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ABSTRACT

The design of a stability study is intended to establish a shelf-life based on testing
a limited number of batches of a drug product, which is applicable to all future batches
of the drug product manufactured under similar circumstances. In the FDA guidelines
for stability testing of new drug products, the matrix design is suggested as the alternative
statistical design to the full testing approach. In the last few years, the matrix design has
received increasing attention from pharmaceutical companies in order to reduce the cost
of stability studies. For this, the full and matrix stability test plans were used on three
batches of human insulin pharmaceutical preparation stored under a kinetic mean
temperature of 22.7°C for 3 years. The statistical method was suggested by Ruberg
and Stegeman (Biometrics, 1991, 47, 1059-1069) and Llabres et al. (Int. J. Pharm.
2000, 204, 61-68), and was used for comparing batches, and the maximum allowable
difference in slopes between batches was used as criteria for estimating a common shelf-
life. The results obtained show the conservative nature of the matrix approach, although
the difference between the matrix and full shelf-life was less than 1 month. The effect of
the matrix method on shelf-life was also studied. The results showed that the model for
estimating the shelf-life varied as a function of the permutation used, after testing for
both slope and intercept poolability at « =0.25. The batches should be pooled for both
full testing and matrix design since the critical significance level required to obtain
a power of 0.80 was achieved when the maximum allowable difference in slopes between
batches was 1% /month, according to Ruberg and Stegeman. In contrast, when the
proposed method by Llabrés et al. was used, the results varied in function of the
maximum allowable difference in slopes.
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INTRODUCTION

One important property of any drug product is
its stability over time. Stability testing is performed to
ensure that drug products retain their full efficacy up
to expiry date under controlled temperature and
humidity conditions. Stability information from
long-term testing must be provided on at least three
batches; it should cover a minimum of 12 months,
with samples taken every 3 months over the first
year, every 6 months over the second year, and
annually thereafter.'! Matrix stability testing can
be applied as an alternative to traditional stability
testing. With this design, only one subset of batches
is tested at a given time point; at subsequent time
points a different subset of batches is tested. As a
result, shelf-life is estimated with fewer data points.['?

Typically, multiple batches are manufactured and
itis desirable to pool the data from different batches to
obtain a single shelf-life for all the batches. There are
several statistical methods for establishing a shelf-life
for pharmaceutical products, but the decision to pool
batches can only be made after their degradation rates
(slopes) and initial values (intercepts) are determined
to be not statistically significant.®!

The Tripartite Guideline!'! recommends a signi-
ficance level of 0.25 in the test for equality of batch
degradation slopes and intercepts; this recommenda-
tion is based on work described by Bancroft.[*! If the
test for equality of slopes and intercepts does not result
in rejection for a significance level of 0.25, the data
from the batches should be pooled. If it is inappropri-
ate to combine data from several batches, the overall
shelf-life depends on the minimum time a batch may
be expected to remain within acceptable limits.

The most frequently used statistical method for
comparing batches is the analysis of covariance
(ANCOVA), proposed by Ruberg and Stegeman,"!
Bancroft,) and Norwood.”! Application of a
General Linear Model (GLM, analysis of covariance)
to the statistical interpretation of stability data com-
bines the methods of regression and variance analysis
in a common model !’ Alternative methods to test the
equality of slopes and intercepts have previously been
proposed. Norwood put forward a two-level nested
ANCOVA model in which the differences among
batches are interpreted both through the fixed effect
initial potency and by the random interaction term
batch by time. The method proposed by Chow and
Shao!”! also considers the batch distribution as a
random effect and their method is only suitable for
postmarketing studies in which a large number of
batches with relatively few points each are compared.
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Ruberg and Stegeman! specifically addressed the
problem of fixing the maximum allowable difference
in slopes. For these authors, the power of the test is
fixed and the significance level of the test needed to
obtain this power is calculated from the data. To do
this, the alternative hypothesis must be established.
Llabrés et al®! proposed a stability equivalence
assessment based on comparison of the confidence
intervals for the difference between batches, with
the maximum allowable difference. This method
allows the slopes and zero time intercept of one batch
to be estimated, along with the difference and their
corresponding confidence intervals with the remaining
batches. In a second step, zero time intercepts and
slopes are estimated for all batches.

Therefore, the decision to pool the data from the
different batches to obtain a single shelf-life for all
batches can be made only after their degradation
rates (slopes) and initial values (intercepts) are
deemed equal. For this, the objectives of this study
were first, to verify if the pooling data for several
batches were feasible using the matrix and full-testing
approaches to determine a common shelf-life.
Second: the statistical models proposed by Ruberg
and Stegeman and Llabrés et al. were used for
comparing batches, where the maximum allowable
difference in slopes between batches is previously
fixed. A human insulin pharmaceutical preparation
stored at ambient temperature for 3 years was used
as drug product; it is well known that insulin must
be stored at refrigerated temperatures, but the
study presented here is for illustrative purposes
investigating both designs in terms of the power of
detection of significant difference between slopes and
evaluating the precision of estimated drug shelf-life.

EXPERIMENTAL
Analytical Method

A Waters apparatus was used consisting of a
pump (Model 600E Multisolvent Delivery System),
a UV-VIS detector (Model 490E Programmable
Multiwavelength Detector), and the data acquisition
software Maxima 820. Reversed-phase separation
was carried out using a modified procedure published
elsewhere® on a C-18 column (Delta Pack, 300 A,
8 x 100 mm, Waters) and a mixture (v/v) of 0.2M
sodium sulfate buffer adjusted to pH 2.3 with ortho-
phosphoric acid and acetonitrile (74:26) as mobile
phase. The rest of the chromatographic conditions
were as follows: flow rate of 1.0 mL/min, detection
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at 214nm, and injection volume 50 pL. Deionized
water prepared with a MilliQ apparatus (Millipore
Waters) was used throughout. All other chemicals
and reagents were HPLC grade. All solvents were
filtered with 0.45-um (pore size) filters (Millipore).
Mobile phase was filtered and degassed. The percent-
ages are given as w/v unless otherwise stated.

To validate the analytical method, seven standard
solutions were prepared using pure human insulin
(Batch: H01003, Novo Biolabs) at concentrations
of 2-8 pug/mL. To quantify human insulin, we used
the peak area. Each sample was analyzed four times.
The variance analysis (ANOVA) of the linear
regression confirmed the linearity of the method
through rejection of the null hypothesis of deviation
from linearity for a significance level of 0.05
(¢=0.05); the coefficient of variation of predicted
concentrations was 2.60%."” The analytical method
used is specific (r>0.9990), precise (CV<1%),
reproducible (CV <1.22%), and robust. The limit of
detection was 0.31 ug/mL and limit of quantitation
was 0.93 pg/mL.[!

In the case of the pharmaceutical preparation,
100-puL homogeneous samples were withdrawn from
vials and stored at 4°C until analysis. Samples were
directly diluted with 0.05M HCI to obtain concen-
tration values within the calibration range.

Long-Term Stability Study

Three batches of the same formulation and
dosage form in the containers and closure intended
for marketing were tested, and showed at least 1-year
residual shelf-lives.

The samples were stored protected from light
at thermostatically controlled room temperature for
3 years. The monthly mean temperature was 20.7 £
1.6°C, while the mean kinetic temperature (MKT) was
22.7°C"? An enthalpy of activation of 67.0 KJ/mol
was used, calculated according to the Arrhenius
relationship using accelerated testing data.['¥

A full stability plan proposed by the Tripartite
Guideline!! was used, and the matrix stability plan
proposed by Golden et al.l”! was used as an
alternative to a full stability test plan. Both designs
are shown in Table 1.

Statistical Model

The statistical model used for comparing k
batches was analysis of covariance, following the
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Table 1. Full and matrix stability test design used in this
study proposed in the Tripartite Guideline!"! and by Golden
et al.,”! respectively.

Full plan Matrix plan
Time Batch Batch Batch Batch Batch Batch
(months) 1 2 3 1 2 3
0 X X X X X X
3 X X X X
6 X X X X X
9 X X X X
12 X X X X X
18 X X X X
24 X X X X X
36 X X X X X X

model proposed by Ruberg and Stegeman!™
Yy =1+ BX+ey

where

Y;;=jth response for the ith batch

7;=batch effects (intercept)

Bi;=degradation rate of the ith batch

X;;=time of the stability sample corresponding
to Yy

g;;=random error corresponding to Y.

The hypothesis to be tested is

H,:B;=p;, forallij
versus
H,: B # Bj, forsomei#j.

If H, is not rejected, a shelf-life for each batch
is calculated assuming a common slope for all the
batches. If H, is rejected, shelf-life is determined
by taking the shortest shelf-life calculated from the
individual batches studied.

The Tripartite Guidelin!"! recommends using
a significance level of 0.25 to determine whether the
batches have a common slope and intercepts. This
test is conducted using a high level of significance
in order to compensate for the low statistical power
of the test. However, Ruberg and Stegeman!® suggest
that the power of the test must be fixed and the
critical significance level calculated to reject the
alternative hypothesis (H,). To do so, the alternative
hypothesis and the power to detect this alternative
must be established.

The maximum allowable difference in slopes
between batches, A, will be equal to the ratio AC/0,
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AC being the maximum allowable difference in drug
potency at the end of the shelf-life and 6 the desired
shelf-life, assuming equivalent intercepts. In our case,
three batches are involved in the analysis; all
their slopes must be defined. The first alternative
hypothesis assumes that one batch degrades more
rapidly than the rest. We thus have:

Hy:Bi=p=0 pBs=A.

The noncentrality parameter for H, is computed with
Bi = A corresponding to the batch that deviates from
the rest, having sufficient power to detect the least
favorable alternative.!

The noncentrality parameter, A, corresponding to
H, is calculated as:

A = SSH/o?
SSH =Y " wiB; — B’

B= ZWi,Bi/ZWi

w; = Z(X,/ _Y)2

J
J

where o” is taken from the ANCOVA model allowing
different slopes for each batch and the summations
are for i=1,2,...,k and j=1,2,...,n; the number
of data points for the ith batch.!”! The significance
level needed to achieve the specified power is given by

a,=1—=F(f.,k—1,v,,0)
where
f( = Fﬁl(%k - lol)sa)‘)

k — 1 being the degrees of freedom for H,, v, are the
degrees of freedom for error, y is the Type II error
probability, and F is the noncentral F distribution
function with noncentral A.

The second alternative hypothesis is defined
such that it minimizes SSH, and thereby A, over all
possible alternatives for a fixed A value.

Hp:fr=0; Boi=8 B=A
where batch 1 and & have the smallest weights (w,).

Data Analysis

For statistical data analysis, the program SPSS
version 8.0 for Windows by SPSS Inc. (Chicago,
Illinois, USA) was used. Stability data processing
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®

was performed with Mathematica™ Software for

Windows.['¥

RESULTS AND DISCUSSION

The stability data set for human insulin pharma-
ceutical preparation is listed in Table 2 and fitted
regression lines for each batch are plotted in Fig. 1
according to a full stability design. Before pooling

Table 2. Long-term stability testing data for human
insulin pharmaceutical preparation.

% Remaining

Time

(months) Batch 1 Batch 2 Batch 3
0 100.1 100.2 100.8
3 97.2 98.6 99.8
6 96.7 96.2 98.1
9 95.7 96.0 96.4
12 92.6 91.8 92.7
18 86.0 87.0 88.7

24 83.1 83.1 83.4

36 74.0 75.0 76.0

Note: Three samples for each batch at each time point were
taken, and the mean value was calculated. A total of 9 vials
for each batch were used in this study.
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Figure 1. Stability data and individual regression

lines corresponding to three batches of human insulin
pharmaceutical preparation stored under a mean kinetic
temperature of 22.7°C for 3 years according to the full
stability test plan.
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the data from several batches to determine a common
shelf-life, a preliminary test is carried out to verify
if the batches have a common slope and intercept.
If batch-to-batch variability is small, i.e., the relation-
ship between the parameter of interest and time is
essentially the same from batch to batch, stability
data should be combined into an overall estimate.
The decision to combine the data for several batches
is made if there are strong reasons in favor.

Table 3 lists the estimated slopes, intercepts,
and shelf-life calculated separately for each batch,
and Table 4 shows the ANCOVA results of the
equality test for batch degradation slopes and inter-
cepts for the full and matrix testing approaches,
respectively.
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The shelf-life estimated for both the full and
matrix data sets are evidence of the stability of this
human insulin pharmaceutical preparation at room
temperature. The matrix stability plan applied offers
a reduction in analytical testing without a significant
loss in the ability to detect stability trends over time.
This fact is reflected in the length of the estimated
shelf-life. The results obtained indicate the conserva-
tive nature of the matrix approach, although the
differences between the matrix and full shelf-life
were minimal, around 1 month in the worst case
(see Table 3). The matrix shelf-life was lower than
those for the full data set as a result of less precise
estimates for the regression line. Note that the 95%
confidence limits are increased in the matrix data

Table 3. Individual batch regression and shelf-life calculations for full testing and matrix approaches.

Intercept Slope

Individual shelf-life Shelf-life®

Batch (%) (% /months) Syt (months) (months)

Individual batch regression for full plan

1 100.59 —0.7357 1.115 13.15 13.28 [12.40-14.16]°

2 100.75 —0.7225 0.840 13.78 13.67 [12.91-14.43]

3 101.81 —0.7264 0.802 15.16 15.12 [14.37-15.88]
Pooled batch regression with equivalent slope and intercept

3 101.05 —0.7282 1.032 14.58 [14.14-15.02]

Individual batch regression for matrix plan

1 100.13 —0.7153 0.793 12.39 12.43 [11.32-13.54]

2 100.90 —0.7198 1.065 13.10 13.22 [11.94-14.50]

3 101.39 —0.7038 0.653 14.55 14.36 [13.36-15.36]
Pooled batch regression with equivalent slope and intercept

3 100.82 —0.7142 0.953 14.39 [13.83-14.95]

#Root mean square error.
®Shelf-life assuming a common slope model.
€95% confidence intervals.

Table 4. ANCOVA results of test for slope and intercept homogeneity for the model proposed by Ruberg and Stegeman.

Source d.f.? Sum of squares Mean square F-value P-value
ANCOVA results for full plan

Batch 2 2.772 1.386 1.595 0.230
Time 1 1603.9 1603.9 1845.7 <0.001
Time X batch 2 0.109 0.0545 0.0627 0.939
Error 18 15.646 0.869

ANCOVA results for matrix plan
Batch 2 1.767 0.863 1.210 0.342
Time 1 1278.3 1278.3 1750.9 <0.001
Time X batch 2 0.109 0.0547 0.075 0.928
Error 9 6.571 0.730

4d.f. Degree of freedom.
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set due to the differences in the number of test points
used, five vs. eight for the full test.

For full testing, the ANCOVA results indicate
that the data can be pooled across batches since
the P-value for the time by batch interaction (homo-
geneity of slopes) was higher than the prescribed
significance level of 0.25 (P=0.939) and a common
estimated slope was obtained. Despite minor
differences in the intercept estimates, (& 1%), we
must consider the separate intercept model for full
testing since the P-value for intercepts (P =0.230)
was less than 0.25. Thus, the shelf-life for the insulin
solution will correspond to the shortest period
calculated from the individual batches studied,
consequently, it will be that batch 1 of 13.28 months.

For the matrix design, the equality test for slopes
and intercepts did not result in rejection for a
significance level of 0.25, since the observed P-values
were always higher than 0.25. The data from several
batches can be combined, resulting in a common
shelf-life of 14.4 months. Comparing the results for
batch 1, the shelf-life is 12.4 months for the individual
regression and 14.4 for the pooled regression, illustrat-
ing the advantages of pooling data across batches.
These results could be due to lower power of the
matrix design as a result of power measurements,
five points vs. eight points for full design. Therefore,
the chance to pool data from different batches will
increase for poorly designed studies (small number
of experimental points and the error variance is
increased) than for well-designed studies.

The effect of matrix on shelf-life was also studied.
Because the batches were arbitrarily designated as 1, 2,
or 3 for calculating the matrix shelf-life, six permu-
tations are possible for assigning the three batches to
the three rows of the matrix plan mentioned earlier.
The data points and fitted regression lines for the
123, 321, and 213 permutation corresponding to the
matrix plan are plotted in Fig. 2. The null hypothesis
for equality of slope was accepted for each of the six
permutations, and the test for equality for zero time
intercepts was accepted in four of the six combinations
for a significance level of 0.25. These results indicate
that the model used for estimating shelf-life was
different. For the combined model (slopes and inter-
cepts pooled), the average shelf-life was 14.4 months,
whereas for the common slopes model (only slopes
pooled), the average shelf-life was 12.4 months,
since the shortest shelf-life must be taken.

Table 5 shows the estimated batch slopes for the
matrix and full-testing approaches under the two
alternative hypotheses described in Materials and
Methods as well as the noncentrality parameter for
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Figure 2. Shelf-life for matrix design proposed by Golden
et al.”! The shelf-life varied between 14.4 months for the
combined model and 12.4 months for the noncombined
model. In all cases, shelf-life was calculated from the
lower 95% confidence limit on the regression line.
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Table 5. Variance (o°) taken from the covariance analysis, critical significance level («.) for both alternative hypotheses, and
P-value for the null hypothesis of slope homogeneity for the full and matrix stability test plan according to Ruberg and

Stegeman.”! The average shelf-life was 14.4 months.

o
e — Hov
by by S.S. d.f. o’ Ha, Ha, P (months)
Full plan
100.6 —0.7363 15.646 18 0.869 0.367 0.469 0.939 14.6
100.7 —0.7219
101.8 —0.7266
Permutation Matrix plan
123 100.1 —0.7153 6.571 9 0.730 0.377 0.488 0.928 14.4
100.9 —0.7198
101.4 —0.7038
132 100.1 —0.7153 6.014 9 0.668 0.346 0.460 0.884 14.2
101.8 —0.7253
100.2 —0.7050
213 100.4 —0.7097 4.329 9 0.481 0.233 0.347 0.443 14.5
101.1 —0.7455
101.4 —0.7038
231 100.4 —0.7097 6.947 9 0.772 0.426 0.505 0.735 14.3
101.8 —0.7253
100.6 —0.7442
312 101.2 —0.7123 4.544 9 0.505 0.278 0.364 0.490 14.4
101.1 —0.7455
100.2 —0.7050
321 101.2 —0.7123 7.719 9 0.858 0.461 0.535 0.776 14.3
100.9 —0.7198
100.6 —0.7442

Abbreviations: bg: intercept (%); b;: slope (%/months); S.S.: sum of squares; d.f.: degree of freedom; Ha,, Ha,: alternative

hypothesis.

a power of 0.80 and the critical significance level ()
needed to achieve that power according to Ruberg
and Stegeman.’! At this stage, the desired shelf-life
() was 14 months, and the maximum allowable
difference (AC) in drug potency was 1%. For both
the full testing and matrix designs, «. was higher than
0.25, indicating that batches may be pooled, indepen-
dently of the alternative hypothesis (see Table 5).
In this way, poorly designed studies (small number
of experimental points, large error variance, few
sampling times, etc.) are penalized because the
resulting critical significance levels will increase.
Llabrés et al.®™ have proposed an alternative
statistical method for testing the equivalence between
batches. This method is based on the statistical linear
model, making use of a set of dummy variables to
code the different batches. The main advantages of
this method are the possibility of comparing several
batches, to disclose the equivalence stability criteria
from the statistical hypothesis about the equality
between slopes, and the joint estimate of the residual

variance whatever the decision to pool or not the
data from different batches. Table 6 shows the
model parameter estimates for full testing and matrix
plan, using the method described by Llabrés et al.[®!

We also analyzed the data taking into considera-
tion the stability equivalence criteria, for example,
those defined by Ruberg and Stegeman,?®! where the
maximum allowable difference in slopes among any
two batches is equal to A. The data from two differ-
ent batches are pooled if two conditions are fulfilled:
first, the 95% confidence intervals for the difference
in slopes are contained in the interval [—A,+A],
and second, that this interval contains the zero value.
Thus, the first condition assures that the power of the
test is sufficient to detect a difference among the
batches considered relevant, while the second avoids
the bias of pooling batches with different slopes.
If we take a A value equal to 0.0714%/month (e.g.,
A =1%/14 months), the 95% confidence intervals for
the difference between slopes are outside the interval
[-0.0714,0.0714] for the batches in both testing
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Table 6. Model parameter estimates for full testing and matrix plan using the method described by
Llabrés et al.®

95% confidence intervals

Model Standard
Plan parameter Estimate deviation Lower Upper
Full by —0.7363 0.0294 —0.7980 —0.6746
as 0.0144 0.0415 —0.0728 0.1017
ay 0.0097 0.0415 —0.0776 0.0969
Matrix
123 by —0.7153 0.0284 —0.7798 —0.6509
as —0.0045 0.0407 —0.09652 0.0876
ay 0.0116 0.0420 —0.0835 0.1067
132 by —0.7153 0.0272 —0.7770 —0.6537
as —0.0100 0.0389 —0.0981 0.0781
ay 0.0103 0.0402 —0.0807 0.1013
213 by —0.7097 0.0231 —0.7620 —0.6574
as —0.0358 0.0330 —0.1105 0.0389
ay 0.0059 0.0341 —0.0713 0.0831
231 by —0.7097 0.0293 —0.7759 —0.6434
as —0.0157 0.0418 —0.1103 0.0790
ay —0.0345 0.0432 —0.1323 0.0633
312 by —0.7123 0.0237 —0.7659 —0.6587
as —0.0331 0.0338 —0.1097 0.0434
ay 0.0073 0.0350 —0.0718 0.0864
321 by —0.7123 0.0309 —0.7822 —0.6425
as —0.0074 0.0441 —0.1072 0.0923
ay —0.0318 0.0456 —0.1349 0.0712

Coeflicient b corresponds to the slope for batch 1. Coefficients a3 to a4 correspond to the differences
between the slope of batches 2 to 3 and the slope for batch 1. As can be seen, the 95% confidence
intervals for the difference between slopes were outside the interval [—0.0714, 0.0714] if the maximum
allowable difference was 1% and the shelf-life was 14 months, indicating that the batches should
not be pooled. However, the batches may be pooled if the maximum allowable difference was 3%,
the shelf-life being of 14 months.

approaches, and therefore data from different batches
should not be pooled. In contrast, if the maximum
allowable difference (AC) was increased to 3% and
the desired shelf-life (6) was 14 months, then the 95%
confidence intervals for the difference between slopes
are inside the interval [—0.214,0.214] for both
designs, and an average shelf-life should be estimated,
14.4 + 0.14 months (n = 6) for the matrix plan, a value
very close to that obtained for full testing, 14.6 months.

In conclusion, the matrix plan should yield only
one shelf-life for all the configurations; however, the
data obtained in this study do not support this fact.
The estimated shelf-life varied between 12.4 and 14.6
months in function of the permutation used. The
equality test of slopes was accepted for all the config-
urations and the average shelf-life was 12.7 months
considering the common slope model, against 13.2
months for the full plan, indicating the conservative
nature of the matrix plan.

If we used the procedure proposed by Ruberg and
Stegeman,”! a common shelf-life for both alternative
hypotheses could be estimated, independently of
the design used, without meaning a loss of consumer
protection against one batch that degrades more
rapidly than the rest. In contrast, with the method
proposed by Llabrés et al.,® a common shelf-life
could only be calculated when the maximum allow-
able difference was increased to 3% and the desired
shelf-life was 14 months.

Finally, the statistical models used in this study
are an alternative to those proposed by USP and
at the same time they warrant the same objectives.
However, special attention to the definition of a
significant difference in slopes among batches is
required, which should be a priori stated, since in
the multiple comparisons context, statistically signifi-
cant differences in batches may be found although
the differences may be of little practical importance.
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On this point, what is the limit for this, and what
should be the criteria to establish it? At first, the
consumer’s risk of receiving a product which does
not fulfil the requirements must be controlled and
the consumer must be adequately protected. This is
a topic of further research on our part.
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