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Introduction
Biological products are therapeutic moiety manufactured by a 
living system or organism, such as human, plant, animal, or 
micro-organism. Many best-selling biological products will 
expire in years to come. Therefore, innovative biological prod-
ucts can be generically reproduced and marketed.

When an innovative (brand-name) small-molecule (chemical) 
drug product is going off patent, pharmaceutical or generic drug 
companies can fi le an abbreviated new drug application for 
generic approval. For approval of generic drug products, US Food 
and Drug Administration (FDA) requires that evidence of equiva-
lence in average bioavailability (in terms of drug absorption) is 
provided from bioavailability or bioequivalence studies [1]. 

The assessment of bioequivalence in average bioavailability is 
usually referred to as the assessment of average bioequivalence 
(ABE), which focuses on average bioavailability but ignores 
variability, e.g. intra-subject variability, inter-subject variability, 
and variability caused by subject-by-drug interaction, associated 
with the observed responses. As a result, generic drug products 
are becoming increasingly available. It is a concern that an ABE 
for generic approval can equate to quality, safety, and effi cacy. 
To address drug interchangeability, the concept of population 
bioequivalence for drug prescribability and individual bioequiv-
alence (IBE) for drug switchability under replicated crossover 
design have also been proposed [2].

Unlike small-molecule drug products, the generic versions of 
biological products are similar biological drug products. These 
are not generic drug products, which are usually referred to as 
drug products with identical active ingredient(s) as the innova-
tive drug product, but are similar to the innovative biological 

products. They are made in living cells or organisms, which is 
different from (small molecule) generic drug products. Generic 
drug products are fundamentally different from those of biosim-
ilar (large molecule) drug products [3]. For example, biosimilar 
products have a heterogeneous structure (usually mixtures of 
related molecules), which is diffi cult to characterize. In addi-
tion, biosimilar products are often variable and sensitive to envi-
ronmental conditions, such as light and temperature. A small 
change or variation at any critical stage of the manufacturing 
process of a biological product could result in a drastic change 
in clinical outcomes. 

Because of these fundamental differences, current standard 
methods for bioequivalence assessment of generic drug prod-
ucts may not be appropriate for assessing biosimilar products 
[4, 5].

In this manuscript, we focus on the assessment of biosimilar-
ity by using IBE rather than the assessment ABE, because bio-
similar products are known to be variable and sensitive to small 
changes (variations) in environmental factors during the manu-
facturing process. For assessment of IBE, the method proposed 
by Hyslop et al. [6] is recommended under a replicated cross-
over design, e.g. TRTR, RTRT or TRT, RTR, where t is the test 
product and r is the reference product. Chow et al. [7] proposed 
a 2 × 3 extra-reference design, i.e. TRR, RTR, which was shown 
to be the most effi cient design among 2 × 3 replicated crossover 
design for assessing IBE. Thus, in this manuscript, we focus 
on assessing biosimilarity of biosimilar products by constructing 
a 95% upper confi dence bound for the IBE criterion recom-
mended by FDA using the generalized pivotal quantities (GPQs) 
method under the 2 × 3 extra-reference crossover design. We 
conduct a simulation study to evaluate the performance of the 
proposed method under various scenarios. 

Introduction: For generic approval of small-molecule (chemical) drug products, US Food and Drug Administration requires evidence 
of equivalence in average bioavailability from bioavailability and bioequivalence studies. To address drug interchangeability, popula-
tion bioequivalence (PBE) for drug prescribability and individual bioequivalence (IBE) for drug switchability under replicated crossover 
designs have been proposed. 
Methods: In this manuscript, we assess the biosimilarity through a 95% upper confi dence bound based on the recommended individ-
ual bioequivalence criterion based on method of generalized pivotal quantities (GPQs) under a 2 × 3 extra-reference crossover design.
A simulation study is conducted to evaluate performance of GPQ-based approach by using bootstrap procedure. Both methods have 
almost the same power but GPQ approach controls type I error within the pre-specifi ed signifi cant level. 
Discussion: It is recognized that standard methods for bioequivalence assessment of small-molecule drug products cannot be directly 
applied to assessing biosimilarity of biosimilar products owing to some fundamental diff erences between small-molecule generic and 
large-molecule biosimilar drug products. GPQ is an appropriate method for assessing biosimilarity of biosimilar drug products under 
the 2 × 3 extra-reference crossover design.
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Study design, statistical model, and hypotheses
Study design
For assessment of IBE, Chow et al. [8] indicated that the following 
2 × 3 extra-reference design given in Table 1 is the most effi cient 
design among the 2 × 3 crossover designs. In some cases, the 
2 × 3 extra-reference design is also more effi cient than the 2 × 4 
replicated crossover design. We, therefore, focus on the 2 × 3 
extra-reference design.

Under the 2 × 3 extra-reference design, qualifi ed subjects will 
be randomly assigned to either sequence 1 or sequence 2 with 
equal probability. For example, subjects who are assigned to 
sequence 1 will receive test treatment fi rst, then are crossed-
over to receive the reference product after a suffi cient length of 
washout, then get crossed-over to receive the reference product 
after another suffi cient length of washout.

Statistical model
Let y

ijk
 be the response from subject i in sequence k at period 

j of the experiment. The statistical model for the 2 × 3 extra-
reference design can be described as follows:

l = T, R (treatment: T (test product), R (reference product)); 
k = 1, 2 (sequence); i = 1,…,n

k
 (subject); j = 1, 2, 3 (period)

where y F W Sijk l ljk lik lijk+ W +μ εF W SlFF ljkWW likS l+ WWW +   (1)

μ
l 
is the mean of the l treatment 

F
l
 is the fi xed effect of formulation l 

W
ljk
’s are nuisance parameters and can include fi xed period, 

sequence, and interaction effects. 

S
lik
 is the random effect of subject i in sequence k under 

formulation l and (S
Tik

, S
Rik

). They are independent and identi-
cally distributed bivariate normal random vectors with mean 
( )μ μT Rμ μμ ’and an unknown covariance matrix
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where  σ BTσ 2σσ σ BRσ 2σσ  are between-subject variances and ρ is the cova-
riance of two formulations under model (1). εlijk is the random 
error for subject i within sequence k on period j of treatment l and 
assumed to be mutually independent and identically distributed 
as N Wl( , )2σW

22  whereσWTσσ 2σσ σWRσσ 2σσ are within-subject variances under 
model (1).

Individual bioequivalence criterion, hypothesis, and modifi ed 
large sample method
According to the 2001 FDA guidance [8], let F

T
 be the average 

pharmacokinetics (PK) response from the test formulation, and 

F
R
 and F

R′ be two identically distributed average responses from 
an individual under the reference formulation.

Then the drug switchability can be measured by  
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Under the 2 × 3 extra-reference design, θ is equal to
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where σ σ ρσ σDσσ Bσ T Bσσ R BρσσBB T Bσ RBB
2σσ 2 2 2σσ 2ρρρ( )σ σBσ T Bσσ RBB−σ = +σ Bσ T

2σσ  and δ = F F−T RF FF F , 
which is the difference of effect between the two formulations. 

Note that σWTσσ 2σσ σWRσσ 2σσ are within-subject variances for test and 
reference formulation separately. σ Dσ 2σσ is the variance of subject-
by-interaction and σ 0σσ 2σσ is the minimum within-subject variance 
of reference formulation specifi ed by FDA. 

When σ σWRσσ Oσ2 2σ σσ σ , θ is referred to as the constant-scale and 
σ σWRσσ Oσ2 2σ σσ σ , θ is referred to as the reference-scale by FDA. IBE 
can be claimed if the following null hypothesis H

0
 is rejected at 

the 5% level of signifi cance:

 H0 : θ ≥ θ
0
 versus Ha : θ < θ

0 
(4)

where θ
0
 = 2.4938 is an upper limit specifi ed in the 2001 FDA 

guidance [8]. On the basis of the hypothesis in (4), the IBE 
criterion can be expressed as the following linearized criteria:

G γ δ σ σ θ+δ + −σ ( )σ σ2 2δδ σσ+ 2 2σσσσ 0θ σσ σσσσD Wσ σσ σσ T WσσWW R θ (0θθWW max (σ(σσ   (5)

As the result, the testing hypothesis based on the linearized 
criteria (5) will be given as:

 H
0
 : γ ≥ 0 versus Ha : γ < 0  (6)

Under the same accuracy of estimation on σWRσσ 2σσ , the 2 × 3 extra-
reference design needs fewer observations than 2 × 4 crossover 
design, and even provides more effi ciency as the same number 
of observations. To avoid the estimation of σWTσσ 2σσ , the following 
decomposition of γ in criteria (5) can been shown equal to

 + ( )γ δ′′ = σ σ− θ (2δδ 1 0 5
2 2σ 0θθ, .0 −σ θ2σ θθWR  (7)

where G σ σ σa bσσ D Wσ σσ T WσσWW RWWaσσσ,
2 2σσ 2 2σσbσσ+σ Dσ 2σσ  

Let xlk be the mean of average observations xlik under the 
formulation l in sequence k and zlk be the mean of z

lik
, which 

is the difference between the two observations under the l 
formulation in sequence k. 

Then unbiased estimators of
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Table 1: The 2 × 3 extra-reference design

Period 1 Period 2 Period 3

Sequence 1 Test Reference Reference

Sequence 2 Reference Test Reference

Test: biosimilar product; reference: innovative biological product.



Generics and Biosimilars Initiative Journal

GaBI Journal | www.gabi-journal.net

Biosimilarity and Interchangeability

© 2013 Pro Pharma Communications International. All rights reserved
132  |   Volume 2  |  2013  |  Issue 3

ORIGINAL RESEARCH

And an unbiased estimator of δ is  
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have been given by Chow et al. [7]. They proposed the confi dence 
bound based on the hypothesis (6). For the reference-scale:
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For the constant-scale, the confi dence bound will be

 s (12)

where U0 is the same as U expect that the quantity in Equation 
(11) should be replaced by

 

Proposed method based on the generalized pivotal quantity 
One of the major disadvantages of the method described above is 
that the estimate may depend on unknown nuisance parameters 
that may affect the size and power of the IBE hypothesis testing. 
To overcome this drawback, alternatively, we may consider the 
GPQ method, which can avoid the inference of nuisance param-
eters [9]. Assume that Y is a random variable whose distribution 
depends on a vector of unknown parameters ζ = (θ, η), wherev 
θ is a parameter of interest and η is a vector of nuisance param-
eters. Let Y be a random sample from Y and y be the observed 
value of Y. Furthermore, let R = R(Y; y, ζ) be a function of Y, y, 
and ζ. The random quantity R is said to be a GPQ, satisfying the 
following two conditions:
a) The distribution of R does not depend on any unknown 
parameters.
b) The observed value of R, say r = R(y; y, ζ) is free of the vector 
of nuisance parameters η.

In other words, r is only a function of (y, θ). The distribution 
of GPQ of a vector that contains parameters of interest and 
nuisance parameters does not depend on any unknown param-
eters, and the observed value of GPQ is free of the vector of the 
nuisance parameters. On the basis of the GPQ concept, we can 
fi nd the GPQ for γ in Equation (7).
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which does not depend on any unknown parameters.
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then the GPQ for δ2 can be given as Rδ
2 .

Therefore, we can get R ′γ ′′ by substituting R
WRσW
2σσ with equation 

(14), Rσ1 0 5σσ 2σσ ,00
and with equation (15) Rδ

2 with equation (16) into the 
following equations:
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σ σW

θ σ2
0 0θ σθ σ 2σσ
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σ σσ σ

1 5
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for constant scale (18)

are GPQ for γ’ in reference scale and constant scale in reference 
scale and constant scale.

Generalized upper confi dence limit A 100(1−α)% generalized 
upper confi dence limit for γ’ is given by R

1-α, where R
1-α is the 

Figure 1:  Simulation procedure. Generalized pivotal quantity 
(GPQ)
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100(1–α)th percentiles of the distribution of R ′γ ′′ . The percentiles of 
R ′γ ′′ can be analytically estimated using Monte Carlo algorithm.

Step 1: Choose a large simulation size, say B = 10,000. For b 
equal to 1 through B, carry out the following steps.

Step 2: Independent generate univariate standard normal 
 random variable δ , Z

δ 2δδ  and central chi-square variables U
WRσ̆W
2σσ

and 
U

σ1 0 5σσ 2σσ , .00
with degrees of freedom n1 2n 2+ −n2n , respectively.

Step 3: For the realized values of δ
2  

i

n ( )z ziRk Rz k=∑ 2

1

2  and 
i

n

k

k ( )x xiTk ixTT Rkii − ( )x xTk Rkxx⎡⎣⎡⎡ ⎤⎦⎤⎤== ∑∑ 2

11

2

, compute Rγ’ as defi ned in Equation 
(17) and (18).

The required upper 100(1-α)th percentiles of the distribution 
of GPQ for γ’, which is also the upper 100(1-α)th generalized 
confi dence limit for γ’, is then estimated by the 100(1-α)th 
sample R,percentiles of the collection of B = 10,000 realizations 
R ,1η , R ,2η ,…….., R ,10000η .

The upper 100(1–α)% generalized confi dence limit for γ based 
on GPQ can be used to test the statistical hypothesis for the 
IBE test. The null hypothesis is rejected and the individual 
bioequivalence is concluded at the α signifi cance level if the 
upper 100(1–α)% generalized confi dence limit for γ is less 
than 0.

Simulation study
The following simulation study aims to compare the empirical 
size between two upper confi dences bound on testing the IBE 
we have already described. The fi rst approach was proposed by 
Chow et al. [7], which is based on the method recommended by 
Hyslop et al. [6] in FDA guidance. The second one is our proposed 
GPQ approach. To compare the two methods, we conducted a 
simulation study. The whole simulation procedure is presented in 
Figure 1. On the basis of Equation (7), we specify the different 
parameter combinations. For sample size per arm, we consider 
the sample size allocation as n = n

1
 = n

2
 = 10, 15, 20, 25, 30, 35 

and 40. Let the variance of subject-by-interaction as σ
D
= 0, within-

subject variances for test as σ
WT

 = 0.15, 0.2, 0.3, 0.5, within-subject 
variances for reference as σ

WR
 = 0.15, 0.2, 0.3, 0.5. And upper limit 

as θ
0
 = 2.4948, the minimum within-subject variance σ

0
 = 0.2, 

which are referred to the regulation by FDA guidance. 

We aimed to study the empirical size between two upper con-
fi dences bound when the linearized criteria γ ′are set equal to 0. 
The result for both constant and reference scales are presented 
in Table 2. The power curves are shown in Figure 2. At the 5% 
signifi cance level, 10,000 random samples each parameter com-
bination will be conducted to compute type I error probability 
and power for IBE test based on the two methods. In additional, 
for obtaining GPQ confi dence bound, Zδ , 2σ̂WR

U  U
σ1 0 5σσ 2σσ , .00

will be 
generated in each distribution independently by the rnorm() 
function in R programme. Whole simulation is calculated and 
random samples are generated by using R version 2.15.2 [10].

On the basis of the results presented in Table 2, overall type I 
error rate of the GPQ approach is more stable than the method 
recommended by FDA. The empirical size of our proposed 
method can always keep within the signifi cant level we pre-
specifi ed, i.e. 0.05. In Figure 2, we have only slight difference 
on the power curves between two methods. The empirical 
power comparison was almost the same in the two methods. 
Both methods have 80% power when the sample size was over 
35 per arm in most of our cases. The power decreases to lower 
than 20%, however, when σ

WT
 increases to 0.5, even when we 

have 40 samples per arm. How the power decreases with γ is 
shown in Figure 3. As two curves are also close to each other in 
Figure 3, it means the sample sizes required for the same power 
by two methods are almost the same.

Discussion
In the 2001 guidance [8], FDA recommended 2 × 3 or 2 × 4 rep-
licated crossover design to assess IBE. In this manuscript, we 

Figure 2:  Power curves for the two methods as a function of n 
for different combination of (σD , σWT , σWR , γ)

10 15

FDA
GPQ

20 25

n

(0,.15,.15,−.0399)

30 35

0.
5

0.
4

0.
6

0.
7

0.
8

0.
9

40

P
o

w
er

10 15 20 25

n

(0,.15,.2,−.0469)

30 35

0.
5

0.
4

0.
6

0.
7

0.
8

40

P
o

w
er

10 15 20 25

n

(0,.3,.3,−.1572)

30 35

0.
5

0.
4

0.
6

0.
7

0.
8

40

P
o

w
er

10 15 20 25

n

(0,.5,.3,−.0645)

30 35

0.
12

0.
10

0.
08

0.
14

0.
16

0.
18

0.
20

40

P
o

w
er

Figure 3:  Power curves for the two methods as a function of γ 
for different combination of (σD , σWT , σWR , γ)
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Table 2: Type I error rates for evaluating biosimilarity: different combinations of variance components

Constant scale Reference scale

δ σ
WT

σ
WR

σ
D

n Method A Method B δ σ
WT

σ
WR

σ
D

n Method A Method B

0.3159 0.15 0.15 0.0 10 0.0531 0.0499 0.5404 0.15 0.3 0.0 10 0.0460 0.0423

15 0.0558 0.0521 15 0.0524 0.0496

20 0.0538 0.0503 20 0.0484 0.0452

25 0.0529 0.0495 25 0.0491 0.0469

30 0.0509 0.0491 30 0.0517 0.0493

35 0.0537 0.0507 35 0.0529 0.0504

40 0.0516 0.0500 40 0.0498 0.0474

0.2869 0.20 0.15 0.0 10 0.0476 0.0447 0.4738 0.3 0.3 0.0 10 0.0481 0.0439

15 0.0512 0.0485 15 0.0473 0.0434

20 0.0509 0.0484 20 0.0515 0.0480

25 0.0489 0.0470 25 0.0499 0.0469

30 0.0518 0.0488 30 0.0492 0.0461

35 0.0472 0.0450 35 0.0451 0.0432

40 0.0504 0.0477 40 0.0464 0.0468

0.3425 0.15 0.20 0.0 10 0.0500 0.0458 0.2540 0.5 0.3 0.0 10 0.0354 0.0324

15 0.0534 0.0508 15 0.0387 0.0349

20 0.0446 0.0424 20 0.0392 0.0365

25 0.0498 0.0474 25 0.0419 0.0389

30 0.0516 0.0490 30 0.0449 0.0425

35 0.0452 0.0430 35 0.0397 0.0373

40 0.0440 0.0426 40 0.0431 0.0409

0.3159 0.20 0.20 0.0 10 0.0478 0.0442 0.9131 0.2 0.5 0.0 10 0.0494 0.0465

15 0.0540 0.0490 15 0.0536 0.0504

20 0.0458 0.0442 20 0.0540 0.0515

25 0.0518 0.0496 25 0.0513 0.0489

30 0.0490 0.0460 30 0.0547 0.0523

35 0.0510 0.0492 35 0.0509 0.0485

40 0.0528 0.0504 40 0.0514 0.0490

0.2231 0.30 0.20 0.0 10 0.0439 0.0412 0.7897 0.5 0.5 0.0 10 0.0442 0.0410

15 0.0437 0.0408 15 0.0503 0.0473

20 0.0470 0.0449 20 0.0495 0.0462

25 0.0445 0.0433 25 0.0469 0.0442

30 0.0469 0.0451 30 0.0500 0.0467

35 0.0464 0.0450 35 0.0529 0.0495

40 0.0468 0.0463 40 0.0474 0.0443

Method A is recommended by Chow et al. [6]; method B is authors’ proposed generalized pivotal quantity method.

consider 2 × 3 extra-reference design with the GPQ approach, 
which requires the same number of observations as the 2 × 3 
crossover design and the same reference sample size as the 2 × 4 
crossover design. FDA’s method can estimate more components, 
but our method with the GPQ approach is more effi cient than 2 

× 3 or 2 × 4 crossover design [7]. The GPQ approach, however, 
needs a longer calculation process than the method proposed 
by FDA. The distribution of proposed GPQ could approach the 
true distribution of γ very well by the bootstrap distribution pro-
cedure. As biological products are sensitive to manufacturing 
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process changes, the variance could be larger than the common 
small-molecule drugs. In additional, the criterion γ is composed 
of serious parameters that may destabilize the estimation. On 
the basis of our results in the simulation section, the GPQ-based 
approach has smaller type I error rates than the method pro-
posed by Chow et al. [7]. Both methods have almost the same 
power with equal sample size. By using the GPQ approach, 
the infl uence of the nuisance factor could be reduced. GPQ 
method can focus on the interesting parameter because GPQ is 
free of nuisance parameters. Therefore, GPQ is an appropriate 
method for assessing biosimilarity of biosimilar products that 
have higher variability than small-molecule drugs.

To assess interchangeability, FDA recommends 2 × 3 crossover 
design, e.g. TRT, RTR or TRR, RTT, or a 2 × 4 crossover design, 
e.g. TRTR, RTRT in the 2001 guidance. The TRR, RTT 2 × 3 
crossover design can estimate the carryover effect by repeating 
formulation in the last period of each sequence. The 2 × 3 extra-
reference design (TRR, RTR) repeats only in the fi rst sequence 
to estimate the carryover effect of the reference  sample. 
Addition of the third sequence (RRT) to 2 × 3 extra-reference 
design to include all possible ‘two references and one test’ 
cases, and 3 × 3 complete design. Note that the decomposition 
of γ of 2 × 3 extra-reference design and 3 × 3 complete design 
are the same. Therefore, we can propose similar GPQ of 3 × 
3 complete design. The 3 × 3 complete design can provide a 
more accurate estimate if we have enough reference samples, 
but 2 × 3 extra-reference can also estimate the σWRσσ 2σσ Pwith less 
sample size than 3 × 3 complete design. And for both 2 × 3 
extra-reference design and 3 × 3 complete design, σWTσσ 2σσ can be 
avoided by the decomplosition of γ in the Equation (7).

With the design described above, GPQ can be easily applied to 
assessing interchangeability of biosimilar products, i.e. alternat-
ing and switching by knowing the improved decomposition of 
and its unbiased estimator.
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