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New approach to assess bioequivalence
parameters using generalized gamma
mixed-effect model (model-based
asymptotic bioequivalence test)*

Yuh-Ing Chen*" and Chi-Shen Huang

In the pharmacokinetic (PK) study under a 2x2 crossover design that involves both the test and reference
drugs, we propose a mixed-effects model for the drug concentration-time profiles obtained from subjects who
receive different drugs at different periods. In the proposed model, the drug concentrations repeatedly mea-
sured from the same subject at different time points are distributed according to a multivariate generalized
gamma distribution, and the drug concentration-time profiles are described by a compartmental PK model with
between-subject and within-subject variations. We then suggest a bioequivalence test based on the estimated
bioavailability parameters in the proposed mixed-effects model. The results of a Monte Carlo study further
show that the proposed model-based bioequivalence test is not only better on maintaining its level but also more
powerful for detecting the bioequivalence of the two drugs than the conventional bioequivalence test based on
a non-compartmental analysis or the one based on a mixed-effects model with a normal error variable. The
application of the proposed model and test is finally illustrated by using data sets in two PK studies. Copyright
© 2013 John Wiley & Sons, Ltd.

Keywords: bioequivalence test; crossover design; mixed-effects model; multivariate generalized gamma
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1. Introduction

To investigate whether a test drug is bioequivalent to a reference drug, a pharmacokinetic (PK) study is
often implemented under a 2x2 crossover design. In the PK study, some healthy volunteers or subjects
are recruited and administered with the drugs under investigation, and the drug concentrations in blood
or plasma are then repeatedly measured after the subject was administered with the drug. Note that, under
the 2x2 crossover design, the subjects in one sequence receive the reference (R) drug and then the test
(T) drug in two different periods between with a washout time, while the subjects in the other sequence
take the drugs in reverse order in the two periods [1]. To test against the bioequivalence of the two drugs,
both the Food and Drug Administration of the United States (US FDA) [2] and the European Medicines
Evaluation Agency (EMEA) [3] recommended the area under the drug concentration-time curve (AUC)
and the maximum drug concentration (C,,,,) as the bioavailability parameters. Moreover, the test drug is
claimed to be bioequivalent to the reference one if the ratio of the bioavailability parameters associated
with different drugs is between the two boundary values 0.8 (= 4/5) and 1.25 (= 5/4).

The bioequivalence test currently employed in industry is constructed based on the estimated bioavail-
ability parameter that is, in fact, the geometric mean of the estimated bioavailability parameters each
from individual drug concentration-time profile [4]. However, when the prior knowledge of the kinetic
of the drug is available, a reasonable compartmental PK model [5] can be employed in a statistical
model to describe the evolution of the drug concentration over time and hence provides more information
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about the bioavailability of the drug under investigation. To do so, Lindsey ef al. [6] considered a fixed-
effects statistical PK model for the concentration-time profiles observed from a group of subjects, where
the one-compartment PK model with first-order absorption and elimination serves as the mean curve.
In addition, Lindsey et al. [6] suggested some particular distributions for the nonnegative and right-
skewed drug concentration. Chen and Huang [7] further proposed a fixed-effects statistical PK model
for the drug concentrations in a 2x2 crossover design that are distributed according to the generalized
gamma distribution [8, 9] because it includes many well-known righted-skewed distributions, for exam-
ple, gamma, Weibull, and lognormal distributions. However, both the statistical PK models suggested in
Chen and Huang [7] and Lindsey et al. [6] did not consider the correlation between the drug concen-
trations that are measured from the same subject either in different periods or at different time points in
any period.

Due to the diversity of the patient population, Sheiner and Ludden [10] proposed a nonlinear mixed-
effects model, referred to as the NLMEM, for the drug concentration-time profiles in a PK study. Note
that the NLMEM is, in fact, an additive model that describes directly the drug concentrations with
a normal error variable. Davidian and Giltinan [11, 12] then discussed some methods for estimating
the parameters in the NLMEM, which is either based on an approximate likelihood function or the
time-consuming Monte Carlo expectation maximization (EM) algorithm [13, 14]. Several authors, for
example, Pentikis et al. [15], Hu et al. [16], Fradette et al. [17], Panhard et al. [18], and Panhard et al.
[19], further considered the bioequivalence test with respect to AUC based on the NLMEM in a 2x2
crossover design where only the between-subject variation (BSV) is under study. On the other hand,
Dubois et al. [20] considered an NLMEM for the drug concentration-time profiles in a 2x2 crossover
design, which includes both the BSV and within-subject variability (WSV). Moreover, to speed up the
computation, Dubois et al. [20] suggested one estimate the parameters based on the stochastic approx-
imation EM (SAEM) algorithm [21]. Although the NLMEM is getting popular in the PK study for a
handy software Monolix [22], the NLMEM may not be appropriate for the drug concentrations that are
usually nonnegative and right-skewed distributed.

To provide an alternative mixed-effects model in a PK study under a 2x2 crossover design, we
propose, in this paper, a multiplicative model for the right-skewed drug concentrations. In the pro-
posed mixed-effects model, a multivariate generalized gamma (MGG) distribution is developed for
the joint distribution of the repeatedly measured drug concentrations, and the BSV and WSV are both
considered in a one-compartment PK model as discussed in Dubois et al. [20]. In fact, in the MGG
distribution, the marginal distribution of the drug concentrations observed at each time point is a gener-
alized gamma distribution, and the correlations between drug concentrations measured at two different
time points from the same subject may depend on the time lag. We then employ the SAEM algorithm
to estimate the parameters in the proposed mixed-effects model, hereafter, referred to as multivariate
generalized gamma mixed-effects model (MGGMEM), and finally suggest an MGGMEM-based
bioequivalence test.

In Section 2, we introduce the MGGMEM for the drug concentration-time profiles in a PK study under
a 2x2 crossover design and discuss the estimation of the parameters in the proposed model. In Section 3,
we consider a bioequivalence test based on the ratio of two estimated AUCs from the fitted MGGMEM.
In Section 4, we report the results of a simulation study designed for investigating the performances of
the MGGMEM-based bioequivalence test relative to other competitive tests. We then demonstrate the
use of the proposed model and test by illustrating two real data sets in Section 5. Finally, in Section 6,
we give some conclusions and discussions on the application of the proposed model.

2. A multivariate generalized gamma mixed-effects model

2.1. The proposed mixed-effects model

Let Yjjx¢ be the drug concentration measured from the jth subject in the ith sequence during period
k attime ty, i,k =1,2,j =1,--- ,n;, £ = 1,--- ,m. For an orally administered drug, the mean drug
concentrations at time ¢ is usually described by a one-compartment PK model with first-order absorption
and elimination after a lag time as given by

- dka O et ) — exo(—k. (f — Tlae)+
i) = e [enp (<57~ Ty ) = explktc = iag ) m
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where 5 = (logky,log CL,log V, log Tlag)' is the vector of PK parameters, d is the dose level applied,
kg and CL are the absorption and clearance rates, respectively, V' is the volume parameter, Tlag is the
lag time, and a™ = max(0, ). Note that, under model (1), we have

log AUC = log(d/CL),

and

d CLlogk, —log(CL/V
log Cax = log (V)—i- gV(;c _(%2 / ).
a

To take into account of the variability of the subjects under a 2x2 crossover design, we consider two

/ !/
multivariate normal random vectors, b;; = (bf‘j, bij,bl}j/-, bg”g) and w;jx = (wfjk, wicﬁc, wl.‘j/.k, wl.lezg) ,
corresponding to BSV and WSV, respectively, where both the random vectors have the same mean
vector 0 but different covariance matrices 2 and W, respectively. Let /4 = 1 if A is true, and 0, oth-
erwise. Then, the random vector for each subject is 1,5, = (log kaijk,log CL;jx, log Vijk, log Tlagijk)’,
i,k=12,j=1,---,n;, with

logkaiji = p§ + 8 Igizry + 7 + & + b +wijy,
log CLijk = pg" + 8T Tigny + m" + 67 + b +wif

()
log Vijie = g + 8" Iiay + 1) + & + b} +w)y,

log Tlagijk _ M(T)lag + §Tlag I{iaék} + n]:lag + i_.iTlag + b;lag + wileZg i

/ /
where § = (8“, SCL, (gV, STlag)/’ T = (”1?’ ﬂlgL’ ﬂll/’ 7_L,]Zlag) , and Ei — ( lfl’ EiCL’ iV’ gg_iTlag are the vec-
tors of constants corresponding to the drug, period and sequence effects, respectively, with w; = &, = 0.
Let 0y = (py. 8. mh, ’;"2)/ and 0, = (vec(R)’, vec(W)'), corresponding to the fixed and random effects,
!/
respectively, where u, = (Mg» wSt, uy, M(T)l“g> , and vec(A) is the vectorization of matrix A. Then, the
!/
random vector 3;; = (11; i1 17;_].2) is distributed according to a multivariate normal distribution with
mean vector

E(m;;) = (o + 8" Iizny + ;. o + 8 Ljzny + 15 + f;)/
and covariance matrix

Q+v  Q
COV("U)Z( Q sz+\1/)‘

Note that, under model (2), the expected log AUC for subject in sequence i at period k is logd —
(6" + 8T Typny + o+ EF7), ik = 1,2 If 758 = §5% = 0, then the expected log AUC becomes
logd — p§* for reference drug and log d — ("™ + 8-) for test drug.

To link the drug concentration and sampling time under a 2x2 crossover design, we consider the
mixed-effects model as follows:

log Yijke = log pu(te, nyj) +1og &jjike 3)

where the €;;x = (€ijk1. ..., €ijkm)’ is a random vector of measurement errors that is independent of
the b;; and w;; in (2). Note that the NLMEM considered in Dubois et al. [20] is an additive model
with Yjxe = (e, njx) + €ijke, where the g;jx¢ are identically and independently distributed normal
variables with zero mean and a time-dependent variance. In this paper, however, we assume that the
marginal distribution of the &;;x¢, ¢ = 1,...,m, in model (3) is a generalized gamma distribution,
denoted by GGy, £ = 1,--- ,m, with mean 1, scale parameter o, and shape parameter A. Hence, the
related location parameter is given by

B =g(0,1) =logT(A™2) —20(logA)/A —log (A2 +/A).
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Note that the PDF of the generalized gamma distribution is given by

IMIA2(e P o)1 exp[-A~2 (e P )]
oel'(A72) ’
exp[—(loge — $)*/(202)]
V2roe

and the associated cumulative distribution function (CDF) is obtained as

fle) =

T 2(e Pe)t/7: 172 L A>0
F(e)=31-T[A 2 Pe)*?;272] ,1<0.
®[(loge — B)/o] ,A=0

where I'(s;y) = fos u’"le™du/T(y), and ®(-) is the distribution function of a standard normal
random variable.

Next, we consider the joint distribution of &%, i,k = 1,2, j = 1,--- ,n;, as a multivariate gen-
eralized gamma distribution. We employ the Gaussian copula [23, 24] to link the marginal CDFs,
Fy,---, Fy, of the error variables &1, ..., &;jkm. In other words, we assume that the random vec-
tor of normal scores, g = (&1 (Fy), -+, D 1(Fy,))’, is distributed according to a multivariate normal
distribution with mean vector 0 and correlation matrix R = (rg¢/). Because the correlation between the
drug concentrations measured at different time points may depend on the time lag, we further assume

ree =71 ([tg —tp]) for €, 0 =1,....m,

where 7(0) = 1 and r (1) = p* with u > 0 and 0 < p < 1. Then, the PDF of the Gaussian copula is

(@M (F1), -+, @ (Fm));p) = |R|7?exp {%q’(lm — R—‘)q} :

which depends on the parameter vector 63 = (p, 0, A)’.
Note that due to a different kinetic of the oral drug under study, we may have, for instance, a zero-order
one-compartment PK model as given by

ntein = [1=e0 (G0 —a=1m) e (o= Ta7), @

where § = (log T,,log CL,log V')’ is the vector of PK parameters, d is the dose level applied, T, is
the absorption duration, CL is the clearance rate, and V is the volume parameter. In fact, we can also
construct a mixed-effects model such as models (2) and (3) based on the model in (4). Note that, under
model (4), we have

log AUC = log(d/CL),

T rog|1—exp (= E (T
T,cL R TP Ty Y

2.2. Estimation of the parameters in the mixed-effects model

again, and

log Cphax = log

In fact, under the 2x2 crossover design, the observed data setis y = {yijvi =12,j =1,---,n;},
where y;; = {yijke.k = 1,2,£ = 1,--- ,m}, and the unobserved data setis § = {n;;,i = 1,2,j =

L.+ n;}. Let fu(yijkelmiji) be the conditional PDF of w(tg, 0,5 )€ijke given n;x and Fy(yijrelniji)
the associated conditional CDF, where both the conditional PDF and CDF depend on ¢ and A. Then, the

likelihood function of © = (0’ 8%,8%) given (¥ij ;) is
L(®ly;j,n;;) = ¢@;j;01,02)d(y;;:m;;,03),
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where ¢(n;;; 01, 02) is the joint PDF of n;;, and d(y;; 1;;, 0 3) is the conditional joint PDF of y;; given
1;; as given by

2

m
d(y;jinj.03) = l_[ (@ (FLijia i) - - -« @7 (Fon Wijem Mij5)): P) l_[ JeWijrenije) ¢ -
k=1 (=1

Hence, the log-likelihood function of ® given the observed data set y is

2 n;
10]y)=>" log ( / L(®ly,;. m,,-)dn,-,-) :

i=1j=1

Note that the setting under study involves incomplete data. Therefore, the EM algorithm [25]
is usually employed to find the maximum likelihood estimate (MLE) of ®. Let [.(®|y,n) =

2 n;
> > logL(®|y;;,n;;) be the log-likelihood of © given (y,7) and set Q(O|®*) =
i=1j=1

E(l.(®|y,n)|y, ®*). Then, in the rth iteration of the EM algorithm, Q,(®) = Q (®|®r_1) is evalu-
ated at the E step and then maximized to obtain an updated value ©, at the M step. Because there is no
analytic form for Q,(®), we further employ the SAEM algorithm [21] to evaluate Q,(®) in which the

E step is divided into a simulation step and a stochastic approximation step. At the simulation step, we

generate {nfj) s=1,---,8 } from the conditional distribution

L ((:)r—llyij’ﬂij)
/L ((:)r—1|yij’ Wij) dn;j

by using the Metropolis-Hasting algorithm [26]. At the approximation step, we then update Q,(®)
according to

P (nij|yija®r—l) =

S 2 n
1 1
01(©) = (1=6)0,-1(®) +v, 1= D [ Y Y tog L (©lyy;.nf))
s=1|i=1j=1

by introducing (v,),>¢, a sequence of positive numbers decreasing to 0. Finally, we find ©, at the M
step such that Q, ((:)r) = m@e)lx 0,(®). The SAEM algorithm has been shown in Kuhn and Lavielle
[26] to be more efficient than the Monte Carlo EM algorithm for computing the MLE of ®, and the
estimates given by SAEM algorithm converge toward the MLE. To further estimate the standard error of
the estimated parameter in the MGGMEM, we estimate the Fisher information matrix by combining the

stochastic approximation approach and the missing information principle in Louis [27] as suggested in
Kuhn and Lavielle [26].

3. Model-based bioequivalence test

We consider testing against the average bioequivalence between the test and reference drugs with respect
to A4 = log AUCT —log AUC g = —§* based on the MGGMEM in (3). In other words, we construct a
test for the null hypothesis

Hy: {A4 <10g(0.8) = —0.2231 or A4 = log(1.25) = 0.2231}
versus the alternative hypothesis

Hy:{—02231 < Ay <0.2231}

based on the estimator A 4 = —§¢L.
Note that the null hypothesis Hy for the bioequivalence test can expressed as a union of the two
one-sided hypotheses; namely,

Hop:{A4 <—0.2231} and Hoo : {A 4 = 02231},
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The alternative hypothesis is then an intersection of the two hypotheses as follows:
Hyq:{A4>—0.2231} and Hap : {A 4 < 02231}.
Let

W, = (AA n 0.2231) /se (AA) and Wy = (AA - 0.2231) /se (AA) ,

where se (A A) = se (3 CL) is the estimated standard error of A 4- Therefore, under the significance level

o, a Wald-type test rejects the Hy; if W) = z4, while Hy, is rejected when W, < —z4, where z4 is
the upper ath percentile of a standard normal distribution. An intersection-union test then concludes,
under the significance level «, that two drugs are bioequivalent if the two one-sided hypotheses are both
rejected [28,29]. Moreover, suppose that the observed values of W and W, are w; and w,, respectively.
The theory of intersection-union tests implies that The p-value of the two one-sided test is then given by
max{l — ®(wy), d(wyz)} [29].

In fact, we can construct an approximate (1 — 2«) x 100% confidence interval for A 4; namely,
(A A — Zgs€ (A A) Ay + zgse (A A)) If the (1 — 2a) x 100% confidence interval is within (-0.2231,

0.2231), then the bioequivalence of the two drugs is concluded under the significance level o [29].

Note that the standard bioequivalence test recommended by the US FDA [2] and the EMEA [3] is
based on lognormally distributed individual AUC estimated from each drug concentration-time profile,
but without assuming any PK model for the profile. Let AUCR;; and AUCT;; be the estimated individual
AUC for subject j in sequence i receiving reference and test drugs, respectively, j =1,--- ,n;, i =
1,2. Set

2 n;
D =[>"> logAUCT;j —log AUCR;; /(n1+n2)

i=1j=1

and

2 n; 2
(1 +n2) 3 3 [log AUCT;j —log AUCR;j — (logAUCT;. —1og AUCR;.)|
var(D) = ==l

dniny(ny +np, —2)

Then T; = (D + 0.2231)/+/var(D) and T, = (D — 0.2231)/+/var(D) are the test statistics for Ho
and H,, respectively. Under the significance level o, Hy1 is rejected when Ty = ty(n1 + n, — 2), and
Hyy is rejected when T < —t4(n1 + ny — 2), where 7, (DOF) is the upper ath percentile of a Student’s
t-distribution with DOF. Because the standard bioequivalence test is free of any PK model, the test is,
hereafter, referred to as a non-compartmental analysis (NCA)-based test.

4. A simulation study

4.1. Design of the simulation study

We conducted a Monte Carlo study to investigate the level and power performances of the pro-
posed MGGMEM-based test, denoted by MGG, relative to the NCA-based test, denoted by NCA, and
NLMEM-based test, denoted by Norm, for the bioequivalence of two drugs with respect to AUC. In the
simulation study, we consider the situation where the two drugs are administered to n = 16 or 24 vol-
unteers in a 2x2 crossover design, and the drug concentrations are measured at (i) 0.5, 2, 4, 6, 10, 14 h
(m==6)or (i) 0.5, 1, 1.5,2,2.5,3,3.5,4,5, 6, 8, 10, 12, 14 h (m = 14) after the drug administration.

In the simulation study, for simplicity, we consider the one-compartment PK model (1) without time
lag (Tlag = 0), period effect or sequence effect for the drug concentrations. Taking a reference from the
data analysis in Section 5, we generate data with (18, uSt, ,ug)/ = (0.37,1.43,2.77),

0.09 0 0 0.25 0.015 0
Q= 0 009 0.027]| and ¥ ={0.015 0.01 0.003
0 0.027 0.01 0 0.003 0.0025

Copyright © 2013 John Wiley & Sons, Ltd. Statist. Med. 2014, 33 786797




Statistics
Y.-I. CHEN AND C.-S. HUANG

The marginal generalized gamma distribution for the errors variables has mean 1 and shape parame-
ter A = 0.60, but the standard deviation can be 0.15 or 0.30. To study the level performances of the
bioequivalence tests, we consider §“ = —0.2231 or 0.2231. We also take §¢ = 0 and §" = §* for
a bioequivalence with respect to Cp,x. To study the power performance, we then consider § = 0 and
—§ = —§Y =10g(0.9), log(1.0),log(1.1) or log(1.2).

To further study the effect of BSV or WSV on the level and power performances of the bioequivalence
tests, we also conduct a simulation study where two different levels of BSV and WSV as suggested in
Dubois et al. [20] are considered. In this simulation study, we only take into account n = 16, m = 14,
and the standard deviation of the error variables as 0.3. In addition, two different BSV and WSV under
study are

0.04 O 0 0.01 O 0
Qr=| 0 004 O and¥y, = 0 0.01 0
0 0 0.01 0 0  0.0025

for low level variation, and

025 0 0 0.0225 0 0
Qp=| 0 025 0 and Vg = 0 0.0225 0
0 0 025 0 0 0.0225

for high level variation.
In each of the settings under study, 500 replicates were used to obtain the level and power estimates
under the significance level @ = 0.05. Therefore, the approximate standard deviation of the level esti-

mate is 0.010 (% +/0.05 x 0.95/ 500), and the maximum standard deviation of the power estimate is

about 0.022 (% v/0.5x0.5/ 500). The estimated levels and powers are then presented in Tables I, II,
and III, respectively.

4.2. Results of the simulation study

The results in Table I show that both the MGGMEM-based and NCA-based tests are generally superior
to the NLMEM-based test on maintaining the significance level. The type I error rate of the NCA-based
test is well under control when m = 14, but it tends to be inflated when m = 6, especially, when
A 4 = log(1.25) with n = 16. Moreover, the type I error rate of the NLMEM-based test is far beyond

Table I. Estimated level for drug concentrations measured from n individuals at m time points under o = 0.05.
(i) m=6 (i) m=14
sd(e) =0.15 sd(e) = 0.30 sd(e) =0.15 sd(e) = 0.30
n Ay p NCA MGG Norm NCA MGG Norm NCA MGG Norm NCA MGG Norm

16 1og(0.8) 0 64 6.4 156 42 6.8 212 52 4.8 114 62 6.2 16.2
02 6.2 52 150 42 6.8 242 64 4.2 10.6 5.6 4.6 12.4

05 58 6.2 13.8 4.4 46 226 5.6 4.8 96 54 5.6 9.8

0.8 4.8 7.0 122 4.6 6.0 162 5.6 44 7.8 5.6 42 6.8

log(1.25) 0 74 6.6 164 7.0 48 238 5.6 54 11.8 5.6 6.2 17.6
02 74 6.6 173 6.8 58 262 6.0 6.4 114 6.0 42 14.6

05 74 42 174 72 6.8 274 58 4.4 88 44 4.0 8.8

0.8 74 6.7 138 72 54 160 5.0 4.8 82 5.0 3.8 7.0

24 log(0.8) 0 52 4.6 136 6.0 4.8 182 6.2 3.6 84 54 52 11.6
02 5.0 4.6 156 5.6 6.6 182 54 4.4 74 52 5.6 10.2

05 54 5.8 11.6 4.8 6.0 190 52 52 6.2 438 6.4 7.2

0.8 58 5.0 9.0 58 6.7 126 5.6 5.8 6.0 438 4.8 52

log(1.25) 0 42 4.2 126 3.6 56 216 46 4.6 9.8 5.0 6.2 154
02 42 4.6 122 34 6.6 212 48 44 80 5.6 6.0 14.6

05 38 5.0 11.8 3.4 6.4 151 438 4.8 82 58 4.0 10.4

0.8 3.6 5.8 92 3.0 3.8 9.8 5.8 5.8 6.8 6.0 3.6 7.6

Copyright © 2013 John Wiley & Sons, Ltd. Statist. Med. 2014, 33 786797
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Table II. Estimated power for drug concentrations measured from n individuals at m time points under
a = 0.05.

i m=6 (i) m=14
sd(e) =0.15 sd(e) = 0.30 sd(e) =0.15 sd(e) = 0.30
n Ay p NCA MGG Norm NCA MGG Norm NCA MGG Norm NCA MGG Norm|

16 log(0.9) O 834 8.0 902 572 756 784 91.8 928 932 80.0 860 858
02 828 840 9.6 550 806 776 880 90.8 912 674 826 772

05 79.0 832 880 462 754 630 824 878 81.6 512 782 574

0.8 676 80.8 756 300 694 526 684 830 724 312 674 384
log(1.0) 0 100 976 99.8 912 922 960 100 998 99.6 998 99.0 99.2
02 100 97.0 990 898 922 952 99.8 992 998 98.0 982 9838

05 100 98.0 996 792 91.0 756 99.8 990 976 87.0 93.6 86.0

0.8 978 954 990 528 838 740 984 954 978 586 86.6 66.6
log(l.1) 0 88.8 8.6 930 63.6 834 827 950 954 96.0 852 90.6 90.6
02 878 892 938 622 808 828 922 940 942 76.6 882 826

05 836 872 896 534 812 608 872 912 8.0 572 842 648

0.8 744 844 814 328 0648 588 776 840 804 354 724 434
log(1.2) 0 258 522 446 18.0 520 462 296 516 444 224 426 426
02 256 536 456 178 556 448 274 530 352 186 508 37.0

05 240 548 440 154 460 450 230 524 310 146 512 236

0.8 200 514 330 108 386 252 196 562 238 108 454 160

24 log(0.9) 0 950 949 968 778 8.6 874 994 980 98.0 93.6 936 928
02 948 942 964 752 882 8.0 970 960 976 828 91.6 882

05 934 919 960 640 846 848 940 938 936 676 856 746

0.8 858 905 908 462 789 620 8.0 926 864 464 80.6 53.6
log(1.0) 0 100 99.8 100 994 988 974 100 100 99.8 100 994 998
02 100 99.7 994 99.0 982 974 100 99.8 100 99.8 994  99.2

05 100 991 998 968 981 968 100 992 998 978 988 97.6

0.8 100 99.1 998 786 927 920 100 99.6 99.7 828 938 850
log(l.1) 0 982 959 974 79.0 917 892 100 992 99.6 96.0 962 96.6
02 982 960 974 780 894 8.6 990 97.8 986 888 924 922

05 960 946 968 704 858 848 970 952 972 756 876 814

0.8 874 919 912 496 808 648 898 946 904 566 834 620
log(l.2) 0 338 53.6 508 192 544 470 406 492 47.6 31.0 460 46.6
02 332 522 504 190 498 492 366 51.0 420 234 496 384

05 314 540 462 162 532 460 306 558 38.0 176 51.8 246

0.8 230 536 318 132 504 248 246 572 278 144 536 176

Table III. Estimated level and power of bioequivalence tests for different between-
subject and within-subject variability with n=16 and m=14 under o = 0.05.
Ay
Situation Test 1og(0.8) 10g(0.9) log(1.0) log(1.1) log(1.2) log(1.25)
(Qr,¥r) NCA 34 31.6 60.0 43.0 17.2 4.0
MGG 4.2 87.0 97.6 91.0 63.0 6.6
Norm 8.4 44.6 72.4 53.0 29.2 11.4
(Qyg.¥Yr) NCA 34 314 57.6 45.6 18.6 42
MGG 3.8 71.0 84.2 72.4 52.8 4.4
Norm 14.0 49.0 70.0 452 28.0 13.8
(Qr,¥Yg) NCA 3.6 23.0 51.0 36.0 14.0 4.0
MGG 4.6 73.0 85.0 77.0 56.6 6.0
Norm 7.8 36.0 67.0 40.0 25.4 12.0
(Qpy,¥Yyg) NCA 34 23.8 51.0 39.0 16.0 4.0
MGG 5.2 70.4 72.4 66.0 51.2 5.6
Norm 14.6 36.0 60.0 19.8 24.4 16.4

Copyright © 2013 John Wiley & Sons, Ltd. Statist. Med. 2014, 33 786797




Statistics
Y.-I. CHEN AND C.-S. HUANG

the significance level under all the situations under study, in particular, when the number of subjects is
small, blood samples are taken less frequently or the error variable suffers a large variation.

The results in Table II indicate that the power of each test is higher for more frequently sampling
of blood from the subjects. This is not surprising because, for more available data, the AUC associated
with each test under study can be more accurately estimated from the drug concentration-time profiles.
Note that the type I error rate of the NLMEM-based test is beyond the significance level, and hence,
its power is overestimated. However, the power of the MGGMEM-based test is even higher than that
of the NLMEM-based test, especially, when the highly correlated drug concentrations are subject to a
large variation. Finally, under the mixed-effects model considered in the simulation study, the individual
AUC may not be lognormally distributed and is possibly more variable, especially when the individ-
ual drug concentration-time profile is subject to a larger variation or a stronger correlation. Therefore,
the MGGMEM-based test is more powerful than the NCA-based test when the standard deviation of
the error variables is larger, or the correlation associated with the drug concentrations is stronger. Note
that the individual AUC is estimated based on each drug concentration-time profile, and hence, the esti-
mated AUC would be less accurate if the blood samples are less frequently taken from the subjects
under study. Therefore, in this case, the MGGMEM-based test is superior to the NCA-based test on the
power performance.

The results in Table III show that, again, both the MGGMEM-based and NCA-based tests are superior
to the NLMEM-based test on maintaining the significance level when the random effects are subject to
different BSV or WSV in the PK compartmental model. The power of the NLMEM-based test is even
lower than that of the MGGMEM-based test, though the type I error rate of the NLMEM-based test
is far beyond the specified significance level. In fact, the power performance of the NCA-based test is
robust to the BSV or WSV because the test does not depend on the PK compartmental model. Note that
the power of MGGMEM-based test tends to be lower with higher BSV or WSV. Moreover, the effect of
BSV is more profound than that of WSV on the power performance of the MGGMEM-based test.

5. Data analysis

5.1. Data for benzbromarone drug

We illustrate the use of MGGMEM for testing against the bioequivalence between two brands of
benzbromarone tablets in a 2x2 crossover design, where the test drug, Euricon, and the reference
drug, Urinorm, are manufactured by two different pharmaceutical companies, respectively. Note that
the benzbromarone, a well-known uricosuric agent, reduces serum uric acid concentrations probably by
blocking tubular reabsorption. In the 2x2 crossover study, 16 healthy adult volunteers were randomly
allocated to two sequences. In sequence 1, eight volunteers were orally administered with one tablet
of 50 mg of Urinorm and then, after 1 week, one tablet of 50 mg of Euricon. On the other hand, the
other eight volunteers in sequence 2 receive the two drugs in reverse order in the two periods. The blood
samples were taken, and the benzbromarone concentration was measured 14 times at 0.5, 1, 1.5, 2, 2.5,
3,3.5,4,5,6, 8, 10, 12, 14 h after the drug administration. The drug concentrations-time profiles are
displayed in Figure 1.

For the analysis based on MGGMEM, we employ model (3) to describe the drug concentrations-time
profiles. The parameters in model (3) were estimated by using the SAEM with

1, 1 <r<300

vy = 1

————, 301 <r <500

r —300
Note that, according to a data analysis, the MGGMEM gives smaller values of the estimated -2log-
likelihood and BIC [30] than those produced by the NLMEM. Therefore, the MGGMEM is better than
the NLMEM for fitting into the data set under investigation. In fact, the MGGMEM estimates the cor-
relation measure p as 0.824 with a standard error 0.022, which indicates the repeatedly measured drug
concentrations are significantly correlated. For the fixed effects in the MGGMEM, the mean of logk,
and that of Tlag can be regarded as zero. Moreover, there is no period or sequence effect on CL or
V. However, different drugs may result into different means of CL and V. The random effects in the
MGGMEM further suggest that the BSV exit only for CL and V', while the WSV appear in all the four
PK parameter-variables. Finally, the MGGMEM gives A 4 = —0.045 (or AUCT/AUCR = 0.956) with

se (A A) — 0.007.

- _______________________________________________________________________________________________|
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Figure 1. The benzbromarone concentration-time profiles for Urinorm (left) and Euricon (right).

Table IV. Bioequivalence test for two data sets.

NCA NLMEM MGGMEM
benzbromarone data

Ay -0.030 -0.032 -0.045

se (A A) 0.051 0.027 0.007

p-value 0.001 7.24x 10713 <1.0x 10720

90% Clfor Ay  (-0.119,0.060)  (-0.076, 0.012)  (-0.057, -0.033)

ciprofloxacin data

Ay 0.141 0.153 0.142
se (A A) 0.048 0.054 0.040
p-value 0.062 0.097 0.022

90% Cl for A4 (0.052, 0.230) (0.066, 0.240) (0.076, 0.208)

The summary statistics for the bioequivalence tests based on NCA, NLMEM, and MGGMEM, respec-
tively, are presented in Table IV. The p-values indicate that the Euricon and Urinorm are bioequivalent
based on the NCA-based, NLMEM-based or MGGMEM-based test. Nevertheless, the MGGMEM-based
test gives the smallest p-value and hence provides with the most significant evidence for concluding the
bioequivalence of the two drugs.

5.2. Data for ciprofloxacin drug

A comparative PK study of two ciprofloxacin conventional formulations was carried out on ten healthy
male volunteers in a 2x2 crossover design [31]. In sequence 1, five volunteers were orally administered
with one tablet of 500 mg of Cipro M.E. and then, after 1 week, one tablet of 500 mg of Cipro Teva.
The other five volunteers in sequence 2 received the two drugs in reverse order in two periods. The
blood samples were taken and the ciprofloxacin concentrations were measured m = 10 times at 0.5, 1,
1.5,2,2.5,3,4,6, 8, 12 from the antecubital vein. The 10 ciprofloxacin concentration-time profiles are
displayed in Figure 2.

For the analysis based on MGGMEM or NLMEM, we consider the mean concentrations follow the
one-compartment model with zero-order absorption as in (4). In the SAEM algorithm, we employed,
again, the sequence of {v,},>¢ used for analyzing the benzbromarone concentrations. Note that the val-
ues of the estimated -2log-likehood and BIC given by MGGMEM are smaller than those produced by the
NLMEM. Therefore, the MGGMEM is, again, better than the NLMEM for describing the ciprofloxacin
concentrations under study. A data analysis under the MGGMEM estimates the correlation measure p
as 0.355 with a standard error 0.089. Moreover, the drug, period, or sequence effect does not exit on
CL, T, or V. However, the random effect of WSV appears for T, and V, whereas the random effect
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Figure 2. The ciprofloxacin concentration-time profiles for Cipro M.E. (left) and Cipro Teva (right).

of BSV is not significant. Finally, the MGGMEM gives Ay =0.142 (or AUCT /AUCg = 1.153) with
se (A4) = 0.040.

The summary statistics for the bioequivalence tests based on NCA, NLMEM, and MGGMEM, respec-
tively, are also presented in Table IV. The associated p-values show that, under the significance level
0.05, both the NCA-based and NLMEM-based tests do not conclude the bioequivalence between the
Cipro ML.E and Cipro Teva. However, the proposed MGGMEM-based bioequivalence test provides a
significant evidence for the bioequivalence of the two drugs.

To investigate the power performances of the three bioequivalence tests particularly for the data set,
we conducted a simulation study based on 500 data sets each generated from the estimated MGGMEM.
We obtain the power estimates as 0.228, 0.452, and 0.612 for the NCA-based, NLMEM-based, and
MGGMEM-based bioequivalence tests, respectively. Therefore, we expect that the MGGMEM-based
bioequivalence test is the most powerful one among the three for the data from the current estimated
MGGMEM. In fact, the results of the data analysis are in a good agreement with the simulation result.

6. Discussions and conclusions

In this paper, we discuss the use of a mixed-effect model to describe the drug concentration-time profiles,
which are distributed according to a multivariate generalized gamma distribution, obtained in PK study
under a 2x2 crossover design. Note that, in the PK study, the repeatedly measured drug concentrations are
usually right-skewed and correlated. Moreover, the subjects involved in the study or the potential drug
consumers may be of great variety. Therefore, the proposed mixed-effects model, MGGMEM, would
be more appropriate for the drug concentration-time profiles in a 2x2 crossover design. Based on the
proposed model, MGGMEM, we then suggest an approximate two one-sided test for testing against the
bioequivalence of the two drugs. The simulation results presented in Section 4 show that the MGGMEM-
based bioequivalence test maintains well its significance level and has a better power performance than
the non-compartmental test conventionally used by the drug company as suggested by US FDA [2] or
EMEA [3] especially when the estimated individual AUC fails the assumption of lognormal distribution.
Therefore, using the MGGMEM-based bioequivalence test not only protects the drug consumers from
taking the non-qualified generic drug but also helps the drug company get an approval of the test drug
as a generic drug. In this way, the potential patients would then have a better chance to benefit from the
generic drug in terms of economic and health care.

Note that the SAEM algorithm gives a sequence of parameter estimates that converge almost surely to
the values that maximize the log-likelihood [26]. In the estimation of the parameters in the MGGMEM,
however, we need to input some initial values when applying the SAEM algorithm. According to our
computating experience from the data analysis and simulation study, the fixed-effects model [7] is rec-
ommended for finding the scale and shape parameters of the marginal generalized gamma distribution.
These estimated parameters can then be of great help to provide with reasonable initial values so that the
necessary computing time will be shorten.
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