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Abstract

The main objective of the work is the application of experimental
design and some simple tests (t-ratios) in the evaluation of bioe-
quivalence of two treatments. It is performed the assessment of the
effectiveness of different treatments administered to two groups of
patients: the control group and the test group. The comparison of
the control group that received the reference medication with the
control group test, which received the drug under study, using a
crossover experimental design. It was performed an analysis using
t-ratios and considering and inter-subject variability formulation of
the probabilistic model, where the specification of tests for detection
of carryover and period effects were considered. The application to
a practical case consisted in the validation of the hypothesis of the
proposed model took place, where the effects carryover and period
were not significant when considering usual levels of significance.
About the treatments, we could conclude that there was statistical
significance to affirm that the studied pharmaceuticals were not
bioequivalent.
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1 Introduction

Clinical trials appear in a large number of distinct contexts, e. g.
in [1], a randomized trial is performed so a decision-making for
patients with acute myocardial infarction can be taken; or in [2],
where the care management of insomnia occurring simultaneously
with sleep apnea is studied, the authors of [3] compare the effec-
tiveness of virtual reality game to clinic based therapy for chronic
non-specific low back pain; in [4], it is described the allocation of
patients to in headache clinical trials randomization, in [5] is made
some designing for cancer clinical trials. We can find a guide with
several methods about how to allocate patients in clinical trials in
[6]. Later, in [7], the same author publish a more general work
where, in a simple language, it is described how to design, analyze
and interpret, including a historical context, the current status and a
future perspective about clinical trials. Similar works can be found
in [8], where Bayesian adaptive biased coin designs with Gaussian
response are described for clinical trials. Also, the authors of [9]
made some interesting considerations about randomization-based
inference. The author of [10] made restricted randomization de-
signs in clinical trials, in headache clinical trials; the authors of [4]
proposed the randomization, stratification, and treatment matching
to allocation of patients. Some recent works proposed to improve
the efficiency of the clinical trials. In [11], the authors propose a
new algorithm gaining efficiency in randomized controlled trials.
The authors of [12] explore some recent innovations in clinical trials
where a single therapeutic treatment is tested on several patient
populations, each of which forms a basket, using Bayesian hier-
archical models. A qualitative study is developed by the authors
of [13], where some randomization methods in clinical trials are
compared and evaluated. In the case of our study, we are interested
in bioequivalence trials. The authors of [14] explore statistical tools
focused on clinical pharmacology under the theme of bioequivalent
trials.

This work is divided in five sections. An introduction starts the
manuscript; in Section 2 some details about bioequivalence of treat-
ments are described. Follows some details about the methodology
in Section 3. In Section 4 some issues about the empirical applica-
tion are performed, starting with the basic statistical techniques,
including the evaluation of some tests about the normality of data,
followed by the construction and interpretation of the t-tests. In
Section 5 are detailed and discussed some final remarks.
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Figure 1: Scheme of experimental design: 2x2 crossover.

2 Preliminaries

The main objective of this work is to verify the effectiveness of
treatment when administered to patients, as well as to verify and
to analyze clinically relevant reactions. Specifically, the clinical
trial here addressed involves comparing a control group with a
group receiving treatment. Despite involving a limited number
of individuals, it is expected to apply the results to decide which
treatment to use in the target population (with the same medical
condition). In detail, the aim is to evaluate the existence or not
of bioequivalence of a test pharmaceutical or treatment (T) and a
reference pharmaceutical or treatment (R). To prove the existence of
bioequivalence between therapeutic treatments it is not necessary
to conclude that one is better than the other, just that it is not worse.
In a first phase, the bioavailability of people taking the medicine is
measured. This action consists of recording the concentration in
some fluid over time after taking the reference medication (and test
respectively), constructing the concentration versus time graph.
This is followed by the calculation of the pharmaco-kinetic param-
eters of interest such as maximum concentration, area under the
curve (AUC) or others. Knowing that the same individual must
receive the reference and the test drug, the chosen design was a
2% 2 crossover given the importance of the pairing. An even number
of individuals were randomized into two groups. One of the groups
receives the reference medicine in the first period and, in the second
period, the test drug. The second group receives the test drug in
the first period and the reference drug in the second period. The
interval between the two periods of intake is supposed to be long
enough to fade the effect of taking the first medication. This time
interval is called wash-out (see Figure 1). This type of design makes
it possible to test whether there are reinforcement effects in the 2nd
period, whether the treatments are different or whether no tests
should be carried out on individuals.

To review some basic concepts of experimental design, analysis
of variance and some specific t-tests we can consult, for example,
[15-18].

3 Theoretical Model

The statistical model used to determine bioequivalence has as re-
sponse variable Y a random variable (r.v.) whose observed value
Yi jk corresponds to the i—th individual, in the k —th sequence of
the j —th period, with k= 1... p, i= 1..nk,and j= 1,..., p.

In general, data is given in tabular form (1).

Period1 Period2 - - - Periodp
Sequencel Y111 Yn111 Y121 Yni21 " Yipl - Ynipl
Sequence2 Y112 - Y122 Y221 Yn222 " Y1p2 " Yn2p2
Sequenceg  Yi1g---Unglg Yi2g° " Yng2g " Yipg " Yngpg

1
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The theoretical model is defined in equation (2).

@)

Yijk :[.l+5ik +P] +ij +Cjk+€ijk’
where

e u is the global mean (or global effect);

o Sji is the random effect of the i—th individual at the k—th
sequence, k= 1,....g, and i =1,...,n;

e Pjis the fixed effect of the j—th period, j= I..., p;

e Fj is the fixed effect of the administered formulation at the
k—th sequence during the j—th period reference R or test T);

e Cji is the carry-over first order fixed effect of the adminis-
tered formulation at the k—th sequence during the j—I1—-th
period;

® ¢; jk is the random error of Y; j.

The following restrictions are considered:

Zj P] =0, Zj’k ij =0, Zj’kcjk =0and, Cy = 0 con-
ducting to

e p—1effects P; linearly independents;

® (p—1) (g—1) effects Fj, linearly independents;

e (p—1) (g—1) effects Cj linearly independents.

The hypotheses inherent to the model (2) are:

e The Sik are independent and Gaussian, S ﬂN(O,O'SZ);
e The ¢; ji are independent and Gaussian, €; jx NN(0,0¢%);
e The {S;} and {¢; jx} are mutually independent.

We can conclude that Y; j are r.v. independents and Gaussian.
Also, we need to evaluate the variability due the subjects, namely,
to compute the proportion of total variability explained by the
individuals.

The o estimate is used to explain the variability inter-subject,
the o, estimate is used to explain the variability intra-subject. Con-
sidering the design crossover 2x2, np = ny = ng, p= 2, g= 2 and the
scheme of date presented in tabular form 1 is reduced to the form
displayed in Table 1.

If we consider the administration of the drug test in the first
period of the first sequence, we obtain the definition of the effect
Fj and the effect Cj respectively given by equations (3) and (4),
noting that the effect carry-over only occurs during the second
period.

_ | Fr, sek=j _ o
ij_{FT, e k% j° k=12 j=12 ®)
_|CR, sek=1,j=2
Cjk_{CT, se k=j=2" @)

The fixed effect that occurs in each period and in each sequence
is given by the expected value for each individual p j:

Period I Period II
Sequence 1 RT 1 =p+P1+Fr po1=p+P2+Fr+Cp
Sequence 2 TR Hi2 = 4+ Py +Fr Hoo = 1+ P, +FR +Ct
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Table 1: Scheme of experimental design: np =n;=ny, p=2,g=2

Period I Period II
Sequence 1 Reference-Test (RT) Y111 --- Yniil Vi1l - Yniil
Sequence 2 Test-Reference (TR) Yi21 .- Yn2z1 Y122 ... Yn2oo
with recorded after the reference formulation, we have the statistic of
P1+P;=0 test given by formula (6),
Cr+Ct =0 -
FR+Fr=0 _ Ypr
R+Fr=0. Tr=— ~  tnn2-1] (6)
. . s S2_ —
In a study of bioequivalence between treatments, it is usual to o under Ho

consider the non-existence of the carry-over effect. This fact can be
achieved with a long period of washout, allowing to eliminate the
residuals of the drug administration. In this situation, the model is
reduced to formula (5).

®)
In the case of the model (2), the basic objectives are to test if
P; =Py, Cr = Cr, Fr = Fr and the variability of the residuals o.
Summarizing the tests of interest, we have:
e Hyc : Cr=Cr versus Hic: Cr # Crt. (A)
A rejection of Hyc means that there is no experimental evidence

that the washout period is long enough. The process shall be ended.
The following tests assume that there is no carryover.

e Hyp : Fr = Fr versus Hyg : Fr # Fr. (B)

Yijk = K+ Sik + Pj + Fjg + €

A rejection of Hyr means that there is experimental evidence
that the treatments have distinct effects, so there is no experimental
evidence for bioequivalence between the treatments.

a2 #0.(C)
A rejection of Hos means that there is experimental evidence

that the individual effects are distinct, meaning that the random
factor Sy is statistically significant.

e Hyp : Py =Py versus Hyp : Py # Py. (D)

A rejection of Hpp means that there is experimental evidence
that the period has distinct effects.

e Hy : crsz =0 versus Hyg :

4 Methodology

The comparison of the bioavailabilities of the two formulations can
be made using variance analysis for crossover trials, with the model
residuals being analysed using either inter-subject variability or
intra-subject variability, like the authors of [19]. In the present
work, we follow the methodology proposed in [7], using t-ratios for
paired samples. In an initial phase, to detect whether the reference
treatment and the test treatment have different effects, differences
are created between the values recorded after administration of
the test formulation and the values recorded after the reference
formulation, regardless of the sequence. It is similar to a sample of
ni+nz observations from a supposedly normal population, where
two observations were made on the same individual, separated by a
long-time interval and we wanted to test the mean of the difference
in the records using a t-test using a small, paired sample taken from
a normal population. Considering Yr-g the difference of the values
recorded after administration of the test formulation and the values
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with Y7.g the sample mean estimator for the mean p7_g of Y1g.
The statistic given by formula (6) is the test statistic for the hypoth-
esis

e Ho: pr—r=0 versusHy: pr_gr #0.

Considering a significance level @ X 100%, the critical region is
given by [t|gol > t(n14n2-1,1-a/2 )- This test assumes no period
and carryover effects. These two assumptions must be tested.

The period effect was already identified previously (B). The for-
mula (7) is a possible test statistic

_ Yro1q1 —YR-T2

Iy = ——= ~ Ln1+n2-2 1> (7)
52 §2 ~——
R-T1 | PR-T2
m 1> under Ho

with the difference of the values recorded after administration of
the test formulation and the recorded values after the reference
formulation for each sequence given by Yr_g , k= 1,2, the re-
spective sample mean Y7.p4 and mean p7_pg x . The denominator
of the Tp statistic can be reformulated if there is experimental evi-
dence for the variability in sequences 1 and 2 to be identical (see
formula (8)).

Yp-11 — Y-
T, = R-T,1 — YR-T2 _

1 1 ~——
SR—T,pooled YV m *

under Ho

Considering a significance level X 100%, the critical region is
given by [t\gopl > tp(n1+n2-21-a/2 )-

To test the carryover effect, the hypotheses have already been
identified above (A). The test statistics T¢ (see formula (9)) considers
the averages per individual for each sequence, sequence given by
YT.—’Z'R,k , k=1,2, the respective sample mean YTZLR,k’ k=12,

®)

fn1+n2-2 |

YT+R 1~ YT+R 2
2 2
Ie=—m—m—= ~ fnil+n2-2 ] > )
ST+R 1 ST+R 2
—2 + —2 " under Ho
ni ny

and mean yirsr o, k=1,2.

The denominator of the T¢ statistic can be reformulated if there
is experimental evidence for the variability in sequences 1 and 2 to
be identical (see formula (10)),

Yrsr | —Yrer,
Te = 2 2 >
o= -

1 1
SR—T,pooled\[ n + s

under Ho
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Quantiles of AUC

Sequence Individual Period | Period Il “
RT 1 69345 6458
RT 2 5330,5 3108,1 st
RT 5 5848,3 7079,4
RT 7 8405,2 6832,5 a
RT 8 74035 71257
RT 9 7409,4 84177 3t
TR 3 7762,2 9034,2
TR 4 8137,3 8107,3 A
TR 6 4998,1 6455,3 :
TR 10 8763,9 10406
TR 11 8430,4 9239,6 i
TR 12 5053.4 5696.3 % 2 B

a5

as 1 45 4 05 0 05 1 15 2 25

Standard Normal Quantiles

Figure 2: Area under the concentration curve registered along the time (AUC). On left: Data; Center: Histogram; On right:

qq-plot.

Considering a significance level a x 100%, the critical region is
given by |tc\Hoc| > te(n1+n2-2,1-a/2 )-

5 Empirical Application

Two treatments were compared: the reference and the test. The
variable of interest is the concentration of a certain treatment after
its administration to an individual. The studied variable Y is the
area under the concentration curve registered along the time (AUC).
For the case under study, n1=n2=6, p=2 and g=2. The registered
data is displayed in Figure 2, on left. At center, we observe the
histogram from the sample with size 24, at right we find the qq-plot
with a lighter tail than a normal on right. At a first glance there is
not a big deviance from a Gaussian behavior.

For small sample sizes, the test of normality shall be non-
parametric. The Kolmogorov-Smirnov Test (KS) is the most frequent
choice. The KS test compares the empirical cumulative empirical
distribution with cumulative Gaussian distribution. KS test con-
duced to p-value=0,9893. There is statistical evidence data is from a
normal population. The Bera and Jarque test [20] also conduced to
the statistical evidence of a Gaussian distribution.

About the carryover effect test, we used the general one, without
supposing that both sequences have the same variability. Consider-
ing formula (9), we got p-value=0,1896. Clearly, there is no evidence
to reject Hyc for common a. The washout period was long enough,
there is no evidence of carryover effect existence.

Similarly, for the period effect test, without supposing that both
sequences have the same variability (formula (7)), we obtain p-
value=0,2495, implying that there is no statistical evidence to reject
the Hgp for the common a «. So, there is statistical evidence that
does not exist effect period. We can proceed to verify if the two
treatments are bioequivalents. Considering the test statistic (6), we
obtained p-value=0,048. We do reject Hy for @ < 4,8%. There are
distinct effects in mean for the test treatment and the reference
treatment when o < 4, 8%. This conclusion is valid once there is no
carryover effect and no period effect.

6 Conclusion

The main objective of the work was the evaluation of bioequiva-
lence of two treatments using simple ¢ tests in opposition of more
complicated and robust methodologies just as an ANOVA approach
[19] or others. In the present case, we could apply the proposed
methodology once the effect period and the effect carryover were
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not significant. It was performed the assessment of the effective-
ness of different treatments administered to two groups of patients:
the control group and the test group with 6 individuals each.

As there is no evidence for the carryout effect and the period
effect to be significant, when using the simple differences in test
statistic, it can be considered valid concluding that there is no sta-
tistical evidence of bioequivalence of both formulations. This result
is similar with the results obtained by the authors of [19] using the
same data but a different approach, the analysis of variance. Once
the reference drug and the test drug were no bioequivalent, as a
future work we can apply a proposal of modified exchangeability
nonexchangeability method made in a recent work [12] or take into
consideration some of the specific studies presented in [13] and
[14].
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