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Abstract

A proposed generic drug product needs to be compared with some reference product through equivalence
test to support marketing approval. One important type of treatment outcome is the binary response
indicating whether a favorable outcome is achieved. The binary response rates of the test and reference
treatments are often compared via their difference with some margin. While the difference can usually be
estimated in a clinical study, it is frequently difficult to determine a proper margin. Existing approaches
suggest a fixed margin or a margin as a function of the reference response rate, such as step-wise constant
margin, piece-wise smooth margin, etc. The issues with existing margin choices were discussed recently
and a variable margin was proposed for non-inferiority test, which is a constant multiple of the standard
deviation of reference response rate. In this paper, we extended the discussion to equivalence test, which
can be formulated as two one-sided tests. Our discussion revealed some unique features of the equivalence
test for binary responses with a variable margin. For instance, this approach may improve power control
when the reference product has a high response rate. On the other hand, when both sample size and margin
multiplier is small, the rejection rate of the equivalence test is nearly zero.

Keywords: equivalence test, binary response, variable margin, reference-scaled test, Wald test.

Introduction

In clinical trials, one important type of treatment
outcome is binary response indicating whether a
subject has a favorable outcome or unfavorable
outcome, often conveniently denoted by 1 and O
respectively. Let p; and py be the binary response
rates of the test and reference products respectively.
For a new test drug proposed as a generic to a
marketed reference product, one of the critical
requirements for regulatory approval is to establish
the equivalence between p; and pg, which is often
assessed via some form of equivalence test.

A common form of equivalence test is focused on the
difference between the two response rates and is
formulated as below,

Hy: |pr — pr| = 8 versus Hy: |pr —prl <6 (1)
where § > 0 is referred to as the equivalence margin.

The equivalence test can also be reformulated as the
following two one-sided tests (TOST),

Hyg:pr —pr < =0 versus Hy,:pr —pr > 6 (2)

and

H,o:pr — pgr = 8 versus H,,:pr — pr < 6. 3)
The hypothesis test in Eq. (2) is often presented as a
non-inferiority (NI) test. An FDA guidance for industry
recommends that the NI test be performed with a test
size of 2.5% when it is used to establish effectiveness
(FDA, 2016). For the case of equivalence test, it is
generally accepted that both null hypotheses Hio and
Hzo be rejected at the type | error rate of 5% to
achieve an overall 5% test size.

Regulatory authorities may predetermine a fixed
constant margin § for a particular drug product or a
category of drug products. An FDA guidance for
industry  (FDA, 2003) recommends  that
bioequivalence be established with clinical endpoints
for drugs with low absorption in blood system. A
clinical trial of generic drug bioequivalence
assessment typically consists of three arms, i.e.,
placebo (B), test (T), and reference (R) treatments.
The investigator needs to compare test with placebo
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for efficacy, using the following hypotheses,
Hy:pr —pp < 0versus H,:pr —pg > 0,
and to compare reference with placebo to show

validation in the study population with the following
hypotheses,

HO:pR - pB S O Versus Ha:pR - pB > O.
Both null hypotheses should be rejected with 2.5%

type | error rate before testing for bioequivalence with
the hypotheses in Eq (2) and (3) with § = 0.2.

This fixed margin can lead to some difficulties. The
variance of the sample response rate is a function of
the response rate. Therefore, when the response rate
is close to O or 1, the variance is smaller, and the
equivalence test enjoys a higher power than the case
when the response rate is close to 0.5. In fact, the
sample size required with a fixed margin can increase
up to a magnitude of 2.7 when the true response rates
vary from 0.1 or 0.9 to 0.5, assuming equal response
rates and equal sample sizes for test and reference
treatments (see Eg. 4.2.4 (Chow, Wang, and Shao,
Chow et al)). In addition, Yuan et al. (2018)
discussed the power and sample size determination
in bioequivalence test of binary endpoints in generic
drug applications with a fixed margin of § = 20%,
using the same sample size, for the same size of
difference, p; — pg, and showed that the power of
bioequivalence test depends heavily on the reference
response rate. Itis of interest to drug developers to

keep sample sizes small to reduce cost and also to
regulatory authorities as not to increase unnecessary
burden to drug developers. It may be impractical to
calculate sample size needed by assuming the worst-
case scenario of both response rates equal to 0.5.

In a recent discussion (Ren et al., 2019) for NI test,
several common margin choices were compared,
such as fixed margin (Tsong, 2007; FDA, 2016),
variable margins which are functions of pg, i.e., § =
6(pgr), including step-wise constant margin (FDA,
1992; Réhmel, 1998), and smooth margins (R6hmel,
2001). It was also noted that the reference response
rate in the smooth margin was considered to be
deterministic by Réhmel (2001). In addition, there

Materials And Methods

was also a comprehensive discussion for NI test with
a variable margin (Zhang, 2006).

Step-wise constant margins have also been used in
recent studies. To design a proper immunogenicity
study of an insulin biosimilar drug product, a constant
margin determined by a step function with a
maximum sample size of 500 patients was used in
Wang (2018), which is reproduced in Table 1.

Table 1: A step function to determine margin, reproduced from
Wang (2018).

ADA Rate of Reference
Product (%)

Margin (%)

5 5.70
10 7.90
15 9.30
20 10.50
25 11.30
30 12.00
35 12.50
40 12.80
45 13.00
50 13.10
55 13.00
60 12.80

In this paper, we extend the smooth variable margin
originally proposed for NI test (Ren et al., 2019) to the
two-sided equivalence test. Although there are some
similarities between the equivalence test and NI test,
we found some features unseen for the case of the
one-sided NI test. For instance, the rejection rate of
the equivalence test is nearly zero when both sample
size and margin multiplier is small, regardless the
values of p; and py.

The paper is organized as follows. A formal
discussion of the problem and test statistics are
presented in Section 2. Section 3 reports simulation
studies. Section 4 concludes the paper with additional
discussion. More technical details are deferred to the
Appendix.

FDA recommends to use the reference scaled average bioequivalence test for products with large variability
(FDA, 2001, 2011; Tothfalusi and Endrenyi, 2016). The test can be stated as below,

Hy: (ur — pr)/og < =6 or (ur — pug)/or = & versus Hy: =8 < (ur — pr) /o <6 (4)

where pu and uy are the means of test and reference respectively; oy is the standard deviation of reference
product; ¢ is the pre-specified equivalence margin. This hypothesis can also be presented as follow,

Hy:pr — pgr < =60y or pr — ug = 6oy versus H,: —odg < ur — Ug < 00g. (5)

For binary data, the test can be presented as follow,
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—pr < —8(pr) O pr — pr = 6(pg) versus Hy,: —8(pr) < pr — pr < 8(pr) (6)

where p; and pg are the response rates of test and reference respectively; §(pr) is the equivalence margin

represented by k./pgr(1 — pg).

Test statistics

Let (X,,L-)Zlbe the observed responses for product
I = T,R. Throughout, it is assumed that X;; ~;q4

nr
i=1
(XR,L-)?R1 are mutually independent. Let 5, = Y, X, ; /n,

Bernoulli(p;) and the two samples (Xr;). and

be the sample estimate of the response rate for p; [ =
T,R.

In the following discussion, we use the margin
function originally proposed by (Ren et al., 2019),
which is a multiple of the standard deviation of sample
estimate for pg,

8(pr) = ky/pr(1 = i) W
where k > 0is referred to as the margin multiplier,
the selection of which will be discussed later.

We consider the following Wald type test statistics for
equivalence test,

pr — Pr + 0(Pr)
Vvar(pr — pr + 5(pr))’
___ pr—Pr—9(Pr)

Vvar(pr — pr — 6(pr))

T, =

T,

Let
filz) =2 — ky/z(1 — z), folz) = 2 + k/z(1 — z),
then T; and T, can be written as follows,

pr — fl(ffn‘)

12 8
var(pr — f1(pr)) .
T, - pr — fo(pr) (9)

Three methods for calculating the variances,

var(ﬁT - f]-(ﬁR)),j = 1,2, were discussed

and compared based on asymptotic normal
approximation previously (Ren et al., 2019). For the
purpose of benchmarking the performance, the same
methods are used here.

The first method ignores the margin variability, which

gives a naive version of the variance and is frequently
used in practice,

_pr(l—pr) N pr(l —pr) (10)

vilpr,p
\(pr,Pr) e Tn

The second and third methods take into account the
margin variability but differ in the response rates at

which they are evaluated. Since +/ngz(py—
pr) —2a N(0,px(1 —pg)), by the delta method, it
follows that

] 7
Vi (fipr) = filpr) =4 N (“-(W’u“ Pr) + (~1Vk(; l’n)))-

Thercfore, a more accurate version of the variance for py ~ f(pg) is

pe(l=pp) (\/I-'u“ pr) + (<1)k(3 l‘lt))h
+ i

ny np

Vialpr,pr) = (11)
For a null hypothesis Hi, i = 1, 2, let p;+ and p;, be
the restricted maximum likelihood estimates of p, and
pr respectively, restricted at the boundary of Hi, i.e.,
pr —pr = (=1)!8(pr). Then the three test statistics
are defined below.

1. Plugging pr and pg into vi, we have

T; = —. (12)
e Vvi(pr,pr)
2. Plugging p;r and p; p to vi, we have
pr — [i(Pr) .
T qwo = —==—ees. (13)
VY (Pi.'npz;.'f)
3. Plugging p;r and p; ; to vi2, we have
. pr — fi(br)
f.‘.nw — (]4)

U;,‘z(ﬁi.'f‘a f’nh‘.) .

The distributions of the three test statistics T;, for
I = MWO,RWO,RW at the finite boundary of Hio
can be approximated by the standard normal
distribution. Let Z,_, denote the (1 — a)-quantile of
the standard normal distribution, then the null
hypothesis Hio is rejected if T;; > Z;_, and Hzo is
rejected if T,; < —Z;_,. The null hypothesis of
equivalence test Ho is rejected if and only if both Hio
and Hzo are rejected.

Power function

Both Ty ywo and Ty gy Were shown to control type |
error considerably inferior to T; gy, for NI test (Ren et
al., 2019). This is also true for Tywe and Tgruyo
compared with Ty, for equivalence test, which can be
seen in the simulation studies reported later in this
paper. Thus, only the power function of Tgy is
considered here.

Assume that there exist some p; r and p;  such that
Dir > Dirand P;p = p;r In probability.  Further
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assume that p; —pgr = ko/Pr(1 —pg). Then the
approximate power functions can be given as below
(more details can be found in the Appendix),

nalPyr,pig) P pr = [i(pr) b
Nea — ¢
!’1,2([’1'-1'11) nalpir i)
Walthrs o)

wdbirb) (_, b hlew 1) g
Va(prypr) Wa(pars o)

7. — Pr Ji(Pr)—(pr—Ji(pr))
s VViz2(pr.pr) ’

j = 1,2, and (Z,,Z,) is a random vector with an
asymptotic bivariate normal distribution, each
following the standard normal distribution with
asymptotic correlation given by

k(0.5
ngr
\/'/l 2(pr,pr)v22(Pr, PR)

=pr(1 = pr) + 7= (Pr(1 — pr) Pr)?)

Then the power function can be given approximately
by the probability of a bivariate normal distribution
over a region defined by Eqg. (15), which can be
calculated numerically by the pmvnorm function in the
R package mvtnorm (Genz et al., 2018; Genz and
Bretz, 2009).

The selection of the margin multiplier k

Two methods can be used to determine k based on
the sample size of the study (Ren et al., 2019). The
first method is intended to be used for large sample

studies, and the second for small sample studies.
2

First, we note that for a constant k, when py < 1’:_7

then pg — k/pr(1 —pg) < 0, and thus Hio is always
rejected since pr = 0 is a probability. Similarly, if p >

1 .
o then pp +kypr(1 —pg) > 1, and thus Hao is
always rejected.

For studies with large sample sizes, k may be
selected so that the variable margin is similar to
margins used in previous studies. As an example, for
the biosimilar immunogenicity trial of insulin product
in Wang (2018), which has at least 250 per arm, we
match the step-function margin with our variable
margin at pz = 0.5,

0.131 = b,/ pa(1 = pr) = ky/0.5 x (1-03). (16)

Solving Eqg. (16) for k, then we have k = 0.262 and
margin function &§(pg) = 0.2624/pr(1 —pg). In fact,

the margin function agrees with the step function at
the thresholds.

For small sample studies, setting k = 0.262 may
render the test of little power. Simulation studies
reported below showed that when n; = ny = 50 the
equivalence test cannot reject H, for any combination
of p;y and pg. However, there are practical situations
where it is impractical to obtain relevant large sample
sizes, while sufficient power is still needed. In this
regard, one may choose k for a test statistic by setting
the power function in Eqg. (15) to be 1 — B and solve
for k for some presumed p; and pg. The solved k is
implicitly also a function of p;, pr and the sample
sizes. To facilitate the discussion, we consider the
case when both test and reference response rates
are the same, ie., pr=pr=p, SO that the
equivalence test has the maximum power, and the
sample sizes ny = niz =n.

For the power function in Eq (15), the main difficulty
lies in the unknown p; and pr and their dependency
with k. Because no explicit formulas of p; and pg
are available, we estimate it by bootstrap for any
given k. Then k is solved by the R function uniroot in
the stats package (R Core Team, 2017).

Assuming a = 0.05, g = 0.1, i.e., 90% power, and n =
50, 100, 150, the calculated margin multipliers for Tgy,
are illustrated in Fig. 1. Except when p is very small,
the margin multiplier k seems to be symmetricatp =
0.5 and an increasing function with respect to
|[p — 0.5]. Note that when n = 50, very large k is
required to obtain the prespecified power. A large k
can result in trivial lower bound pgp — kpgr(1 — pg) or
upper bound py + kpgr (1 — pg) and this is more often
as k increases. The induced margins are shown in
Fig. 2. Interestingly, the induced margin curves are
rather flat for a given sample size except when py, is
close to 0 or 1. For n = 50, the margin ranges from
0.315 to 0.341, excluding the margins for p; = 0.05
and pp = 0.95. The margin ranges from 0.18 to 0.236
for n = 100 and from 0.122 to 0.192 for n = 150.
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Fig 1: Plot of margin multiplier as a function of p to obtain a constant power of 90% and type | error 5% with pr = pr =p
and Ny =Ng = 50.
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Fig 2: Plot of the variable margin to obtain a constant power of 90% and type | error 5% with p; = pg =p and ny =ng =
50,100, 150.

Results type | error of the three test statistics in large sample
studies with k = 0.262. We assume equal sample

Empirical type | error ) ) _
size for both arms, and consider a variety of sample

Here we report a simulation study of the empirical
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sizes, np =ng =50,100, ---,500 and the true
reference probability pr = 0.1,0.2, ---,0.9. For each
pr, the margin and true p; are given by §(pg) =
kpr(1 —pg) and pr = pg — 6(pg) respectively. For
given sample size and true response rates, the test
and reference data are simulateds by X;; ~
Bernoulli(p,) for i=1, -, n;, and I = T,R. Three
equivalence tests based on test statistics Trwo, Tmwo,
and Trw are performed for each simulated sample at
a nominal level of @ = 0.05. The simulation study is
replicated for 108 times.

The performances of the three tests are similar when
sample sizes changes, so only empirical rejection
rates (ERR) (type | errors) for Trwo, Tmwo, and Trw
and theoretical rejection rates (TRR) for Trw are
reported in Figure 3 for the case when n; = ny = 50,
100, 150,200, 250,500. When sample size is 50, all
tests have almost zero rejection rate, regardless the
true reference probability. This is due to the small
sample size and the small k value. When sample size
is 100, the rejection rates are around 0.03. Note that
the theoretical rejection rate for Trw is also close to
0.03. The rejection rates for sample sizes at least 150
are similar across different sample sizes, showing
that both Trwo and Tmwo have seriously bias in type |
error, compared with Trw for which both the empirical
type | error and theoretical approximations are much
closer to the nominal 0.05 level.

The evident trends in ERR for Trwo and Tuwo are
mainly due to the variance estimates ignoring the
variability in the margin. The uprising trend cross the
0.05 nominal size at pgr = 0.5 may be explained
below. First note that the simulation study is set at the
lower boundary p; —pgr = —6. Thus, the sample
estimate p, is close to the RMLE p;;, both of which
are consistent estimators of p;, for I = T,R. This is
the reason for the comparable rejection rates of Trwo
and Tmwo. Also, Hz is almost always rejected. So the
type | error of the equivalence test is close to the
rejection rate of Hio. For this selected k and any
Bir < 1/2, viBir, Bir) > V12Bir, Pir), implying
Tirwo < Tirw and thus Tigrwo rejects Hipo less
frequently than T1rw.

Additional simulation study conducted with p; = p; +

& (pgr) unreported here shows a mirrored pattern for
Tmwo and Trwo, of which downward trends were
observed for type | error.

Empirical power of Trw

Due to the inferior performance of Tuwo and Trwo in
controlling type | error, only Trw is considered in the
power study. The simulation settings for power
function of large sample studies are similar to those
in Section 3.1. For any pg € [pr —6,pg + 6], its
deviation from Ho can be measured by A= (p; —
pr)/8 € [-1, 1], interpreted as the signed distance
between the test probability p; and p; standardized
by &. The reference probability pg is from 0.1 to 0.9
with increment of 0.1. For each pg, we consider a
series of p;’s with the corresponding A from -1 to 1
with an increasement of 0.25. In particular, A = +1
implies that the test response rate is at the Ho
boundary and A = 0 implies that the test and reference
response rates are identical.

The simulation results are illustrated in Fig. 4. The
power for n = 50 is virtually O for all combinations of
true test and reference probability. This is likely to be
due to the small k value and sample size. For a fixed
pr, the power in general increases as sample size
increases and py is closer to pz. However, the power
curves seem to be asymmetric at A = 0, which is due
to the variance components of the margin variability
and unseen for equivalence test with a fixed margin.
The only case for a symmetric power curve is when
pr = 0.5. For p # 0.5, the power curves for p = p
appears to be the power curves for p, =1 — p flipped
atA=0.

Verification of margin
prespecified power

multiplier k for a

Here we verify the calculation of margin multiplier k
for Trw. The data are simulated with p; = pr = p and
n =n; = ng = 50,100,150 with p = 0.05, 0.1, -
,0.90. For each n and each p, two sets of simulations
are performed. In the first set, the test is performed
with the k calculated with a target of 90% power and
true p with given n. In the second set, the test is
performed with the previously computed k which
yields 90% power for p; = pg = 0.5,
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Fig 3: The empirical and theoretical rejection rates for equivalence tests.
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For the tests computed with the k calculated with true p, the empirical powers very close to 0.9. When a fixed k is used in
the test, the empirical power decreases as p deviates from 0.5, which is more evident for n = 50 but less so forn = 100
and n = 150, due to the fact that the k values are more stable for relatively large sample sizes (cf. Fig. 1).
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(black lines) and the empirical power for different p tested with k fixed at the value which yields 90% power for p = 0.5 (grey

lines).
Discussion

In this paper we extended the discussion of
comparison of binary test and reference responses
with a variable margin in the form of reference scaled
difference in means from NI test (Ren et al., 2019) to
equivalence test. Three test statistics were studied
and both theoretical discussion and simulation
studies showed that the variability in the margin
should be taken into account to construct proper test
statistics so Tgy, is recommended. The type | error of

Trw is closer to the nominal size for pg close to 1 than
pr close to 0. Our calculation of the margin multiplier
showed that when a fixed power is desired, the
margin does not vary much as the reference
response rate changes. Simulation studies showed
that small margin multiplier may result in zero
rejection rates so sufficiently large sample size should
be maintained to achieve proper control of type | error
and desired power as the weakness of two one-sided
tests.
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Appendix
For Trw, the power function is

P(T\pw > Z1-a & Togw < —Z1-a)
p pr — pr + k\/Pr(1 — pr) s Z . & pr — Pr — kv/Pr(l — pr) e
1 — -
v ,2(P1,7, P1r) v 2(P2r, Po.r)
p [ Pr—Li(br) _ (Pr'— Ji(pr)) 7 ... B —'fl (Pff) &
V1.2(I71.'1'. PLRr) Vv 2P, Pl,u)
— Ja(Pr) — (pr — o(pr) _ R . o f2(pr)
V V22(P21, Po.r) V 22(P2r Po.r)
p pr — Hi(pr) — (pr — fi(pr)) e \/lll,z(l'h.'r,i)l,n) Zyw — BT fi(pr)
V2(pr,pr) n2(pr, Pr) : V2P, Pir)
g Pr- f2(Pr) — (pr — fo(pr)) & \/Vz 2(P2,7, P2,r) ( Zyo — BT f2(pr) ))

2V V22(Pr, Pr) v2.2(pr, PR) vV Vz.z(f’z.'r, Pa.r)

Vol P
Plz > 1,2(P1,rs Pr,g) 2o — Pr —
2(pr, Pr) " 2(pl 7y P1,R)

l/' v D2, '7 ) ’
& 7, < |22 PrriBrn) [ — J2(pr)
Vz.z(l’r‘l’u) vy 2(1’21 P2, M

~P| 2 > V|.2(P1:l',P!,R) R e fl(pR
v 2(pr,pr) " ).(Pu P1R)

& 7 < \/Uz.z(l*z.'lwpz.k) (_Zl " — J2(pr)

l’z.z(l’r, Pu)

Vs z(l*z T P2, r)

There is no deterministic order between the random variables Z; and Z,. Both have asymptotic standard normal
distribution with asymptotic correlation given by

—=pr(1 = pr) + ;= (Pr(1 — pr) — K*(0.5 — pr)?)

ng

\/Vl,z(l'r, Pr)V22(Pr, Pr)

Then the power function can be given approximated by the probability in the last display, which is a probability
of a bivariate normal distribution over a region, can be calculated by the function pmvnorm of the R package
mvtnorm (Genz et al., 2018; Genz and Bretz, 2009).
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