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1. Introduction

In the United States (US), when an innovative (brand-name) drug product 
is going off patent, pharmaceutical and/or generic/biotech companies 
may file an abbreviated new drug application (ANDA) for approval of 
generic copies or a Biologic License Application (BLA) for approval of 
biosimilar products of the brand-name drug product. The US Food and 
Drug Administration (FDA) indicates that an approved generic drug or an 
approved biosimilar product can serve as a substitute for its brand-name 
drug.  However, FDA does not indicate that an approved generic drug 
or an approved biosimilar product and the brand-name drug can be used 
interchangeably. As more generic drugs and biosimilar products become 
available in the marketplace, it is a public concern whether the generic drugs 
and biosimilar products work as well as the brand-name drug products in 
terms of their quality, safety, and efficacy. In addition, it is a great safety 
concern especially when a patient is to switch from one generic drug (or 
biosimilar product) to another. 

The concepts and regulatory requirements regarding drug interchangeability 
of generic drugs and biosimilar products are similar but different. For 
example, for the development of generic drugs, drug interchangeability 

is usually classified as either drug prescribability or drug switchability. 
Drug prescribability is referred to as the physician’s choice for prescribing 
an appropriate drug for new patients among the drug products available, 
while drug switchability is related to the switch from a drug product to 
an alternative drug within the same patient whose concentration of the 
drug product has been titrated to a steady, efficacious and safe level [3,4]. 
For biosimilar products, on the other hand, under the US Biologics Price 
Competition and Innovation (BPCI) Act of 2009, a biological product 
is considered to be interchangeable with the reference product if (i) the 
biological product is biosimilar to the reference product; and (ii) it can be 
expected to produce the same clinical result in any given patient. In addition, 
for a biological product that is administered more than once to an individual, 
the risk in terms of safety or diminished efficacy of alternating or switching 
between the use of the biological product and the reference product is not 
greater than the risk of using the reference product without such alternation 
or switch. Thus, drug interchangeability for biosimilar products focuses on 
relative risk with/without switching and alternation [5-7].
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where       are the total variances for the test product and the reference 
product, respectively and      is the scale parameter specified by the regulatory 
agency or the sponsor. PBE can be claimed if the one-sided 95% upper 
confidence bound for θP is less than a pre-specified bioequivalence limit.  In 
view of the above PBE criterion, PBE can be claimed if the null hypothesis 
in

is rejected at the 5% level of significance and the observed geometric means 
ratio (GMR) is within the limits of 80% and 125%, where

 λ=δ2+σTT
2   - σTR

2    - θPBE max (σTR
2  , σ0

2 )

and θPBE is a constant specified in the 2001 FDA draft guidance. Under a 2x2 
crossover design, the one-sided 95% upper confidence bound for θP can be 
obtained under the following model:

 yijk = μ + Fl + Pj + Qk + Sikl + ϵijk                      (1)

where  μ is the overall mean, Pj  is the fixed effect of the jth period, Qk is the 
fixed effect of the kth sequence, Fl is the fixed effect of the lth drug product, 
Sijk is the random effect of the lth subject in the kth sequence under the lth 
drug product, and ϵijk’s are independent random errors distributed as N(0,σWl

2  
).  It is assumed that  Sijk’s and ϵijk’s are mutually independent. It can be 
verified that (SikT,SikR ),i=1,2,…,nk; k =1,2 are independent and identically 
distributed bivariate normal random vectors with mean 0 and an unknown 
covariance matrix

where  denotes the between-subject variability for the lth drug product. 
Thus, we have

Under model (1), unbiased estimators for δ, σTT
2  , and σTR

2   can be obtained as 
follows

where  y ̅ jk is the sample mean of the observations in the kth sequence at the 
jth period and  σ1,1

2   is  σa,b
2   = σD

2  + aσWT
2     +bσWR

2   with a=1 and b=1. Commonly 
considered unbiased estimators for σTT

2   and σTR
2  are given by

By Chow, Shao, and Wang [9], the following approximate 95% upper 
confidence bound for λ when σTR

2   ≥σ0
2  can be obtained:

where V is an estimated variance of of the form

and

Since the concepts of drug interchangeability for generic drugs and for 
biosimilar products are different, criteria, design, and analysis methods 
for assessment of drug interchangeability for generic drugs and biosimilar 
products are also different. The purpose of this article is to provide a 
comprehensive review of drug interchangeability for both generic drugs 
and biosimilar products. In the subsequent sections, concepts, criteria, 
design, and statistical methods for assessment of drug interchangeability 
of generic drugs and biosimilar products are reviewed in Section 2 and 
Section 3, respectively. Some challenging issues when assessing drug 
interchangeability are discussed in Section 4. Section 5 provides some 
concluding remarks. 

2. Drug Interchangeability for Generic Drugs

Under the Fundamental Bioequivalence Assumption [4], when a generic 
drug is claimed bioequivalent to a brand-name drug, it is assumed that they 
are therapeutically equivalent. FDA indicates that an approved generic drug 
can be used as a substitute for the brand-name drug. However, FDA does not 
indicate that two generic copies of the same brand-name drug can be used 
interchangeably even though they are bioequivalent to the same brand-name 
drug. In practice, bioequivalence between generic copies of the same brand-
name drug is not required. However, as more generic drug products become 
available, it is a concern whether the approved generic drug products have 
the same quality and therapeutic effect as the brand-name drug product and 
whether they can be used safely and interchangeably.

2.1 Drug Prescribability and Drug Switchability

The concepts of drug interchangeability for generic drugs can be classified 
as either drug prescribability or drug switchability. Drug prescribability is 
referred to as the physician’s choice for prescribing an appropriate drug for 
new patients among the drug products available, while drug switchability is 
related to the switch from a drug product to an alternative drug for the same 
patient whose concentration of the drug product has been titrated to a steady, 
efficacious and safe level [3,4].

2.2 Population Bioequivalence and Individual Bioequivalence

To evaluate whether the generic drug products can be used safely and 
interchangeably, the FDA suggests population bioequivalence and individual 
bioequivalence be assessed for addressing drug prescribability and drug 
switchability of approved generic drug products, respectively [1,8]. The 
concepts and statistical methods for assessment of drug prescribability and 
drug switchability are briefly described below.

Population bioequivalence (PBE)

To address drug prescribability, the FDA recommends that population 
bioequivalence (PBE) be assessed. In addition to the average of 
bioavailability, PBE focuses on the variability of bioavailability. The 2001 
FDA guidance recommends the following criterion be used for assessing 
PBE:

2 2 2 2 2
0( )/ max{ , }, 2P TT TR T TRθ δ σ σ σ σ= + −

2 2,TT TRσ σ

 H0: λ≥0     vs.     Ha: λ<0
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which is the variance of SikT - SikR. Note that σD
2 is usually referred to as the 

variance due to the subject-by-drug interaction. It can be verified that when 
σWR

2      ≥ σW0
2   , the linearized criterion γ can be decomposed as follows:

Now, under model (2), for subject i in sequence k, let xilk and zilk be the 
average and the difference, respectively, of the observations from drug 
product l and let x ̅ lk   and z   ̅ lk be respectively the sample mean based on xilk’s 
and zilk’s. Thus, under model (2), unbiased estimators for δ, σ0.5,0.5

2   , and σWR
2 

can be obtained as follows

where s 2 is the sample variance based on xiTk - xiRk, i=1,2,…, nk; an unbiased 
estimator of σWT

2   is given by

where sTk
2 is the sample variance based on ziTk,i = 1,2,…,nk; an unbiased 

estimator of σWR
2   is given by

where        is the sample variance based on ziRk,i=1,2,…, nk. Furthermore,  
since                                        are independent, when σWR

2     ≥ σW0
2   an  

approximate  95% confidence upper bound for γ can be obtained as follows

Sdk
2

where U is the sum of the following four quantities:

where U0 is the sum as U except that the four quantities should be replaced 
by

When         an approximate 95% confidence upper bound for γ is given 
by

and

Individual Bioequivalence (IBE):

To address drug switchability, the FDA suggests that individual 
bioequivalence (IBE) be assessed under replicated crossover designs such as 
a replicated 2x2 crossover design, i.e., (TRTR, RTRT) or a 2x3 two-sequence 
dual design, i.e., (TRT, RTR). In addition to the average of bioavailability, 
IBE focuses on the variability of bioavailability and variability due to 
subject-by-drug interaction. The 2001 FDA guidance recommends the 
following criterion be used for assessing IBE:

3 Drug Interchangeability for Biosimilar Products

As indicated in the Subsection (b) (3) of BPCI Act amended to the 
Public Health Act Subsection 351(k)(3) [17], the term interchangeable 
or interchangeability in reference to a biological product that is shown to 
meet the standards described in subsection (k)(4), means that the biological 
product may be substituted for the reference product without the intervention 
of the health care provider who prescribed the reference product. Along this 
line, in what follows, definition and basic concepts of interchangeability (in 
terms of switching and alternating) are given.

where                ,     are the true difference in means, intra-
subject variabilities of the test product and the reference product, and 
variance due to subject-by-formulation interaction between drug products, 
respectively.        is the scale parameter specified by the regulatory agency 
or the sponsor. In view of the above IBE criterion, IBE can be claimed if the 
null hypothesis in

             H0: γ ≥ 0     vs.     Ha: γ < 0

is rejected at the 5% level of significance and the observed geometric means 
ratio (GMR) is within the limits of 80% and 125%, where

and θIBE is a constant specified in the 2001 FDA draft guidance.

To the assessment of IBE, FDA recommends a replicated 2x2 crossover 
design, i.e., (TRTR, RTRT) or (RTRT, TRTR) be used. Under the 2x2 
replicated crossover design, the one-sided 95% upper confidence bound for 
θI can be obtained under the following statistical model:

where  μ is the overall mean, Fl is the fixed effect of the lth drug product, 
Wljk’s are fixed period, sequence, and interaction effects, and  Sijk is the 
random effect of the ith subject in the kth sequence under the lth drug 
product, and ϵijk’s are independent random errors distributed as N(0, σWl

2  ).  It 
is assumed that  Sijk’s and ϵijk’s are mutually independent. Under model (2), 
σD

2   is given by

where  C1 is sample covariance matrix of ((yi11- y ̅ 11)
2, (yi21 - y ̅ 21)

2), i=1,2,…,n1, 
and  C2 is sample covariance matrix of ((yi22 - y  ̅22 )

2, (yi12 - y  ̅ 12)
2), i=1,2,…,n2. 

On the other hand, when σTR
2 < σ0

2 , the upper confidence bound for λ should be 
modified as follows:

where

and C is an estimated variance-covariance matrix of                         Since 
and        are independent, C is given by
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 𝐶𝐶𝐶𝐶 = �
𝜎𝜎𝜎𝜎1,1
2

4
� 1
𝑛𝑛𝑛𝑛1

+ 1
𝑛𝑛𝑛𝑛2
� (0,0)

(0,0)′ (𝑛𝑛𝑛𝑛1−1)𝐶𝐶𝐶𝐶1
(𝑛𝑛𝑛𝑛1+𝑛𝑛𝑛𝑛2−2)2

+ (𝑛𝑛𝑛𝑛2−1)𝐶𝐶𝐶𝐶2
(𝑛𝑛𝑛𝑛1+𝑛𝑛𝑛𝑛2−2)2

�, 

�𝛿𝛿𝛿𝛿,𝜎𝜎𝜎𝜎�𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇2 ,𝜎𝜎𝜎𝜎�𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇2 �. Since 𝛿𝛿𝛿𝛿 and (𝜎𝜎𝜎𝜎�𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇2 ,𝜎𝜎𝜎𝜎�𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇2 ) are independent, C is given by 

 

 𝐶𝐶𝐶𝐶 = �
𝜎𝜎𝜎𝜎1,1
2

4
� 1
𝑛𝑛𝑛𝑛1

+ 1
𝑛𝑛𝑛𝑛2
� (0,0)

(0,0)′ (𝑛𝑛𝑛𝑛1−1)𝐶𝐶𝐶𝐶1
(𝑛𝑛𝑛𝑛1+𝑛𝑛𝑛𝑛2−2)2

+ (𝑛𝑛𝑛𝑛2−1)𝐶𝐶𝐶𝐶2
(𝑛𝑛𝑛𝑛1+𝑛𝑛𝑛𝑛2−2)2

�, 

�𝛿𝛿𝛿𝛿,𝜎𝜎𝜎𝜎�𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇2 ,𝜎𝜎𝜎𝜎�𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇2 �. Since 𝛿𝛿𝛿𝛿 and (𝜎𝜎𝜎𝜎�𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇2 ,𝜎𝜎𝜎𝜎�𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇2 ) are independent, C is given by 

 

 𝐶𝐶𝐶𝐶 = �
𝜎𝜎𝜎𝜎1,1
2

4
� 1
𝑛𝑛𝑛𝑛1

+ 1
𝑛𝑛𝑛𝑛2
� (0,0)

(0,0)′ (𝑛𝑛𝑛𝑛1−1)𝐶𝐶𝐶𝐶1
(𝑛𝑛𝑛𝑛1+𝑛𝑛𝑛𝑛2−2)2

+ (𝑛𝑛𝑛𝑛2−1)𝐶𝐶𝐶𝐶2
(𝑛𝑛𝑛𝑛1+𝑛𝑛𝑛𝑛2−2)2

�, 

�𝛿𝛿𝛿𝛿,𝜎𝜎𝜎𝜎�𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇2 ,𝜎𝜎𝜎𝜎�𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇2 �. Since 𝛿𝛿𝛿𝛿 and (𝜎𝜎𝜎𝜎�𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇2 ,𝜎𝜎𝜎𝜎�𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇2 ) are independent, C is given by 

 

 𝐶𝐶𝐶𝐶 = �
𝜎𝜎𝜎𝜎1,1
2

4
� 1
𝑛𝑛𝑛𝑛1

+ 1
𝑛𝑛𝑛𝑛2
� (0,0)

(0,0)′ (𝑛𝑛𝑛𝑛1−1)𝐶𝐶𝐶𝐶1
(𝑛𝑛𝑛𝑛1+𝑛𝑛𝑛𝑛2−2)2

+ (𝑛𝑛𝑛𝑛2−1)𝐶𝐶𝐶𝐶2
(𝑛𝑛𝑛𝑛1+𝑛𝑛𝑛𝑛2−2)2

�, 

�̂�𝜆𝜆𝜆𝑈𝑈𝑈𝑈 = 𝛿𝛿𝛿𝛿2 + 𝜎𝜎𝜎𝜎�𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇2 − (1 + 𝜃𝜃𝜃𝜃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃)𝜎𝜎𝜎𝜎�02 + 𝑡𝑡𝑡𝑡0.05,𝑛𝑛𝑛𝑛1+𝑛𝑛𝑛𝑛2−2�𝑉𝑉𝑉𝑉0, 

 

where 𝑉𝑉𝑉𝑉0 = �2𝛿𝛿𝛿𝛿, 1,−1�𝐶𝐶𝐶𝐶�2�̂�𝛿𝛿𝛿, 1,−1�′. 

 

�̂�𝜆𝜆𝜆𝑈𝑈𝑈𝑈 = 𝛿𝛿𝛿𝛿2 + 𝜎𝜎𝜎𝜎�𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇2 − (1 + 𝜃𝜃𝜃𝜃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃)𝜎𝜎𝜎𝜎�02 + 𝑡𝑡𝑡𝑡0.05,𝑛𝑛𝑛𝑛1+𝑛𝑛𝑛𝑛2−2�𝑉𝑉𝑉𝑉0, 

 

where 𝑉𝑉𝑉𝑉0 = �2𝛿𝛿𝛿𝛿, 1,−1�𝐶𝐶𝐶𝐶�2�̂�𝛿𝛿𝛿, 1,−1�′. 
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2
0Wσ

 𝛾𝛾𝛾𝛾 = 𝛿𝛿𝛿𝛿2 + 𝜎𝜎𝜎𝜎𝐷𝐷𝐷𝐷2 + 𝜎𝜎𝜎𝜎𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊
2 − 𝜎𝜎𝜎𝜎𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊

2 − 𝜃𝜃𝜃𝜃𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼max (𝜎𝜎𝜎𝜎𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊
2 ,𝜎𝜎𝜎𝜎𝑊𝑊𝑊𝑊0

2 ) 

 

 𝑦𝑦𝑦𝑦𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 𝜇𝜇𝜇𝜇 + 𝐹𝐹𝐹𝐹𝑙𝑙𝑙𝑙 + 𝑊𝑊𝑊𝑊𝑙𝑙𝑙𝑙𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 + 𝑆𝑆𝑆𝑆𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑙𝑙𝑙𝑙 + 𝜖𝜖𝜖𝜖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖,                                                                                   (2) 

 

 𝑦𝑦𝑦𝑦𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 𝜇𝜇𝜇𝜇 + 𝐹𝐹𝐹𝐹𝑙𝑙𝑙𝑙 + 𝑊𝑊𝑊𝑊𝑙𝑙𝑙𝑙𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 + 𝑆𝑆𝑆𝑆𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑙𝑙𝑙𝑙 + 𝜖𝜖𝜖𝜖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖,                                                                                   (2) 

 

 𝜎𝜎𝜎𝜎𝐷𝐷𝐷𝐷2 = 𝜎𝜎𝜎𝜎𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵2 + 𝜎𝜎𝜎𝜎𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵2 − 2𝜌𝜌𝜌𝜌𝜎𝜎𝜎𝜎𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝜎𝜎𝜎𝜎𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵, 

 

 𝛾𝛾𝛾𝛾 = 𝛿𝛿𝛿𝛿2 + 𝜎𝜎𝜎𝜎0.5,0.5
2 + 0.5𝜎𝜎𝜎𝜎𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊

2 − (1.5 + 𝜃𝜃𝜃𝜃𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼)𝜎𝜎𝜎𝜎𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊
2 . 

𝛿𝛿𝛿𝛿 = �̅�𝑥𝑥𝑥𝑇𝑇𝑇𝑇1−�̅�𝑥𝑥𝑥𝑅𝑅𝑅𝑅1+�̅�𝑥𝑥𝑥𝑇𝑇𝑇𝑇2−�̅�𝑥𝑥𝑥𝑅𝑅𝑅𝑅2
2

  ~  𝑁𝑁𝑁𝑁�𝛿𝛿𝛿𝛿, 𝜎𝜎𝜎𝜎0.5,0.5
2

4
� 1
𝑛𝑛𝑛𝑛1

+ 1
𝑛𝑛𝑛𝑛2
��, 

 

 𝜎𝜎𝜎𝜎�0.5,0.5
2 = (𝑛𝑛𝑛𝑛1−1)𝑠𝑠𝑠𝑠𝑑𝑑𝑑𝑑1

2 +(𝑛𝑛𝑛𝑛2−1)𝑠𝑠𝑠𝑠𝑑𝑑𝑑𝑑2
2

𝑛𝑛𝑛𝑛1+𝑛𝑛𝑛𝑛2−2
 ~  

𝜎𝜎𝜎𝜎0.5,0.5
2 𝜆𝜆𝜆𝜆𝑛𝑛𝑛𝑛1+𝑛𝑛𝑛𝑛2−2

2

𝑛𝑛𝑛𝑛1+𝑛𝑛𝑛𝑛2−2
 , 

 

𝛿𝛿𝛿𝛿 = �̅�𝑥𝑥𝑥𝑇𝑇𝑇𝑇1−�̅�𝑥𝑥𝑥𝑅𝑅𝑅𝑅1+�̅�𝑥𝑥𝑥𝑇𝑇𝑇𝑇2−�̅�𝑥𝑥𝑥𝑅𝑅𝑅𝑅2
2

  ~  𝑁𝑁𝑁𝑁�𝛿𝛿𝛿𝛿, 𝜎𝜎𝜎𝜎0.5,0.5
2

4
� 1
𝑛𝑛𝑛𝑛1

+ 1
𝑛𝑛𝑛𝑛2
��, 

 

 𝜎𝜎𝜎𝜎�0.5,0.5
2 = (𝑛𝑛𝑛𝑛1−1)𝑠𝑠𝑠𝑠𝑑𝑑𝑑𝑑1

2 +(𝑛𝑛𝑛𝑛2−1)𝑠𝑠𝑠𝑠𝑑𝑑𝑑𝑑2
2

𝑛𝑛𝑛𝑛1+𝑛𝑛𝑛𝑛2−2
 ~  

𝜎𝜎𝜎𝜎0.5,0.5
2 𝜆𝜆𝜆𝜆𝑛𝑛𝑛𝑛1+𝑛𝑛𝑛𝑛2−2

2

𝑛𝑛𝑛𝑛1+𝑛𝑛𝑛𝑛2−2
 , 

 

𝜎𝜎𝜎𝜎�𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊
2 =

(𝑛𝑛𝑛𝑛1 − 1)𝑠𝑠𝑠𝑠𝑊𝑊𝑊𝑊12 + (𝑛𝑛𝑛𝑛2 − 1)𝑠𝑠𝑠𝑠𝑊𝑊𝑊𝑊22

𝑛𝑛𝑛𝑛1 + 𝑛𝑛𝑛𝑛2 − 2
 ~  

𝜎𝜎𝜎𝜎𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊
2 𝜆𝜆𝜆𝜆𝑛𝑛𝑛𝑛1+𝑛𝑛𝑛𝑛2−2

2

𝑛𝑛𝑛𝑛1 + 𝑛𝑛𝑛𝑛2 − 2
, 

 𝜎𝜎𝜎𝜎�𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊
2 = (𝑛𝑛𝑛𝑛1−1)𝑠𝑠𝑠𝑠𝑅𝑅𝑅𝑅1

2 +(𝑛𝑛𝑛𝑛2−1)𝑠𝑠𝑠𝑠𝑅𝑅𝑅𝑅2
2

𝑛𝑛𝑛𝑛1+𝑛𝑛𝑛𝑛2−2
 ~  

𝜎𝜎𝜎𝜎𝑊𝑊𝑊𝑊𝑅𝑅𝑅𝑅
2 𝜆𝜆𝜆𝜆𝑛𝑛𝑛𝑛1+𝑛𝑛𝑛𝑛2−2

2

𝑛𝑛𝑛𝑛1+𝑛𝑛𝑛𝑛2−2
, 

 
𝛿𝛿𝛿𝛿,𝜎𝜎𝜎𝜎�0.5,0.5

2 ,𝜎𝜎𝜎𝜎�𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊
2 ,𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  𝜎𝜎𝜎𝜎�𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊

2  

 𝛾𝛾𝛾𝛾�𝑈𝑈𝑈𝑈 = 𝛿𝛿𝛿𝛿2 + 𝜎𝜎𝜎𝜎�0.5,0.5
2 + 0.5𝜎𝜎𝜎𝜎�𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊

2 − (1.5 + 𝜃𝜃𝜃𝜃𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼)𝜎𝜎𝜎𝜎�𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊
2 + √𝑈𝑈𝑈𝑈, 

 

����̂�𝛿𝛿𝛿� + 𝑡𝑡𝑡𝑡0.05,𝑛𝑛𝑛𝑛1+𝑛𝑛𝑛𝑛2−2
𝜎𝜎𝜎𝜎�0.5,0.5

2 � 1
𝑛𝑛𝑛𝑛1

+ 1
𝑛𝑛𝑛𝑛2
�
2

− 𝛿𝛿𝛿𝛿2�
2

, 

 

 𝜎𝜎𝜎𝜎�0.5,0.5
4 � 𝑛𝑛𝑛𝑛1+𝑛𝑛𝑛𝑛2−2

𝜆𝜆𝜆𝜆0.05,𝑛𝑛𝑛𝑛1+𝑛𝑛𝑛𝑛2−2,
2 − 1�

2
, 

 

0.52𝜎𝜎𝜎𝜎�𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊
4 � 𝑛𝑛𝑛𝑛1+𝑛𝑛𝑛𝑛2−2

𝜆𝜆𝜆𝜆0.05,𝑛𝑛𝑛𝑛1+𝑛𝑛𝑛𝑛2−2,
2 − 1�

2
, 

 

  

(1.5 + 𝜃𝜃𝜃𝜃𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼)2𝜎𝜎𝜎𝜎�𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊
4 � 𝑛𝑛𝑛𝑛1+𝑛𝑛𝑛𝑛2−2

𝜆𝜆𝜆𝜆0.05,𝑛𝑛𝑛𝑛1+𝑛𝑛𝑛𝑛2−2,
2 − 1�

2
. 

 

����̂�𝛿𝛿𝛿� + 𝑡𝑡𝑡𝑡0.05,𝑛𝑛𝑛𝑛1+𝑛𝑛𝑛𝑛2−2
𝜎𝜎𝜎𝜎�0.5,0.5

2 � 1
𝑛𝑛𝑛𝑛1

+ 1
𝑛𝑛𝑛𝑛2
�
2

− 𝛿𝛿𝛿𝛿2�
2

, 

 

 𝜎𝜎𝜎𝜎�0.5,0.5
4 � 𝑛𝑛𝑛𝑛1+𝑛𝑛𝑛𝑛2−2

𝜆𝜆𝜆𝜆0.05,𝑛𝑛𝑛𝑛1+𝑛𝑛𝑛𝑛2−2,
2 − 1�

2
, 

 

0.52𝜎𝜎𝜎𝜎�𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊
4 � 𝑛𝑛𝑛𝑛1+𝑛𝑛𝑛𝑛2−2

𝜆𝜆𝜆𝜆0.05,𝑛𝑛𝑛𝑛1+𝑛𝑛𝑛𝑛2−2,
2 − 1�

2
, 

 

  

(1.5 + 𝜃𝜃𝜃𝜃𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼)2𝜎𝜎𝜎𝜎�𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊
4 � 𝑛𝑛𝑛𝑛1+𝑛𝑛𝑛𝑛2−2

𝜆𝜆𝜆𝜆0.05,𝑛𝑛𝑛𝑛1+𝑛𝑛𝑛𝑛2−2,
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2
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When 𝜎𝜎𝜎𝜎𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊
2 < 𝜎𝜎𝜎𝜎𝑊𝑊𝑊𝑊0

2 , an approximate 95% confidence upper bound for 𝛾𝛾𝛾𝛾 is given by 
 
 𝛾𝛾𝛾𝛾�𝑈𝑈𝑈𝑈 = �̂�𝛿𝛿𝛿2 + 𝜎𝜎𝜎𝜎�0.5,0.5

2 + 0.5𝜎𝜎𝜎𝜎�𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊
2 − 1.5𝜎𝜎𝜎𝜎�𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊

2 − 𝜃𝜃𝜃𝜃𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝜎𝜎𝜎𝜎𝑊𝑊𝑊𝑊0
2 + �𝑈𝑈𝑈𝑈0, 

 

When 𝜎𝜎𝜎𝜎𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊
2 < 𝜎𝜎𝜎𝜎𝑊𝑊𝑊𝑊0

2 , an approximate 95% confidence upper bound for 𝛾𝛾𝛾𝛾 is given by 
 
 𝛾𝛾𝛾𝛾�𝑈𝑈𝑈𝑈 = �̂�𝛿𝛿𝛿2 + 𝜎𝜎𝜎𝜎�0.5,0.5

2 + 0.5𝜎𝜎𝜎𝜎�𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊
2 − 1.5𝜎𝜎𝜎𝜎�𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊

2 − 𝜃𝜃𝜃𝜃𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝜎𝜎𝜎𝜎𝑊𝑊𝑊𝑊0
2 + �𝑈𝑈𝑈𝑈0, 
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3.1 Definition and Basic Concepts

As indicated in the Subsection (a)(2) amends the Public Health Act 
Subsection 351(k)(3), an interchangeable biosimilar product is defined 
as a biosimilar product that is biosimilar to the reference product and it 
can be expected to produce the same clinical result in any given patient. 
In addition, the biosimilar product that is administered more than once to 
an individual in terms of safety or diminished efficacy of switching and 
alternation between use of the biosimilar product and the reference product 
is not greater than the risk of using the reference product without such 
alternation or switch. 

It should be noted that when FDA declares the biosimilarity of two drug 
products, it may not be assumed that they are interchangeable. Therefore, 
labels ought to state whether, for a follow-on biologic that is biosimilar 
to a reference product, interchangeability has or has not been established. 
However, payers and physicians may, in some cases, switch products even 
if interchangeability has not been established.

3.2 Switching and Alternation

Unlike drug interchangeability (in terms of prescribability and switchability), 
the FDA has a slightly perception of drug interchangeability for biosimilars. 
From the FDA’s perspective, interchangeability includes the concept of 
switching and alternation between an innovative biologic product (R) and 
its biosimilar (T) products. The concept of switching is referred to as not 
only the switch from “R to T” or “T to R” (narrow sense of switchability), 
but also “T to T” and “R to R” (broader sense of switchability). In its 
guidance, FDA defines switching as a single switch from a biosimilar or 
brand-name product to a biosimilar or brand-name drug (FDA, 2017). 
Thus, in order to assess the risk of with/without switching, biosimilarity 
for “R to T”, “T to R”, “T to T”, and “R to R” need to be assessed based on 
some biosimilarity criteria under a valid study design. 

On the other hand, the concept of alternation is referred to as multiple 
switches (FDA, 2017). For example, the switch from T to R and then switch 
back to T (i.e., “T to R to T”) or the switch from R to T and then switch back 
to R (i.e., “R to T to R”). Thus, the difference between “the switch from T 
to R” then “the switch from R to T” and “the switch from R to T” then “the 
switch from T to R” needs to be assessed for addressing the risk of with/
without alternation. 

3.3 Study Design

Since FDA interprets the risk of switch and alternation as the result of a 
single switch and multiple switches, respectively, we focus on the design 
and analysis of switching designs in biosimilar drug development.  In its 
recent draft guidance, the FDA recommended a 2 × (m + 1) crossover design 
as the switching design to assess the risk between switching/alternation and 
without switching/alternation, where m is the number of switches [7]. In 
other words, FDA recommends a 2 × 2 crossover design of (RT, RR) be 
used for evaluation of the risk between with/without switching (i.e., single 
switch). For evaluation of the risk between with/without alternation, FDA 
suggests a 2 × 3 crossover design of (RTR, RRR) with two switches should 
be used, while a 2 × 4 crossover design of (RTRT, RRRR) with three 
switches should be considered.

Alternatively, Chow and Lee [10] introduced the use of a complete n-of-1 
trial design. Chow and Lee [10] indicated that the FDA-recommended 2 × 
(m + 1) switching designs are special cases of complete n-of-1 trial designs 
with m switches. 

In their article, Chow and Lee [10] also studied the sample size requirements 
and statistical methods for data analysis under these switching designs. The 
results showed that FDA’s recommended switching designs are not efficient 
as compared to the complete n-of-1 trial design. 

3.4 Statistical Methods

Under the FDA’s recommended switching designs or the complete n-of-
1 trial design, standard statistical methods for evaluation of the relative 
risk between with and without switching and alternation under a standard 
crossover design such as (RT, TR) are not appropriate. Alternatively, Chow 
[11] proposed the idea of using biosimilarity index which was derived based 
on the probability of reproducibility following the idea proposed by Shao 
and Chow [12]. Shao and Chow [12] proposed a reproducibility probability 
as an index for determining whether it is necessary to require a second trial 
when the result of the first clinical trial is strongly significant. Suppose that 
we are interested in testing the following hypotheses:

Ho : the study is not positive versus Ha :  the study is positive.

The null hypothesis H0  is rejected if and only if |T|>c, where c is a positive 
known constant and T is a test statistic. Thus, the reproducibility probability 
of observing a significant clinical result when Ha is indeed true is given by

where      is an estimate of    , which is an unknown parameter or vector of 
parameters. 

Biosimilarity Index

Following Shao and Chow [12]’s idea, a reproducibility probability can 
also be used to evaluate biosimilarity and interchangeability between a 
test product and a reference product based on any pre-specified criteria for 
biosimilarity and interchangeability. As an example, biosimilarity index 
proposed by Chow et al. [13] is illustrated based on the well-established 
bioequivalence criterion by the following steps (see also, Chow, 2013):

Step 1: Assess average biosimilarity based on a given criterion, e.g. (80%, 
125%) based on log-transformed data;

Step 2: Calculate the local biosimilarity index (i.e., reproducibility) based 
on the observed ratio and variability;

Step 3: Claim local biosimilarity if the 95% confidence lower bound of the 
biosimilarity index is larger than  p0, a pre-specified number.

Note that in practice, P0 can be obtained based on an estimated of 
reproducibility probability for a study comparing a reference product to 
itself (the reference product). We will refer to such a study as an R-R study 
(see, e.g., Chow, 2013).

p = P(|T| > c | aH ) = P(|T| > c|θ̂ ), 

θ̂ θ̂
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To address the totality-of-the-evidence, the following totality biosimilarity 
index derived based on biosimilarity index from each domain proposed 
by Chow et al. [13] and Chow (2013) may be useful. At each domain, 
biosimilarity index can be obtained by the following steps:

Step 1: Obtain  pi  , the biosimilarity index for the i th domain;
Step 2: Define the totality biosimilarity index as               , where wi   
is the weight for the i th domain, where                  (number of domains);
Step 3: Claim biosimilarity if the 95% confidence lower bound of  pT is 
greater than a pre-specified     value.               
Similar to biosimilarity index,     can be determined based on an estimated 
of totality biosimilarity index for studies comparing a reference product to 
itself (the reference product).

The above described biosimilarity index or totality biosimilarity index 
has the advantages that (i) it is robust with respect to the selected study 
endpoint, biosimilarity criteria, and study design, (ii) it takes variability 
into consideration (one of the major criticisms in the assessment of average 
bioequivalence), (iii) it allows the definition and assessment the degree of 
similarity (in other words, it provides partial answer to the question that 
“how similar is considered similar?”) and (iv) the use of biosimilarity index 
or totality biosimilarity index will reflect the sensitivity of heterogeneity in 
variance.

Switching Index (SI):

Similar idea can be applied to develop switching index under an appropriate 
study design. For example, under a 4×2 Balaam’s crossover design, in order 
to assess switching, biosimilarity for “R to T”, “T to R”, “T to T”, and “R to 
R” need to be assessed. Define         the totality biosimilarity index for the 
ith switch, where  =1 (switch from R to R), 2 (switch from T to T), 3 (switch 
from R to T), and 4 (switch from T to R). As a result, the switching index 
(SI) can be obtained as follows:

Step 1: Obtain  PTi , i = 1, ..., 4;

Step 2: Define switching index as    ,   , i=1,...,4, which is the 
largest order of the biosimilarity indexes;

Step 3: Claim switchability if the 95% confidence lower bound of  SI is 
greater than a pre-specified value Ps0 .

To obtain the estimates of expectation and variance of SI  , the sample mean 
and sample variance of the observations PTi , PT2 , …, PT4  could be used to 
replace  μ and       , respectively (see, e.g., Chow 2013). As the result, the 
95% confidence low bound of  SI  can be obtained. We then claim switching 
if the 95% confidence low bound for SI is greater than Ps0

Alternating Index (AI):

Similar idea can be applied to develop switching index under an appropriate 
study design. For example, under a modified Balaam’s crossover design, 
i.e., (TT, RR, TRT, RTR), to assess alternating, biosimilarity for “R to T to 
R” and “T to R to T” need to be assessed. Define pTi  the totality biosimilarity 
index for the i th switch, where i =1 (switch from R to R), 2 (switch from 
T to T), 3 (switch from R to T), and 4 (switch from T to R). As a result, the 
alternating index (AI) can be obtained as follows:

Step 1: Obtain PTi , i =1,...,4 ;

Step 2: Define the range of these indexes,            for,   
as the alternating index;

Step 3: Claim alternation if the 95% confidence lower bound of  AI is greater 
than a pre-specified value  PA0

The estimates of expected values and variance of AI could be similarly 
obtained following the process of the confidence lower bound of SI . We 
could estimate μ and        by the sample mean and sample variance in order to 
construct the confidence lower bound for  AI. Thus, we then claim switching 
if the 95% confidence lower bound for AI is greater than  pA0 . Therefore, 
we may claim interchangeability if both switching and alternation are 
concluded.

4 Challenging Issues in Drug Interchangeability

4.1 Modified Large Sample Method for PBE/IBE

Both criteria for PBE and IBE are aggregated moment-based criteria which 
involve several variance components. Since the criteria are non-linear 
functions of the direct drug effect, inter-subject and intra-subject variabilities 
for the test product and the reference product, and the variability due to 
subject-by-drug interaction, a typical approach is to linearize the criteria 
and then apply a modified large sample (MLS) method for obtaining an 
approximate 95% upper confidence bound of the linearized criteria. The 
key is to decompose the linearized criteria into independent and unbiased 
estimators so that the MLS or extended MLS methods can be used for 
obtaining a valid approximate upper confidence bound. In practice, however, 
the lack of an exact confidence interval for a general linear combination of 
variance components spurred the development of a modified large-sample 
(MLS) method commonly occur.

Lee Y et al. [14] considered the problem of setting a confidence interval 
or bound for a linear combination of variance components related to a 
multivariate normal distribution, which includes important applications 
such as comparing variance components and testing the bioequivalence 
between two drug products. The lack of an exact confidence interval for a 
general linear combination of variance components spurred the development 
of a modified large-sample (MLS) method that was shown to be superior to 
many other approximation methods. But existing MLS method requires the 
use of independent estimators of variance components. Using a chi-squared 
representation of a quadratic form of a multivariate normal vector, we extend 
the MLS method to situations in which estimators of variance components 
are dependent. Using Edgeworth and Cornish-Fisher expansions, we 
explicitly derive the second-order asymptotic coverage error of the MLS 
confidence bound. Our results show that the MLS confidence bound is not 
second-order accurate in general, but is much better than the confidence 
bound based on normal approximation and is nearly second-order accurate 
in some special cases. Lee Y. et al. [14]’s results also show how to construct 
an MLS confidence bound that is second-order accurate, which is useful for 
assessment of PBE/IBE.

4.2 Definition of Interchangeable Biosimilar Product

Intuitively, if a test product is judged to be interchangeable with the reference 
product then it may be substituted, even alternated, without a possible
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intervention, or even notification, of the health care provider.  However, 
the interchangeability is expected to produce the same clinical result in any 
given patient, which can be interpreted as that the same clinical result can 
be expected in every single patient. In reality, conceivably, lawsuits may 
be filed if adverse effects are recorded in a patient after switching from one 
product to another.

In practice, it is often difficult (if not impossible) to demonstrate that a 
proposed interchangeable biosimilar product can produce the same clinical 
result as the reference product in any given patient. In other words, for 
every patient, we need to demonstrate that the proposed interchangeable 
biosimilar product will produce the same clinical result as the reference 
product before interchangeability between the biosimilar and reference 
products can be claimed. However, statistically, it is possible to demonstrate 
that the proposed biosimilar product can produce the same clinical result 
as the reference product in any given patient with certain assurance. In 
this case, the concept of individual bioequivalence (IBE) for addressing 
drug switchability proposed by the FDA in early 2000 may be useful. This 
is because the assessment of IBE will evaluate not only the difference in 
treatment effect within each individual but also the effect due to subject-
by-treatment interaction, which is known to affect drug interchangeability.

5. Concluding Remarks

Between 1990 and 2000, PBE and IBE were proposed to address drug 
prescribability and drug switchability for generic drugs. Both PBE and IBE 
are developed based on aggregated criteria which take mean responses, both 
inter- and intra-subject variabilities, and the variability due to subject-by-
formulation interaction of both test and reference products into consideration. 
Under aggregated criteria, combinations of different values of means and 
variances of both test and reference products can yield the same value. In 
other words, BE can be reached by two totally different distributions of 
PK metrics. At a 1996 Advisory Committee meeting, it was reported that 
a decrease in the average is offset by a 48% difference in variability and 
the product passes IBE but fails ABE [see also, 15,16]. This masking effect 
has limited the use of PBE/IBE for assessing drug prescribability and drug 
switchability of generic drugs. It should be noted that the passage of ABE 
does not guarantee the passage of PBE or IBE and vice versa due to the 
masking effect of the aggregated criteria of PBE and IBE.

The biosimilarity index proposed by Chow et al. [13] for assessment 
of biosimilarity and switching/alternation index for addressing drug 
interchangeability of biosimilar products have the advantages that (i) 
they can be applied regardless of the criteria for biosimilarity and study 
design used, (ii) the assessment is made based on the relative difference 
with the reference, (iii) it can address the commonly asked question that 
“how similar is considered highly similar?”, ”the degree of similarity”, 
and “interchangeability in terms of switching and alternating”, and 
most importantly (iv)the proposed method is in compliance with current 
regulatory thinking.
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