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ABSTRACT 

Recent experience has shown that the regulatory authorities tty to narrow speci- 
jications for a new drug product closely around stability data that have been gen- 
erated in the course of registration stability testing. This should ensure that the 
quality of the marketed product is produced within tight limits, very similar to the 
quality which is registered. A strategy is proposed to set scientijically based, sta- 
tistically justified specifications. The long-tern stability data available at the time 
point of registration application are extrapolated to a target shelf life (usually 36 
months) of the new pharmaceutical product by linear regression. Batch-to-batch 
heterogeneity is tested as prescribed by the International Conference on H a m -  
nization (ICH) guideline on stability testing of new drug substances and drug 
products. The data of different batches are combined in appropriate statistical mod- 
els for further evaluation. The one-sided 99 % conjidence limit for individuals is 
used for the determination of release and shelf life specijications. Special atten- 
tion is given to power calculations by which patients’ risk of receiving material 
which does not fulJi11 the requirements can be controlled. 

INTRODUCTION AND OBJETTIVE tion of the product. Dosage units from batches are 
sampled randomly and stored under controlled tempera- 
ture and humidity conditions. Individual samples are 
taken at predetermined time points and analyzed in or- 
der to assess, for example, decrease of assay of active 
ingredient, increase of the content of degradation prod- 
ucts, and change of dissolution behavior. From the re- 

The stability with time under given climatic condi- 
tions is a very important property of a new pharmaceu- 
tical product. Comprehensive stability studies are rou- 
tinely conducted by the pharmaceutical industry in order 
to evaluate any kind of chemical and physical degrada- 
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sulting data the specifications for the new drug product 
are derived. This means that, on the one hand, the time 
span during which the product characteristics remain 
within certain limits under given climatic conditions 
(shelf life) is determined. On the other hand, the stabil- 
ity data play a key role in determination of the limits for 
most of the quality characteristics themselves (besides 
considerations of efficacy, safety, and technical feasibil- 
ity). 

The stability testing requirements for registration 
application are laid down in the International Conference 
on Harmonization (ICH) guideline on stability testing of 
new drug substances and drug products (1). It is stated 
in the guideline that for registration, at least 12 months 
long-term stability information has to be provided on a 
minimum of three batches. The registration stability 
batches should be representative of the material which 
is intended for marketing. Therefore, the manufacturing 
process, the size of the batches, and the packaging are 
exactly specified in the ICH guideline. 

The development target for a new drug product is a 
shelf life that is significantly longer than 12 months. 
Currently, a 36-month shelf life is accepted by the regu- 
lators as a maximum for unstable products; 60 months 
is accepted as a maximum for products which do not 
change with time. This can lead to the situation in which 
setting of specifications has to be performed based on 
only 12-month data available at the time point of reg- 
istration application. This is difficult and needs a spe- 
cial strategy. It is particularly true because it is explic- 
itly stated in the ICH guideline that the stability 
information obtained from previous development batches 
with smaller batch sizes, with even slightly different 
formulation or packaging is considered only as support- 
ive data (1). 

A procedure for statistical evaluation of stability data 
for the purpose of shelf life determination-not for the 
stipulation of the specifications for the quality charac- 
teristics itself-is described in the U.S. Food and Drug 
Administration (FDA) guidelines (2) and by the Inter- 
national Conference on Harmonization (1). The proce- 
dure has also been described in detail in several publi- 
cations (3-5). It consists of the calculation of individual 
regression lines for each batch under each experimen- 
tal condition (temperature, humidity, packaging). An 
analysis of covariance (ANCOVA) is applied to assess 
differences between the regressions of the batches. 
Depending on the results of the ANCOVA calculation, 
the data of the batches are combined in appropriate sta- 
tistical models for further evaluation. The expiration 
dating period (shelf life) is determined as the intersec- 

tion point of the confidence limit for the regression line 
with the given specification limit. Some other scientific 
techniques for the assessment and prediction of the sta- 
bility of pharmaceutical products have also been re- 
ported in the literature. They include principles of re- 
action kinetics such as the effect of the reaction order 
and the temperature, Arrhenius kinetics (649, and sta- 
tistical techniques such as the calculation of linear re- 
gression lines and confidence intervals (9,lO). Also 
general linear model calculations (1 1), models with ran- 
dom and fixed effects (12,13), and models with nested 
error structure (14) are used for the purpose of evalu- 
ating stability data. 

In this paper we propose a detailed strategy and sta- 
tistical methodology for the setting and justification of 
specifications based on limited stability data and based 
on a target shelf life. In this context special attention is 
given to the assessment of both the producer’s risk of 
rejecting a batch which fulfills the requirements (a  er- 
ror, error of first kind, type I error) and to the risk of 
the consumer (patient) receiving medication from a 
batch which is out of specification (p error, error of 
second kind, type I1 error). 

STRATEGY FOR SETTING AND 
JUSTIFICATION OF SPECIFICATIONS 

The stability information obtained from batches 
which have been produced early during development 
cannot be used as primary source for specification set- 
ting (1). Therefore, it is necessary to extrapolate the 
limited stability information on the large batches avail- 
able at the time point of registration application to the 
expected shelf life (usually 36 months). Based on this 
extrapolation, target specifications are stipulated. Even 
if the target specifications are not fully supported by 
real-time data at the time point of registration applica- 
tion, the statistical calculation enables the conclusion that 
a future individual measurement at the end of the shelf 
life will be within specification, with a given level of 
confidence. The target specifications have to be justified 
by taking into account other factors besides statistical 
ones which influence the setting of specifications (e.g., 
safety data, technical feasibility, reproducibility of the 
process, stability information from previous batches). 
Also they have to be justified by updating the calcula- 
tion with new results obtained from the stability testing 
program which is ongoing during the registration file 
review period, and which is usually extended to the time 
after launch of the drug product. 
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The setting of specifications closely around the sta- 
bility data which are obtained from the registration sta- 
bility batches implies the risk of a failure of later pro- 
duction batches because the production batches may 
vary more than the development batches did. Therefore, 
the sensitivity of the critical process parameters and the 
ruggedness of the process has to be assessed during the 
production scale-up by using a corresponding validation 
scheme. Also, the ruggedness of the analytical methods 
should be fully validated prior to the initiation of the 
registration stability program. 

GRAPHICAL EVALUATION OF STABILITY 
DATA 

The listing of stability results in a table format is 
necessary for documentation, but the tables do not al- 
low easy assessment of key parameters like slopes and 
intercepts, and the inherent variability of the data. As 
a consequence the classification of the quality character- 
istics as critical or noncritical for the product remains 
sometimes difficult. Therefore, the presentation of the 
stability results in the registration file should always be 
supported by visualization of the stability information in 
appropriate charts with respect to: 

The impact of storage conditiondpackaging on the 
stability 

Differences between batches 
Scattering of the data, for example, due to the 
variability of the analytical method 

Maximum clarity is obtained by presenting the data 
in separate xy scatter charts with standardized symbols 
for all charts and the same linear scales for the x axis 
and the y axis depending on the batch with the longest 
observation period and the extreme values observed 
during stability testing. Depending on the effect which 
should be illustrated, the presentation of the data batch 
by batch or grouped (e.g., by storage temperature or by 
packaging) is suggested (Fig. 1). 

STATISTICAL EVALUATION OF STABILITY 
DATA 

Single Values Versus Mean Values 

Usually, for stability testing two different samples 
from the material which has been stored in the climate 
chamber are prepared and measured against the refer- 
ence standard. In most cases these replicates do not 
reveal the whole variability of the analytical method. 
The day-to-day variability is generally more pronounced 
than the method's repeatability obtained from simulta- 
neously prepared and analyzed replicates. The reason is 
that for one particular analysis, the conditions are fixed 

Figure 1. Graphical presentation of assay of active ingredient stability data. 
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(analyst, reagents, conditions in the lab, analytical in- 
strument, etc.) whereas weeks or months later the con- 
ditions may differ significantly. There would be no gain 
in information if the replicates were included as indi- 
vidual values in the statistical evaluation. Therefore, 
means of the within-day replicates are used. It was 
shown (14) that the result of an ANCOVA calculation 
on the means correctly estimates the common slope (and 
common intercept) if the within-day variability is clearly 
smaller than the day-to-day variance component. 

For the analysis of chemical parameters (e.g., assay 
of active ingredient and degradation products by high- 
performance liquid chromatography-HPLC), the differ- 
ence between the day-to-day and the within-day variance 
components can be easily assessed if samples stored in 
a deep freezer are analyzed together with their counter- 
parts stored under long-term or accelerated conditions 
(under deep-freezer conditions the drug substance is 
expected not to change chemically with time). The day- 
to-day variability can be removed by normalization of 
the stability data on these data or by using them as an 
additional factor in the statistical model as described by 
Langenbucher (1 1). This leads to more precise stability 
information because the effect of the day-to-day variabil- 
ity is removed from the residual mean square, which 
strongly increases the power of subsequent statistical 
tests. However, in general the whole effective analyti- 
cal uncertainty should be included in the specification in 
order not to underestimate the variability of future re- 
sults contributed by the analyst when the analysis is 
done in different laboratories, by different operators, 
with different analytical equipment. 

Assessment of the Batch-to-Batch Variability 

From a statistical point of view, pooling of data ob- 
tained from different batches stored under similar con- 
ditions (packaging, storage conditions) into one overall 
estimate is appropriate only if the data have been proven 
statistically to be homogeneous. This test is done by an 
analysis of covariance calculation (ANCOVA) (15) as- 
suming time-independent variance and independently 
normally distributed residuals. The key numbers in the 
resulting ANCOVA tabulation are the common slope, 
the common intercept, and the probabilities of the F 
ratios. The latter have to be considered in a logically 
sequential manner in order to test the appropriateness of 
the common regression model (16):* 

Test I :  The first hypothesis to test is the equality 
of slopes of the batches’ individual regressions. If 
the null hypothesis (regression lines of individual 
batches are parallel) has to be rejected on a given 
level of significance (e.g., a = 0.25), pooling of 
the data into one overall common slope estimate 
is statistically not justified. No further information 
from the ANCOVA should be taken into account 
and the evaluation has to be restricted to the worst 
batch alone. Usually this results in a very pessi- 
mistic assessment because only few data are avail- 
able for each individual batch and the worst batch 
is commonly the one with the fewest time points 
and the shortest period of observation, which re- 
sults in the broadest confidence interval. It is 
therefore recommended that the test be repeated 
with appropriate subsets of batches (17). 
Test 2: The second level of significance to be 
checked, if test 1 is passed, is the one for the 
hypothesis of no time dependence (zero slope). It 
gives the probability that the common slope is in- 
distinguishable from zero. If there is certain evi- 
dence against rejecting the null hypothesis, no 
change of the data with time is detected and the 
quality characteristic has to be considered as non- 
critical for the stability of the product. However, 
the pooling decision still needs statistical support 
(see next section). 
Test 3: The third probability which has to be con- 
sidered after proving the common regression and 
the time dependency is that for the hypothesis of 
equality of the adjusted means (batch means ad- 
justed for the time dependency). This value rep- 
resents the result of the test of the null hypothesis 
that the regression lines of the individual batches 
have the same intercept. In this case the “common 
slope, common intercept” model is appropriate. If 
not, a common slope may still be assumed, but the 
intercept of the worst batch under the common 
slope model has to be used in place of the com- 
mon intercept (“common slope, separate inter- 
cepts” model) (4). 

The ICH guideline (1) prescribes a fixed critical 
probability of a = 0.25 for the tests of equality of 
slopes and for the equality of adjusted means (the critical 
probability for the zero slope test is not mentioned in the 
guideline). The a = 0.25 level is much more strict than 
the more common level of a = 0.05 since pooling 

*Experience has shown that transformation of data (e.g., on a logarithmic or quadratic scale) is usually not necessary to apply 
linear regression (4). This is particularly true when relatively small changes within the period of observation are detected. 
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should only be permitted if not even a mild evidence of 
heterogeneity is detected. So the permission to pool is 
a rare event. But the idea behind this strict procedure 
is the reduction of the p error, the risk of not detecting 
a difference between the batches which in fact exists 
(true HA). It is the intention to keep this risk as small 
as possible because it relates to safety and efficacy of 
the drug (consumer’s risk). However, minimizing p by 
simply increasing a is a very coarse method and in 
addition could lead to wrong decisions: If the analyti- 
cal method is precise and the data of the individual 
batches lie on more or less straight lines, it is much 
more difficult to pass the test than if the variability of 
the analytical method is high. In fact, the experimental 
scatter may be so high that not even a = 0.25 leads to 
a sufficiently small consumer’s risk (17). In order to 
prevent these situations and to make most effective use 
of the data, the consumer’s risk p has to be specified 
explicitly, and the critical significance level a needed to 
reject the null hypothesis has to be adjusted accordingly. 

The relation between a and p for an F test is a com- 
plicated function of the experimental scatter, the degrees 
of freedom, and the critical difference the test should be 
capable of detecting (noncentral F distribution). How- 
ever, the approximation of the noncentral F distribution 
by using the central F distribution (18) allows for easy 
computation as follows: 

acritical = 

p, (dF1 + ’)* , dF2 
(dF1+ 2h) 

where acritid: critical level of significance, producer’s 
risk; p: probability of second type error, consumer’s 
risk; F: quantile of the central F probability distribution; 
F’: inverse of the cumulative distribution function of 
the central F distribution; dFI:  degrees of freedom 
under the null hypothesis = (number of batches -1); 
dF2: degrees of freedom for residual error mean square 
(MSE from the ANCOVA); A: noncentrality parameter 
= SS(HA)/MSE (see next equation). 

The noncentrality parameter h depends on the re- 
sidual error MSE and on the sum of squared deviations 
SS(HA) resulting from the constellation as characterized 
by the alternative hypothesis HA against which one 
wants to be protected. The most reasonable choice for 
HA in the case of drug stability test situations is a situ- 
ation where one outlier batch exists in the less favorable 
direction while the remaining barches are equal. This is 
the worst-case scenario because it leads to the lowest 

possible sum of squares deviation between the batches. 
In this case SS(HA) and thereby A can be calculated as 
follows (17): 

t n;  \ 

where SS(HA): sum of squares deviation corresponding 
to HA: wk: lowest of all weights, typically the weight of 
the batch with the fewest observations: A: minimum 
detectable critical difference; rv: time point i within 
batch j ;  i .j: mean of the time values of batch j .  

A is the smallest possible difference between the 
outlying batch and the remaining batches, which should 
be detectable by the ANCOVA F test (e.g., a true dif- 
ference between slopes of A = 1 %/year should be de- 
tectable with an error of p = 1 %). It should be stressed 
that the choice of the critical values for a, p, and A is 
a pharmaceutical and regulatory issue, and not a statis- 
tical one. MSE and the degrees of freedom are taken 
from the ANCOVA table. For the test for equality of 
slopes, the error mean square under the separate slope 
model, MSE(2), is used: for the test for zero slope and 
for equality of adjusted means, the error mean square 
under the common slope model, MSE(I), is the appro- 
priate error term for the F test. 

Stability Data Revealing No Time Dependence 

If the level of significance for H,, = zero slope is 
above acriticd zero slope, no time dependence of this qual- 
ity characteristic is detected from the statistical point of 
view (16). If, in addition, the power to detect any mean- 
ingful time dependency if great enough, any further 
evaluation assuming time dependence is not reasonable. 
The data can be treated as if they were repeated mea- 
surements of the same samples, and the unadjusted 
means can be compared using an analysis of variance 
(ANOVA) F test. In most cases the result for the equal- 
ity of the adjusted means test of the ANCOVA calcu- 
lation represents a good estimate for the result of the 
ANOVA calculation for the unadjusted means, because 
the time-dependent variance component is almost neg- 
ligible. 

Assuming the null hypothesis of equal batch means 
cannot be rejected on a given level of probability a,,,, 
esuallty of adjusted means, and the power to detect a meaning- 
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ful difference is sufficiently high, different batches can 
be considered as equal and the specification can be cal- 
culated as the one-sided confidence limit for individual 
data of the one-dimensional population. Under the as- 
sumption that future batches will have equal quality 
compared to the registration stability batches, the setting 
of specifications by applying a 95% confidence limit 
will statistically result in a failure of 1 out of 20 success- 
fully prepared batches just by chance. Considering the 
tremendous costs of a batch failure it is proposed to use 
the 99 % confidence limit instead of the 95 % confidence 
limit. The proposal is also justified because it is not the 
producer’s risk but the consumer’s risk, represented by 
the result of the power calculation (see below), by which 
the risk of the patient of receiving a batch which is out 
of specification is correctly assessed. 

CL = F . . ~ C I  with CI = to,,(,), . JMSE 
where CL: confidence limit (for characteristics which 
are increasing with time CI has to be added; for char- 
acteristics which are decreasing with time CZ has to be 
subtracted); X . . : grand mean of the data of all stability 
batches at all time points (in case of a ‘‘common slope, 
separate intercepts” model X . . has to be replaced by X . , 
which is the mean of the stability data of all time points 
of the worst batch); tO.ol(l)dFE: one-sided Student t value 
for 99% probability and dFE degrees of freedom (dFE: 
degrees of freedom from the ANOVA); MSE: residual 
error variance from the ANOVA. 

As already mentioned above, for complete character- 
ization of a statistical test, the consumer’s risk has to be 
assessed and specified in addition to the producer’s risk 
and its critical probability level. In this case it is the risk 
of the patient of receiving medication from a batch 
which is out of specifications (19). For the Student t test 
the j3 error can be calculated as a function of the as- 
sumed true difference when the standard error and the 
number of samples are known (noncentral t distribu- 
tion). However, it is more advantageous to specify the 
power 1 - p in advance (e.g., 1 - p = 0.9) and then 
to compute the minimum detectable real difference be- 
tween the stability batches and the batch under investi- 
gation (20,21), which can analytically be detected with 
the stated power. For bioequivalence testing it is com- 
mon to calculate this difference for p = 0.2 probabil- 
ity (power = 80%). For the setting of specifications we 
propose a much stronger limit p = 0.05 which takes 
into account the safety of the customer to a larger ex- 
tent. The resulting minimum detectable difference 

should be considered with respect to what is known, for 
example, from safety studies, therapeutic range, etc. 

where A: minimum detectable difference between the 
mean of the stability batches and the batch under inves- 
tigation (in case of a “common slope, separate inter- 
cepts’’ model the minimum detectable difference is cal- 
culated under the assumptions described above); nSb: 
number of data of the stability batches; nb: number of 
the data of the batch under investigation (usually 1); 
ta(l),#E: one-sided Student t value for the specified 
producer’s risk (e.g., a = 0.01); dFE: one-sided 
Student t value for the consumer’s risk (e.g., p = 0.05); 
MSE: residual error variance from the ANOVA; dFE: 
degrees of freedom from the ANOVA. 

If the resulting level X . .  - A (e.g., for content of 
active ingredient) or X . . + A (e.g., for content of deg- 
radation products) reveals any risk to the patient (e.g., 
critical level of a degradation product), the calculation 
has to be repeated with a tighter confidence limit (e.g., 
a = 0.05) corresponding to an increased producer’s risk 
but decreased consumer’s risk. For critical quality char- 
acteristics (e.g., level of a toxic degradation product), 
keeping the p error under control should have absolute 
priority. 

Example I 

The data of the stability batches I to I11 and the re- 
sult of the ANCOVA calculation are given in Tables 1 
and 2, respectively. When tested against a fixed a,fitical 
= 0.25, the data of the batches are allowed to be com- 
bined according to a “common slope, common inter- 

Table 1 

Stability Data (Content of Degradation Product) 
for Example I 

Content of Degradation Product (%) 

Time (Months) Batch I Batch I1 Batch I11 

0 0.3 0.5 0.3 
3 0.1 0.3 0.4 
6 0.3 0 .3  0.4 
9 0.4 0.5 0.6 

12 0.2 0.3 0.2 
18 0.4 
24 0.1 
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- 

Table 2 

Results of ANCOVA Calculation Using the Stability Data Given in Table 1 

Source dF ss MS F P (F) 

Equality of intercepts 2 0.0467 0.0234 1.3206 0.3005 
Zero slope 1 0.0033 0.0033 0.1856 0.6736 

Equality of slopes 2 0.0022 0.0011 0.0547 0.9471 
Error (1) 13 0.2299 0.0177 

Error (2) 11 0.2276 0.0207 

cept” mode for further statistical evaluation. The slope 
of the common regression line is not significantly dif- 
ferent from zero [p (F) , , ,  slope = 0.671. However, a 
look at the graphical chart reveals an unusual scattering 
of the values and a difference of the slope of batch I1 
compared to batches I and I11 (see Fig. 2). 

In order to assess the second kind error, not detect- 
ing a difference which in fact exists, a power calcula- 
tion was performed as the next step. According to the 
available background information (safety data, target 
population, pharmacological effects of the degradation 
product, etc.), the critical a values were calculated 
based on the following assumptions: If the true initial 
value of one of the batches under investigation is 0.2% 
higher than the other batches, if the true common slope 
of the batches is different form zero by more than 

O.Ol%/months (= 0.4% at the end of ~ . e  expected shelf 
life), and if the true value of one of batches at the end 
of the expected shelf life differs by more than 0.4% 
from the other batches, this should be detected with a 
probability of 95% (p = 0.05). 

According to the result of the power calculation 
(Table 3), a “zero slope, separate intercepts” model 
instead of a “zero slope, common intercept” model is 
appropriate for combination of the data for further sta- 
tistical evaluation. The calculation of the 99% one-sided 
upper confidence limit for individuals under the respec- 
tive model led to 0.73% as the specification limit for the 
content of this degradation product (see Fig. 3). 

Again, the calculation of the confidence limit assesses 
only the producer’s risk (probability of a failure of one 
of the batches which in fact is within specifications). 

0.9 l I  

A 

rn ------ 

- $ 1  0.8 

u- 
0 

0 
C 
0 0.2 
0 

c) 

0.1 - -  
o , . . : . . : . . : . . : . . : .  . : . . : . . : . . : .  - : - - : - -  

0 3 6 9 12 15 18 21 24 27 30 33 36 

Time I Months 

Batchl 
Batch II 

A Batch 111 - -Fit Batch I - - - Fit Batch II 

Fit Batch 111 - -  

Figure 2. 
individual batches. 

Graphical presentation of the stability data given in Table 1: single values and linear regression fits of the data of the 
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1.1- . . . . . . . . . . . . . . . . . . . . . . . . . .  -1 

True content of degradatlon product which can be 
detected to be out of rpecfflcation with 95% Confidence: 
1.08 % 

z 1 - -  
s 0.9 - -  . ” 
0 a 0.8 - -  
TI 
0 _ _ _ _ _ _ _ _ _ _ - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - ,  
& 0.7 -1 
c 
0 = 0.6 - -  m 
U 

a, n - 0.4 - -  A A 
0 

5 0.34. rn 
c 
0 
0 0.2 - -  

A 2 One-sided upper confidence level: 0.73 

6 0.5dr 

c 

4- 

0.1 - -  
o i . . : . . : . . : . . : . . : . . : . . : . . : . . : . . : .  . : . .  

Table 3 

Results of the Power Calculation Using the Stability Data Given in Table 1 

Batch I 
m Batch II 
A Batch 111 

Common Fit 
Cl(ind) 

- 
- - -  
- - Limit(Pow) 

Wessels et al. 

Source 

Minimal Probability 1 - p acritid for Model for 
Differences of Detecting Decreasing Combining the 
to Detecta the Difference‘ p to 0.05 Data 

Equality of intercepts 0.2%b 0.32 0.92 Common slope 
Zero slope 0.01 %/monthc 0.83 0.49 Zero slope 
Equality of slopes 0.4%d 0.74 0.65 Separate intercepts 

aTo be detected with p = 0.05. 
bDifference of one batch in the less favorable direction compared to the other ones at release. 
CDifference of common slope from zero (= 0.4% at the end of the expected shelf life). 
dDifference of one batch at the end of the expected shelf life (= 36 months) compared to the others. 
eBased on acritical = 0.25. 

Therefore, an additional power calculation was per- 
formed to assess the probability of passing by mistake 
a batch which in fact is out of specification (consumer’s 
risk). The corresponding calculation led to 1.08%. This 
means that a batch which truly contains 1.08% of the 
degradation product is detected as being out of specifi- 
cation with a probability of 95 % . In order to address the 
risk for the patient, the safety margin concerning the 
content of the degradation product must clearly include 
this level. 

Calculation of Release and Shelf Life 
Specifications for Quality Characteristics 
Which Change with Time 

If the ANCOVA calculation reveals a time depen- 
dency of the stability data (test 2 in the test sequence), 
further evaluation is based on the common least squares 
fit line and its confidence interval. The common slope 
of the regression line is obtained from the ANCOVA. 
The calculation of the zero time intercept depends on the 

Figure 3. Results of the statistical evaluation of the stability data given in Table 1: single values, common fit with slope = 0 
and intercept shifted to intercept of the worst batch, one-sided upper confidence limit [CL(ind)] and true content of degradation 
product which can be detected as out of specification with 95% probability [Limit(Pow)]. 
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Statistical Evaluation of Stability Data 435 

result of the level of significance of H, = equality of 
adjusted means. If it is above acriti4 epuality of adjusted means 

the zero time intercept for the common regression line 
is taken. If not, it is calculated based on the data of the 
worst batch while retaining the common slope and its 
confidence interval (4). 

Two types of confidence intervals can be computed 
for linear regression: 

Confidence interval Area containing the fit 
for the mean line (mean value) in 

100 (1 - a)% of all 
repetitions of the 
analysis 

Confidence interval Area containing all in- 
dividual values in 100 
(1 - a)% of all repeti- 
tions of the analysis 

The one-sided confidence limit for individuals is calcu- 
lated according to the following equation as a function 
of the time (T) (22): 

for individuals 

CL(T) = aT + b f CZ with CZ = tO,O1(l),dFE . ,/A + B + C 

where CL: confidence limit (for characteristics which 
are increasing with time CZ has to be added; for char- 
acteristics which are decreasing with time CZ has to be 
subtracted; a: common slope; b: zero time intercept of 
the common regression line (in case of a “common 
slope, separate intercepts” model the zero time intercept 
of the common regression line is calculated based on the 
data of the worst batch); T time for which the calcu- 
lation is performed (e.g., T = shelf life); A: variance 
of the slope; B: variance of the intercept; C: variance of 
the individual values; ro,ol(l), dFE: one-sided Student t 
value for 1% probability and dFE degrees of freedom 
(dFE; degrees of freedom from the ANCOVA); i . . : 
grand mean of all time points of all batches; i.j: mean 
of the time values of batch j ;  to: Time point i within 
batch j ;  N: number of all data points of all batches; 
MSE: residual error variance from the ANCOVA. 

Both the ICH guideline (1) and the FDA guideline 
(2) prescribe the use of the confidence interval of the 
mean for the statistical evaluation of stability results (in 
order to calculate the confidence interval for the mean, 
the variance of the individual values is set to C = 0; see 
equation given above). The reason is that the statistical 
evaluation of stability data, as described in the guide- 

lines, aims at the determination of the shelf life, not at 
the setting of specifications. For the purpose of shelf- 
life determination, the use of the confidence interval for 
the mean is suitable since the expected true value of the 
characteristic-independent from the analytical error- 
must be within specification until the expiry date is 
reached. For the purpose of specification setting it is 
recommended the the confidence interval for individual 
values be used, which is broader than the confidence 
interval for the mean. Only by means of this confidence 
interval can the likelihood that the value of a future 
individual observation of the quality characteristics will 
be within specification be assessed. 

For characteristics that are expected to decrease with 
time (e.g., content of active ingredient) the lower one- 
sided 99% confidence interval has to be used. For char- 
acteristics that are expected to increase with time (e.g., 
content of degradation products), the upper interval is 
appropriate. For drug characteristics with both an upper 
and lower specification limit [e.g., the concentration of 
an active ingredient in a solution can either increase by 
loss of the solvent (permeation through the packaging) 
or can decrease by degradation], the two-sided 99 % 
confidence interval has to be applied. Due to the higher 
Student r value, the two-sided confidence limits are 
much broader than the one-sided ones. 

The specifications at release and at the projected 
minimum shelf life (e.g., T = 36 months) are given by 
the confidence interval for individuals. They define the 
range in which the data of the release analysis or the 
analysis at a later stage (recontrol analysis) will fall with 
a given level of probability (assuming that the future 
batches equal the stability batches with respect to its 
initial quality and its stability). 

By calculating the 99% one-sided confidence interval, 
the producer’s risk is fixed to 1% (probability with 
which a compliant batch will wrongly be rejected). The 
consumer’s risk that a noncompliant batch will wrongly 
pass the specifications is calculated similarly to the time- 
independent case. 

where A( T): minimum detectable difference; nsb: num- 
ber of data of the stability batches; nb: number of the 
data of the batch under investigation (usually 1); i . .: 
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grand mean of all time values of all batches; i .j: mean 
of the time values of batch j ;  tu: time point i within 
batch j ;  T: time for which the calculation is performed 
(e.g., T = shelf life); dFE: one-sided Student t value 
for the specified producers nsk and dFE degrees of free- 
dom; IIFE: one-sided Student t value for the consum- 
ers risk (e.g., p = 0.05) and dFE degrees of freedom 
(dFE: degrees of freedom for MSE); MSE: residual er- 
ror variance from the ANCOVA. 

Example I1 

The data of batches IV to VI and the result of the 
analysis of covariance calculation are given in Tables 4 
and 5, respectively. When tested against a fixed acritid 
= 0.25, the slopes of the batches must be considered as 
different from each other ( p(F)qdiw of slopes = 0.06) and 
combination of the data of the batches is not allowed. 
However, a look at the graphical chart reveals a very 
precise measurement of the data and only a very slight 
difference of the slopes of the batches (see Fig. 4). 

In order to assess the consumer’s risk, a power cal- 
culation was performed based on the same assumptions 
as listed in example I. The result of the power calcula- 

Table 4 

Stability Data (Content of Degradation Product) 
for  Example II 

Content of Degradation Product (%) 

Time (Months) Batch IV Batch V Batch VI 

0 
3 
6 
9 

12 
18 
24 

0.19 0.26 0.05 
0.24 0.29 0.09 
0.26 0.35 0.14 
0.28 0.39 0.18 
0.36 0.38 0.20 
0.42 0.22 
0.55 

tion (see Table 6) indicates that due to the precise mea- 
surement of the data, the probability for detecting a true 
0.4% difference of one of the batches at the end of the 
shelf life is much higher than 99%. For a 95 % probabil- 
ity the level can be lowered to a,”tid = 0.04 
which is fulfilled [ p ( F )  = 0.061. Thus, a common slope 
model is in accordance with the allowed slope difference 
that was specified. The corresponding calculations for 
the significance of “zero slope” and the “equality of the 
adjusted means” confirmed what was already clear from 
the graphical chart. Therefore, the data of the batches 
can be combined according to a “common slope, sepa- 
rate intercepts” model for further statistical evaluation. 

Calculation of the one-sided upper confidence inter- 
val leads to 0.26% at release, initial time 0, and 0.72% 
at the end of the expected shelf life (36 months). The 
analogous calculation of the probability for passing a 
batch which is out of specification by mistake (con- 
sumer’s risk) as described in example I leads to 0.91 % 
(see Fig. 5). This means that if a level of degradation 
product of 0.91% is present in one of the batches un- 
der investigation, the probability of detecting this batch 
as being out of specification is 95 % . In contrast to ex- 
ample I ,  this level is very close to the shelf life speci- 
fication, which is a result of the higher precision of the 
analytical method. 

DISCUSSION 

The requirements for registration stability batches are 
prescribed in the ICH guideline (1). The formulation, 
the manufacturing process, and the primary packaging 
have to be the same as those that are applied to future 
batches for marketing. The batch sizes should be at least 
pilot scale (one batch may be smaller) and the quality 
of the drug product should be representative for the 
future product that is intended for marketing. Since 
these batches represent the final stage of the develop- 
ment and thus are usually available towards the end of 

Table 5 

Results of ANCOVA Calculation Using the Stability Data Given in Table 4 

Source 

Equality of intercepts 2 0.1368 0.0684 106.98 3.30E-09 
Zero slope 1 0.1184 0.1184 185.22 1.83E-09 

Equality of slopes 2 0.0034 0.0017 3.6024 0.0595 
Error (1) 14 0.0089 O.OOO6 

Error (2) 12 0.0056 o.ooo5 
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Figure 4. 
individual batches. 

the development, only limited stability data (at least 12 
months is required) are available for stipulating speci- 
fications. On the other hand, the specifications should 
allow an acceptable quality of the product for (usually) 

Graphical presentation of the stability data given in Table 4: single values and linear regression fits of the data of the 

36 months. The proposed strategy for setting and jus- 
tification of specifications successfully solves this prob- 
lem. First experience with the methodology for speci- 
fication setting has shown that retrospective analysis of 

1 -  

0.9 - -  /- True content of degradation product 
which can be detected wlth 95 % 

9 confidence. : 0.8 - -  

6 0.2 
A ’ f : : A A  0.1 

o J . . : . . : . . : . . : . . : . . : . . : . . : . . : . . : . . : . . I  
0 3 6 9 12 15 18 21 24 27 30 33 36 

Tim Months 

Batch IV 
BatchV 

A Batch VI 
Common Fit - 

- -CL(indiv.) 

Figure 5. Results of the statistical evaluation of the stability data given in Table 4: single values, common fit with the intercept 
shifted to the intercept of the worst batch (batch V), one-sided upper confidence limit [CL(ind)] and true content of degradation 
product which can be detected as out of specification with 95% probability. 
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Table 6 

Results of the Power Calculation Using the Stability Data Given in Table 4 

Minimal Probability 1 - p acritical for Model for 
Differences of Detecting Decreasing Combining the 

Source to Detecta the Difference‘ p to 0.05 Data 

Equality of intercepts 0.2%b > 0.99 2.22E- 16 Common slope 
Zero slope 0.01 %/monthc > 0.99 3.83E-08 Slope # zero 
Equality of slopes 0.4%d >0.99 0.0365 15 Separate intercepts 

aTo be detected with p = 0.05. 
bDifference of one batch in the less favorable direction compared to the others at release. 
“Difference of common slope from zero (= 0.4% at the end of the expected shelf life). 
dDifference of one batch at the end of the expected shelf life (= 36 months) compared to the others. 
eBased on acrid& = 0.25. 

stability data from already registered products leads to 
specifications very similar to those agreed upon with the 
authorities earlier. 

The proposed strategy aims at the statistical calcula- 
tion of specifications for a target shelf life of 36 months 
by extrapolation of the stability data. This enables the 
comparison of the quality of future batches intended for 
marketing with the quality of the registration stability 
batches and leads to the setting of release as well as 
shelf-life specifications that are close to the data of the 
registration stability batches. The methodology is some- 
what different from other approaches for calculation of 
specifications based on the confidence limit of the slope 
of the regression line (23,24), and from what is de- 
scribed in the ICH guideline (1) as well as in the litera- 
ture (3-5). The objectives of the latter data evaluation 
methods are different because they are dealing with the 
definition of the shelf life for an already given set of 
specifications. 

Since any statistical test is fully described only if both 
potential errors (producer’s risk and consumer’s risk) 
have been taken into account, special attention is given 
to the calculation of the consumer’s risk (second type 
error) for the ANCOVA calculation as well as for the 
calculation of the confidence intervals. This forces to 
define a critical difference for which the probability of 
detection is calculated or vice versa, a probability is 
predefined and the critical difference that can be de- 
tected is calculated. Especially if specifications for criti- 
cal quality characteristics (e.g., toxic degradation prod- 
ucts, very narrow therapeutic range) are concerned, the 
assessment of the risk of the consumer to receive ma- 
terial which does not fulfill the specifications should be 
mandatory. 

Of course, safety considerations have the highest 
priority in the list of factors that affect the setting of 
specifications. However, fortunately the quality stan- 
dards in pharmaceutical industry are so high that usu- 
ally the quality of a drug product is of no safety con- 
cern, and thus specification limits are usually not based 
on safety considerations. Rather, in most cases the ob- 
served quality of all registration stability batches 
throughout their shelf life forms the basis for specifica- 
tion setting. The strategy for specification setting pro- 
posed in the present paper should be applicable in the 
majority of cases. The international quality standards, 
which are part of the national regulations, provide the 
frame for this process. Specification limits outside these 
international standards are usually not accepted by the 
authorities and require strong justifications. 

It should be noted that besides the long-term stabil- 
ity data (the evaluation of which is the subject of the 
present paper), also the accelerated data have a strong 
impact on specification setting. According to the ICH 
guideline (l), 6-month stability data at accelerated con- 
ditions have to be within specification for a new phar- 
maceutical product. 
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