
= −1

k
,

∂ f
∂bi
=

(
1
2

f −1
)  k∑

l=1

2

bl −
1
k

k∑
i=1

bi

 (−1
k

)
+ 2

b j −
1
k

k∑
i=1

bi


 .

Then, by the multivariate delta method,

√
n1

(
θ̂ − θ

)
=
√

n1

(
g
(
ȲT , ȲR1 , . . . , ȲRk

)
− g

(
µT , µR1 , . . . , µRk

)) d−→ N
(
0, σ2

θ

)
,

where

σ2
θ = BΣBT

and

B =
[
∂g
∂a
,
∂g
∂b1

, . . . ,
∂g
∂bk

] ∣∣∣∣∣∣
a=µT ,bi=µRi

, i = 1, . . . , k.
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