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ABSTRACT 

Application of a General Linear Model (GLM, llAnalysis of 
to the statistical interpretation of stability data 

combines the methods of regression and analysis of variance in one 
common model. Expanding the well accepted method of linear re- 
gression upon time, the GLM model permits one to-include support- 
ive factors which may be either continuous regressors 
(temperature, humidity, etc.) o r  class effects (batch number, 
formulation type, manufacturer, etc.). Using the GLM procedure of 
SAS as a convenient software tool, the technique is illustrated by 
several examples. It is concluded that GLM provides a most suit- 
able approach for the interpretation of stability data. 

INTRODUCTION 

Since long, scientific techniques are applied to the stability as- 
sessment of pharmaceutical products, including principles of re- 
action kinetics (reaction order, effect of temperature) and 
statistical techniques such as regression and confidence inter- 
vals, e.g. [l-41. They have been summarized by Hartmann et a1.131 
and are fixed in recent FDA guidelines 141: Individual regression 
lines are calculated for each experimental condition (temperature, 
humidity, package); Analysis of Variance is applied to test dif- 
ferences between various batches; confidence limits and their 
intersection with specification limits define the expiration dat- 
ing period (shelf life). 

Obviously it would be attractive to combine all storage conditions 
and batches into a common statistical analysis. For continuous 
factors such as temperature o r  humidity this is easily achieved by 
ultiple Resression. Class effects like batch number o r  package 

!re treated by means of ANOVA, and in connection with regressors 
they are handled by a General Linear Model (GLM), also known as 
Analvsis of Covariance C5, 61: ##The technique of analysis of 
covariance is designed for circumstances in which the data are in 
such a form that they must be analyzed by a combination of the 
methods of regression and analysis of variance... If.. . interest 
centers in the regression of y upon x ,  but the data are obtained 
from a number of sources o r  may be otherwise classified, our esti- 
mate of the regression coefficient may be influenced by class ef- 
fectsll (p. 441 of 151) .  
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THEORETICAL BACKGROUND 

LANGENBUCHER 

S t a r t i n g  p o i n t  o f  t h e  s t a t i s t i c a l  a n a l y s i s  i s  regress ion  o f  a 
changjng v a r i a b l e  upon TIME as main regressor .  I n  m o s t  cases r e -  
gress ion w i l l  be l i n e a r ,  s ince  s t a b i l i t y  t e s t s  a re  r a r e l y  con t in -  
ued t o  such an ex ten t  o f  degradat ion t h a t  the  exper imenta l  e r r o r  
permi ts  one t o  d i s t i n g u i s h  r e a c t i o n  orders. I f  the  da ta  i n d i c a t e  
a curvature according t o  f i r s t - o r d e r  degradation, t he  dependent 
v a r i a b l e  cou ld  be used i n  loga r i t hm i ted  form. 

The most l o g i c a l  form o f  t h e  dependent v a r i a b l e  i s  one which d i -  
r e c t l y  r e f l e c t s  the  chancle o f  a p roper t y  f rom i t s  i n i t i a l  s e t  
value, expressed on e i t h e r  an absolute o r  a r e l a t i v e  scale.  For  
chemical degradation, t h e  appearance o f  a decomposit ion product  
(DECOMP) i s  such an e f f e c t  which i s  zero a t  t he  beginning and de- 
ve lops i n  some p ropor t i on  w i t h  t ime; the  regress ion  i n t e r c e p t  f o r  
TIME=O i s  zero i d e a l l y  and any s e t - o f f  i n d i c a t e s  an l l ins tab i l i ty l l  
r e s u l t i n g  f r o m  the  manufacturing process. I n  cont ras t ,  the  a c t u a l  
drug content  (CONTENT) does n o t  meet th is  c r i t e r i o n  and should be 
rep laced by 100-CONTENT, t he  sum o f  a l l  degradat ion products .  T h i s  
becomes advantageous i f  l o s s  o f  potency and appearance o f  degrada- 
t i o n  products  a re  t o  be t r e a t e d  by a common a n a l y s i s  t 8 l .  

A f u l l  s t a b i l i t y  t e s t  p r o t o c o l  i nvo l ves  a number o f  a d d i t i o n a l  
f a c t o r s  which f a l l  i n t o  one o f  these groups, see F igure  1: Storacle 
f a c t o r s  such as temperature (TEMP), humid i ty  (HUMI), and package 
(PACK) are absent i n  the  beginning and develop i n  p r o p o r t i o n  u i t h  
TIME, i . e .  they  a f f e c t  the  s lope a f  t he  t ime regress ion  Clb). They 
are  t y p i c a l l y  continuous regressors  o r  may converted t o  
regressors. Batch f a c t o r s  such as batch number (BATCH), s i z e  o r  
scale-up l e v e l  ( S I Z E ) ,  dose s t reng th  (DOSE), f o rmu la t i on  type  
(FORM), o r  manufacturing p lace  (MANUF) a re  a l ready  present  a t  t h e  
beginning. They a re  u s u a l l y  c l a s s  e f f e c t s  and c o n t r i b u t e  a con- 
s t a n t  s h i f t  t o  the  regress ion  l i n e ,  1.e. the  i n t e r c e p t  of t he  
curve C2a). I n t e r a c t i v e  f a c t o r s  may a f f e c t  both, i n t e r c e p t  and 
slope C2b). 

STORAGE FACTORS 

The storage cond i t i ons  TEMP, HUMI, and PACK have ( o r  may be e a s i l y  
converted i n t o )  a reasonable continuous sca le .  This pe rm i t s  one 
t o  combine them w i t h  TIME i n  a common m u l t i p l e  regress ion  model. 
When se t t ing-up  the  model, i t  i s  impor tan t  t o  n o t  i n c l u d e  the  
storage f a c t o r s  as main e f f e c t s ,  s ince  t h i s  would correspond t o  a 
constant c o n t r i b u t i o n  a l ready  present  a t  TIME zero. The on ly  
meaningful model f o r  t w o  f a c t o r s  TIME and TEMP i s  presented by 
case Clb) o f  F igure  1, w i t h  TIME and TIME*TEMP as regressors.  A 
genera l ized model f o r  a l l  s torage f a c t o r s  would have a f o r m  which 
a l s o  takes i n t o  account t h a t  PACK i s  e f f e c t i v e  on ly  i n  combination 
w i t h  TEMP and/or HUMI: 

DECOMP- 
TIME TIMEaTEMP TIME*HUMI TIMExTEMPrPACK TIME*HUMI*PACK (1) 

TEMPERATURE - I n  a model o f  t h i s  s t r u c t u r e  the  c o e f f i c i e n t  o f  TIME 
est imates the  s lope o f  a TEMP=O sample, independent o f  whether 
th is  cond i t i on  e x i s t s  i n  the  da ta  o r  n o t .  The c o e f f i c i e n t  o f  
TIME*TEMP charac ter izes  the  %preading" o f  t he  h igher  temperatures 
from the  TEMP=O reference l i n e ;  t h i s  spreading o f  t h e  s lopes i s  
l i n e a r ,  1.e. a t  a g iven  TIME value, t he  s i n g l e  TEMP'S a r e  equa l l y  
spaced. I f  a reference temperature, e.g. 25"C, i s  subt rac ted  
f r o m  the  TEMP values, then the  same r e s u l t s  a r e  obtained. However, 
t he  c o e f f i c i e n t  o f  TIME now r e f e r s  to t h a t  re ference temperature 
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ANALYSIS OF STABILITY DATA BY MEANS OF GLM 
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Figure 1. 

lb 

0 
0 

Influence of Storage and Batch Factors on Re- 
gression Model: Storage factors affect the slope 
Clbl, Batch factors the intercept 12a1, Interactive 
factors both {2bl 

end the interaction represents the deviation from that reference; 
In this form the interpretation of the effects is more easy. 

If the data cover a wide range of temperatures, a linear effect-of 
TEMP may be found inadequate. A quadratic o r  higher polynomial 
may be used, but it is also possible to introduce a non-linear 
temperature dependence by calculating a transformed variable 

EXP(-A/(R+(TEMP+273.15))) 

EXP(-A/<R+273.15)) 
TARR = (2) 

where R = 8.3144 J/(mole K )  is the universal gas constant. This 
represents a scale according to the Arrhenius equation, with an 
activation energy A (in J/mole). Dividing by the exponential for 
0°C results in convenient values which are normalized to 1 for 
this reference temperature and all activation energies. This is 
illustrated in Figure 2 for two activation energies. 

A model of the form TIMEaTARR forces -273.15OC to be absolutely 
stable (which makes sense), since the absence of TIME as main ef- 
fect forces the zero level of TARR to be a horizontal line. A 
model TIME TIMEwTARR permits -273.15OC to have a positive o r  nega- 
tive slope, and seems to be the most generalized model for non- 
linear TEMP effects. An optimum value of the activation energy 
can be found by iterative "search" technique, minimizing the resi- 
dual sum of squares, but a value of 60 kJ/mole will be found sat- 
isfactory in most cases. 
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Figure 2. Slopes o f  Regression L ines  w i t h  Arrhenius Transfor-  
mation: Three equ id i s tan t  temperatures and a c t i -  
v a t i o n  energ ies o f  60 and 80 kJ/mole 

A n  a l t e r n a t i v e  t o  the  GLM procedure i s  t o  combine t h e  Arrhenius 
equat ion d i r e c t l y  w i t h  t he  l i n e a r  regress ion  on TIME, which r e -  
s u l t s  i n  a non l inear  model 191. I n  t h i s  approach, however, t he re  
i s  no s imple way t o  i nc lude  c lass  e f f e c t s  i n  t h e  model. 

HUMIDITY - Humidity i s  u s u a l l y  expressed as " r e l a t i v e  humidity", 
but t h i s  i s  n o t  u s e f u l  as regressor :  Most da ta  a re  obta ined w i t h -  
ou t  humid i ty  cont ro l ,  and temperature and r e l a t i v e  humid i ty  a re  
highly co r re la ted .  The absolute water content  w o f  t h e  a i r  i s  
more s u i t a b l e  t o  c l e a r l y  separate the  e f f e c t  o f  humidity from t h a t  
o f  temperature. I t  may be obtained f rom the  M o l l i e r  diagram which 
i n t e r r e l a t e s  the  th ree  var iab les ,  see F igure  3 .  

The two c o n t r o l l e d  s t r e s s  cond i t i ons  are  read immediately f rom t h e  
diagram. Ambient (room) s torage may be i d e n t i f i e d  w i t h  t h e  f o u r  
i n t e r n a t i o n a l  c l i m a t i c  zones, t h e i r  k i n e t i c  mean temperatures and 
mean annual r e l s t i v e  humid i t i es  1101. Since temperature cab ine ts  
w i thout  humid i ty  c o n t r o l  a re  assumed t o  con ta in  a i r  w i t h  t he  same 
water content  as the  environment, t he  same w va lues app ly  l i k e w i s e  
t o  a l l  e levated temperatures, as shown f o r  zone I. For s torage i n  
a r e f r i g e r a t o r ,  t he  excess mois ture w i l l  condense r a p i d l y  and the  
long-term water content  i s  t h a t  corresponding t o  100 percent  a t  
t h e  re levan t  r e f r i g e r a t o r  temperature. 

PACKAGE - Although packages represent  a ,c lass e f f e c t  p r i m a r i l y  
(lvGLASS1', llPE"), they may be handled as a continuous regressor  by 
using t h e i r  water vqpor pe rmeab i l i t y  (PERM). Values ( i n  
mL/m*/MPa/day) a re  repor ted  f o r  25"/90% and a f i l m  th ickness  o f  25 
urn [111: 

glass, A lu/Alu 0 
polychloro-trifluoroethylene 19 
po lyv iny l i dene  c h l o r i d e  (Saran) 94 
polypropylene 4500 
polyamide ( N y l o n  6) 47000 
c e l l u l o s e  acetate (P912) 500000 
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ANALYSIS OF STABILITY DATA BY MEANS OF GLM 169 

I 111 XI I V  Wassergehalt w gwasserlkg trockene Luft --c 

condition 

refrigerator 
zone I (temperate) 
zone I1 (sub-tropicel) 
zone 111 (hot/dry) 
zone IV (hot/humid) 
stress 25"/75% 
stress 30"/80% 

tempyature rel. humidity W 
C z d k g  -~ 

8 100 7.0 
21 
26 
31 
31 
25 
30 

45 
60 
40  
70 
75 
80 

7:2 
13.2 
11.7 
20.9 ~ 

15.6 
22.5 

Figure 3. Conversion of Relative Humidity into Absolute Water 
Content for Multiple Regression, using the Molljer 
Diagram for Humid Air [see textbooks on drying 
technologyl 

For application, e.g. with blister packs, one would use 
permeabilities of the finished containers instead. For open stor- 
age one could add a class effect PACK with levels YES and NO. 

Increasing values of PERM represent increasing stress, same as 
TIME, TEMP, and HUMI. A full model treats PERM in the form of 
Eq.(l): vlTIME*HUMI%PERM1* estimates the-increase of the HUMI ef- 
fect due to permeability o f  the package, x . e .  increasing stress 
with more permeable packaging. "TIME*TEMP*PERM" estimates the 
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170 LANGENBUCHER 

interaction of package permeability with increasing TEMP. This 
term .is expected with negative sign in cases where initial 
moisture of'the product may escape at higher temperatures and 
higher permeability. 

BATCH FACTORS 

In a simple case a batch effect contributes a constant additive 
value: Each batch starts with a different initial content and 
this difference remains constant with TIME, see the "homogeneity 
of slopes model" in case {Za} of Figure 1. The llseparate slopes 
model", case {Zb}, permits each BATCH to have in addition differ- 
ent values of the slopes, 1.e. different stability. 

Batch factors represent class effects primarily. If two or more 
class effects are present, one has to distinguish between crossed 
and nested effects. If two batches are present, each in three 
different packages, then BATCH has a distinct meaning throughout 
and is crossed with PACK. If-, however, three formulations are 
present, each with two batches, then the levels of BATCH have no 
common meaning, even if they have the same label; in this case 
BATCH is nested within FORM. 

BATCH SIZE - The study may comprise batches of various size, from 
laboratory to production scale. If there are enough batches pres- 
ent, it is possible to arrange them on a continuous SIZE scale 
acoording to their actual size, or  with the values lll'w (research), 
*rZ1r (pilot) , and "3" (production). Regression upon this factor 
shows any systematic trends during scale-up. 

DOSE STRENGTH - Several dose strengths, based on the same formu- 
lation principle, may be analyzed in common, with DOSE as a class 
effect or as a regressor. When comparing content data of various 
dose strengths, it is necessary to use a common scale for the con- 
tent. The most reasonable way is to define a "normalized" con- 
tent, RELCONT, in terms of the actual set value, including the 
nominal (lllabelrl) strength and any manufacture overage or bias of 
the assay. 

MANUFACTURING SITE - Another possible factor is the manufacturing 
site, coded as a class effect MANUF. The levels represent devel- 
opment and production sites of one company in one or more coun- 
tries, or even various companies in the case o f  a licenced 
product. 

FORMULATION TYPE - Formulation types of the same product may be 
combined by a class effect FORM. According to FDA guidelines, 
this could not only involve formulations on the market but also 
"summary of information on previous formulations obtained during 
product development*' 141. 

GLM PROCEDURE EXECUTION 

SAS is a software package well suited for GLM analysis, available 
on mainframe computers as well as P C ' s  171. It provides file han- 
dling and graphical facilities, and a large set of statistical 
procedures for linear regression, ANOVA, nonlinear regression, and 
multivariate analysis. PROC GLM is the appropriate procedure for 
combined regression and ANOVA analysis. Denoting class effects by 
A, B, end C, continuous regressors by X1 and X2, and the observed 
dependent variables by Y,  Y1, and Y 2 J  various models may be han- 
dled by the procedure 171: 
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ANALYSIS OF STABILITY DATA BY MEANS OF GLM 

A 0 0 99.8 
A 6 20 95.6 
A 6 30 93.6 
A 6 40 94.7 
A 12 20 94.7 
A 12 30 92.0 
A 12 40 90.1 
B 0 0 98.2 
B 6 20 95.4 
B 6 30 93.0 
B 6 40 91.3 
B 12 20 90.9 
B 12 30 90.2 
B 12 40 86.5 

171 

-20 0.2 
0 4.4 

10 6.4 
20 5.3 

0 5.3 
1 0  8.0 
20 9.9 

-20 1.8 
0 4.6 

1 0  7.0 
20 8.7 

0 9.1 
10 9.8 
20 13.5 

REGRESSION : 
Y = x1 
Y = x1 x2 
Y = x1 X l * X l  
Y 1  Y2 = x1 x2 

Y = A  
Y = A B C  
Y = A B A*B 
Y = A B(A)  C(B A) 
Y 1  Y2 = A B 

ANOVA: 

s imple reg ress ion  
m u l t i p l e  reg ress ion  
polynomia l  reg ress ion  
m u l t i v a r i a t e  reg ress ion  

one-way ANOVA 
ma in -e f fec ts  model 
f a c t o r i a l  model ( w i t h  i n t e r a c t i o n )  
nested model 
m u l t i v a r i a t e  a n a l y s i s  o f  var iance 

GLM: 
Y = A X 1  ana lys is -o f -covar iance model 
Y = A X l ( A )  separate-s lopes model 
Y = A X 1  X l * A  homogeneity-of-slopes model 

The a p p l i c a t i o n  of PROC GLM t o  s t a b i l i t y  da ta  i s  i l l u s t r a t e d  i n  
F igu re  4, showing t y p i c a l  data i n p u t  and model s p e c i f i c a t i o n .  

DATA INPUT - The raw data  shown on t h e  t o p  fo rm a " f l a t  tab le"  o f  
a l l  independent and dependent v a r i a b l e s  f o r  each observat ion:  
BATCH, TIME, TEMP, and CONTENT. A r b i t r a r y  zero  va lues a r e  coded 
f o r  t h e  regressor  TEMP a t  t ime zero, i n  order  t o  avo id  missing 
cond i t i ons  which would au tomat i ca l l y  be excluded f rom t h e  GLM 
ana lys i s .  A DATA s tep  copies t h e  r e l e v a n t  da ta  f rom permanent 
s to rage i n t o  a f i l e  TRANS, and c rea tes  tempora r i l y  new v a r i a b l e s  
t o  be used i n  t h e  ana lys i s :  DECOMP as t h e  percent  decomposit ion 
and TDIF as t h e  d i f f e r e n c e  o f  TEMP f rom t h e  s tandard s to rage con- 
d i t i o n .  

MODEL DEFINITION - The SAS program, c o n s i s t i n g  o f  DATA s tep  and 
PROC GLM i s  shown i n  t h e  center  p a r t .  The PROC GLM statement 
s t a r t s  t h e  GLM procedure on t h e  da ta  s e t  TRANS. I n  t h e  MODEL 
statement, the s t a t i s t i c a l  model i s  s p e c i f i e d  i n  terms o f  a l l  con- 

Data I m u t  

BATCH TIME TEMP CONTENT I TDIF DECOMP 

D
ru

g 
D

ev
el

op
m

en
t a

nd
 I

nd
us

tr
ia

l P
ha

rm
ac

y 
D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
X

av
ie

r 
U

ni
ve

rs
ity

 o
n 

01
/2

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



LANGENBUCHER 172 

t r i b u t i n g  main e f f e c t s  and i n t e r a c t i o n s .  I f  c l a s s  v a r i a b l e s  a re  
present, these are  separa te ly  mentioned i n  t h e  CLASS statement; 
a l l  va r iab les  n o t  mentioned the re  a re  t r e a t e d  as regressors .  The 
INT/NOINT o p t i o n  o f  t he  MODEL statement s p e c i f i e s  whether t h e  
model i s  t o  con ta in  an o v e r a l l  i n t e r c e p t  o r  n o t .  

Regarding any f a c t o r  present i n  t h e  raw data  we have t h e  choice 
betneen th ree  d i f f e r e n t  t reatments:  i. t h e  f a c t o r  i s  n o t  mentioned 
a t  a l l  i n  the  s p e c i f i c a t i o n ,  1.e. "ignored" ( o r  "pooled"), and t h e  
model cannot account f o r  th is  f a c t o r ;  ii. the f a c t o r  is n o t  men- 
t i o n e d  i n  t h e  MODEL b u t  i n  a BY statement, and t h e  a n a l y s i s  i s  
performed llseparatelyll f o r  each l e v e l  o f  th is  f a c t o r ;  iii. t h e  
v a r i a b l e  i s  I1includedf1 i n  t h e  MODEL, as e i t h e r  regressor  o r  c l a s s  
e f f e c t ,  and each l e v e l  i s  pe rm i t ted  t o  have an i n d i v i d u a l  r e -  
sponse. 

Crossed i n t e r a c t i o n  terms are  s p e c i f i e d  i n  t h e  form "TIMESTDIF", 
and nested e f f e c t s  i n  t h e  form "BATCH(D0SE)". A term "DOSE*BATCH1l 
i s  a l s o  i n t e r p r e t e d  as nested, i f  t h e  nested f a c t o r  (BATCH) does 
n o t  appear as a main e f f e c t .  I n  add i t ion ,  t h e  n e s t i n g  e f f e c t  
(DOSE) must be a c lass  e f f e c t ,  whereas t h e  nested e f f e c t  (BATCH) 
may be e i t h e r  c l a s s  o r  continuous regressor .  

OUTPUT - A f i r s t  ou tpu t  t a b l e  l i s t s  the o v e r a l l  breakdown o f  t h e  
sum o f  squares i n t o  t h e  c o n t r i b u t i o n s  o f  t he  model and t h e  e r r o r .  
I t  g ives  the  o v e r a l l  F va lue  o f  t h e  model, together  w i t h  i t s  s ig-  
n i f i c a n c e  l e v e l  (PR > F) .  I n  a d d i t i o n  the t a b l e  g i ves  t h e  e s t i -  
mates f o r :  o v e r a l l  MEAN, ROOT MSE, R-SQUARE, and C.V. I t  then 
shows the  breakdown accord ing t o  t h e  e f f e c t s  o f  t h e  model, t o -  
gether  w i t h  t h e i r  s i g n i f i c a n c e  l e v e l s  (PR>F). For  th is  PROC GLM 
uses f o u r  types o f  est imable f u n c t i o n s  and decomposit ion o f  t h e  
sums o f  squares, designated I through I V .  The d e f a u l t  p r i n t  
shows: Type I represent ing  t h e  sequen t ia l  sums o f  squares depend- 
i ng  on the  order  i n  which the  e f f e c t s  a re  entered i n  t h e  MODEL 
statement; Type I11 represent ing  t h e  p a r t i a l  sums o f  squares i n  
which each e f f e c t  i s  t r e a t e d  as i f  i t  had been entered l a s t .  

A second t a b l e  i s  generated by t h e  SOLUTION o p t i o n  o f  t h e  MODEL 
statement. I t  l i s t s  the est imated va lues  o f  t h e  s p e c i f i e d  parame- 
te rs ,  together  w i t h  t he  s tandard e r r o r  and t h e  s i g n i f i c a n c e  l e v e l  
f o r  r e j e c t i n g  the  n u l l  hypothes is  t h a t  t h e  f a c t o r  i s  zero. Addi- 
t i o n a l  est imates may be s p e c i f i e d  b y  ESTIMATE statements, e.g. t he  
con t ras t  o f  t h e  i n t e r c e p t s  o f  t he  two batches. 

A t h i r d  t a b l e  cons is t s  o f  t he  i n p u t  data, augmented by the  pre-  
d i c t e d  (PRED) and r e s i d u a l  ( R E S I )  values, t h e  conf idence l i m i t s  
f o r  the  mean (CLM) o r  t h e  i n d i v i d u a l  observa t ion  (CLI), on t h e  
chosen s i g n i f i c a n c e  l e v e l  (ALPHA). This t a b l e  i s  p r i n t e d  by t h e  
llP1' op t ion  o f  t h e  MODEL statement; t h e  OUTPUT statement c rea tes  a 
s i m i l a r  data s e t  GLMOUT f o r  f u r t h e r  processing. 

CASF I : "STABI E" DATA 

These data represent  drug content  f o r  two packages and f i v e  s t o r -  
age cond i t i ons  up t o  12 months: 

temperature/humidity 
23 35 50 23/80 30/80 I TIME PACK 

0 I 100.0/97.3 

3 glass 
PVC 

6 g lass  
PVC 

12 g lass  I 
PVC 

98.0 98.7 99.3 
98.7 98.7 100.0  

98.7 98.7 98.0 
100.0 99.3 100.0 99:3 98:7 

95.3/100.0 96.0/100.7 
100.7 99.3 I 99.3 96I7 
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t y p e  I t y p e  I11 
SOURCE DF SS PR>F SS PR>F 

They a r e  r e p o r t e d  as  s i n g l e  de terminat ions ,  w i t h  t h e  e x c e p t i o n  of 
d u p l i c a t e s  i n  t h e  beg inn ing  and a t  12 months i n  g l a s s .  The 24 ob- 
s e r v a t i o n s  range f rom 95.3 t o  100.7, w i t h  mean 98.8 and s tandard  
d e v i a t i o n  1 .4  (CV=1.4%), thus i n d i c a t i n g  a s t a b l e  p r o d u c t  w i t h  e r -  
r o r  o f  u s u a l  s i z e .  No e f f e c t  o f  any o f  t h e - f a c t o r s  i n v o l v e d  can 
be  d e t e c t e d  f r o m  t h e  t a b l e  o r  a p l o t ,  comparing h u m i d i t y  s t r e s s  
w i t h  corresponding ambient s torage,  l o o k i n g  across  t h e  temper- 
a tu res ,  o r  comparing glass and PVC d a t a  p a i r w i s e .  B u t  a l l  compar- 
i s o n s  s u f f e r  f rom t h e  s m a l l  number o f  d a t a  p o i n t s  and t h e  
unbalanced s t r u c t u r e .  

For  t h e  s t a t i s t i c a l  a n a l y s i s  i t  is ,  t h e r e f o r e ,  a t t r a c t i v e  t o  com- 
b i n e  da ta  f rom v a r i o u s  f a c t o r s  i n  a common model. D i s r e g a r d i n g  
HUMI f o r  s i m p l i c i t y ,  the two f a c t o r s  PACK and TEMP l e a d  a l r e a d y  t o  
a t o t a l  o f  n i n e  p o s s i b l e  GLM models, depending on whether t h e  l e v -  
e l s  o f  t h e  f a c t o r s  a r e  t r e a t e d  separa te ly ,  combined within t h e  
model, o r  s i m p l y  i g n o r e d  (llpooledl’) : 

ESTIMATE 

no. PACK TEMP 

MODEL 
INTERCEPT 
TIME 
TIMErTEMP 
TIME*PACK 

C 1 . l l  separate separate 
C1.21 combined 
11.3) i g n o r e d  

C2.1) combined separate 
12.21 combined 
C2.31 i g n o r e d  

C3.1) i g n o r e d  separate 
13.21 combined 
(3.31 i g n o r e d  

5 38.77 0.015 
1 3 4 . 0 8  0.001 5.69 0.113 0.9977 
1 0.52 0.618 1.05 0.483 0.1160 
1 0.01 0.945 0.08 0.848 -0.0010 
1 4.12 0.173 4.08 0.175 -0.1074 

i n t e r -  s l o p e  
cept  

I N T  TIME 
I N T  TIME TIME*TEMP 
INT TIME 

PACK TIME 
PACK TIME TIME*TEMP 
PACK TIME 

I N T  TIME 
I N T  TIME TIME*TEMP 
I N T  TIME 

separate 
IlByll 

PACK TEMP 
PACK 
PACK 

TEMP 

TEMP 

0.0002 I 0.02 0.921 0.02 0.921 I :$ I 39.07 ERROR 
TOTAL 77.84 

TIME*HUMI 
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~ ~ 

A 
B 
b (%/month) 
RMSE 

LANGENBUCHER 

~ ~~ 

-5.58 -6.31 -5.11 -5.19 
-4.36 -2.71 -4.19 -3.14 

0.45 0.99 2.03 3.53 
1.96 2.19 2.20 1.34 

*.- 

'. 
*. . 

. P v c  . 23 

1 1.3 I 1 
I I 4  

p5-?- 
-. T--------- --- 

1 GLASS 
] 23+35+50 

1 3.3 

{ GLASS+PVC 
] 23+35+50 
I 

0 12 24  12 24  

F i g u r e  5. Var ious  P o s s i b i l i t i e s  f o r  Combining Case I Data: 
C 1 . l l  keeps a l l  e f f e c t s  separate;  (3.3) combines 
and i g n o r e s  a l l  s t o r a g e  c o n d i t i o n s ;  C1.31 and C3.11 
a r e  i n t e r m e d i a t e  

The o n l y  s ign i f i can t  e f f e c t  i s  t h e  o v e r a l l  i n t e r c e p t ,  i f  entered  
f i rs t .  A l l  o t h e r  terms a r e  f a r  f r o m  b e i n g  s i g n i f i c a n t .  Hence, 
model C3.3) w i t h  I N T  and TIME as o n l y  parameters i s  s u f f i c i e n t  t o  
f i t  t h e  da ta .  

CASE 11: STRONG TEMPERATURE EFFECT 

Data o f  an u n s t a b l e  p r e p a r a t i o n  w i t h  high temperature e f f e c t  a r e  
shown i n  F i g u r e  6. I n i t i a l  va lues  i n c l u d e  a 5 p e r c e n t  overdose; 
t h e  two va lues  r e p r e s e n t  two ba tches  A and B. I n s p e c t i o n  o f  t h e  
d a t a  p o i n t s  i n d i c a t e s  a s t r o n g  and n o n - l i n e a r  temperature e f f e c t  
which r e q u i r e s  A r r h e n i u s  t r a n s f o r m a t i o n .  There i s  also a system- 
a t i c  d i f f e r e n c e  between t h e  two batches:  I n  14 o f  16 p a i r e d  com- 
p a r i s o n s  B i s  lower  than A ,  and a p a i r e d  t - t e s t  shows t h e  mean 
d i f f e r e n c e  o f  -2.38 as highly s i g n i f i c a n t  (alpha=0.0006). 

SEPARATE-TEMPERATURE MODELS - A separa te  r e g r e s s i o n  a n a l y s i s  o f  
t h e  f o u r  temperatures g i v e s  t h e  dashed r e g r e s s i o n  l i n e s ,  w i t h  
these parameters: 

I 8' 15' 25' 30' 
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100 

(% 

80 

60 

0 
I 

3 k t i m e  (months) b I 

12 

Figure 6 .  Decomposition Data w i t h  Strong Temperature E f f e c t  
(Case 11): The staggered p o i n t s  represent  two 
batches "A" and 'cB1c; dashed l i n e s  a re  i n d i v i d u a l  
regress ions f o r  8"(v), 15"(0), 2 5 " ( 0 ) ,  and 3Oo(A) ;  
t h e  i n s e t  shows the  Arrhenius p l o t  w i t h  ec t i va txon  
energy est imated as 65 kJ/mole; s o l i d  l i n e s  repre-  
sent  the  corresponding common Arrhenius model 

For a l l  temperatures we ob ta in  a s a t i s f a c t o r y  l i n e a r  model w i t h  
TIME, w i t h  r e s i d u a l  RMSE i n  the  range f rom 1.3 t o  2 . 2  percent .  A s  
expected a l l  temperatures revea l  a constant  d i f f e r e n c e  B-A between 
1.2 and 2 . 6 .  These d i f f e rences  reach a weak s i g n i f i c a n c e  
(alpha=0.07) f o r  15" and 30" only, f o r  t he  o ther  two they  a r e  n o t  
s i g n i f i c a n t  a t  a l l .  P l o t t i n g  ln<b) vs. 1 / T  we o b t a i n  a s t r a i g h t  
l i n e  corresponding t o  a a c t i v a t i o n  energy o f  65 kJ/mole, see the  
i n s e t  i n  F igure  6 .  

"ARRHENIUS" MODELS - Based on these f i n d i n g s  we d e f i n e  an 
Arrhenius model f o r  a l l  temperatures i n  common. Two f o r m s  a re  
Used, according t o  whether the  f a c t o r  BATCH i s  inc luded o r  not, 
and the  RMSE est imates as  a f u n c t i o n  o f  t he  a c t i v a t i o n  energy a re  
found as fo l l ows :  

A (kJ/mole) I BATCH TIME+TARR/NOINT TIME*TARR/INT 

50 
60 
65 
70 
80 

2 . 4 4  
2 . 0 4  
1.98 
1.99 
2.15 

2.74 
2 . 4 1  
2 . 3 6  
2.37 
2 . 5 0  
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3' 

l - 1  A 

0 +o-- I -; 

-1 

- 3 . 1  

- 4  

v 

I 

4 
0 6 12 0 

5---  - - - -- 
I 

12 

Figure  7 .  I n p u t  and GLM Ana lys is  o f  Decomposition Data (Case 
111): Ordinate i s  decomposition i n  %, e i t h e r  de- 
termined d i r e c t l y  (DEC1) o r  ca l cu la ted  f rom drug 
content  (DECO); qjteggered data p o i n t s  represent  
doses 0.1, 0.2, and 0.5 mg; each dose 4s repres-  
ented by two batches rcArr and IIBrr; regress ion  l i n e s  
accord ing t o  model t l l  w i t h  regressor  VIME*TARR" 
and a c t i v a t i o n  energy o f  60 kJ/mole 

The bes t  f i t  i s  obta ined f o r  65 <kJ/mole), as expected f r o m  the  
Arrhenius p l o t .  I t  i s  wor th t o  keep the  BATCH f a c t o r  i n  t h e  
model, and the  d i f f e r e n c e  B-A i s  found as 2.58, which i s  s igni f -  
i c a n t  w i t h  alpha=O:003. Although t h e  f i t  end t h e  est imate o f  t h e  
a c t i v a t i o n  energy i s  reasonable, t h i s  does n o t  i m p l y  a un i fo rm r e -  
a c t i o n  mechanism b u t  is i n t e r p r e t e d  as a fo rma l  d e s c r i p t i o n  o f  ths 
temperature e f f e c t  on a physicohemical process. Storage above 
3OoC showed degradation much f a s t e r  than expected f rom t h e  l o w -  
temperature model, thus i n d i c a t i n g  a break i n  the  r e l e v a n t  proc-  
esses. Since these data do n o t  c o n t r i b u t e  t o  t he  i n t e r p r e t a t i o n  
o f  ambient Storage, they  a r e  dropped f rom the  s t a t i s t i c a l  analy-  
sis. 

CASE I 11: VARIOU S DOSES 

The data i n  F igure  7 represent  chemical degradat ion i n  percent  o f  
t he  nominal dose, b u t  obta ined by two d i f f e r e n t  a n a l y t i c a l  meth- 
ods: DECO = 1 0 0  - CONTENT i s  obta ined f rom t h e  unchanged d rug j  
DECl i s  determined d i r e c t l y  as decomposition product .  

The two storage fac to rs ,  T IME and TEMP, a re  continuous regressors.  
V i sua l  i nspec t i on  shows t h a t  the  e f f e c t  o f  TIME may w e l l  be i n t e r -  
p re ted  as l i n e a r ;  however, the  s lopes  are  c e r t a i n l y  n o t  I n  a l i n -  
ear  p ropor t i on  u i t h  TEMP. Hence, we use t h e  transformed TARR 
sca le  generated by Eq.<2), w i t h  60 kJ/mole as  a d e f a u l t  va lue ftr 
t h e  a c t i v a t i o n  energy (TARR va lues are  1.61 f o r  5 " )  6.59 f o r  21 , 
end 13.66 f o r  30'). Although rlTIME*TARRrr appears as one s i n g l e  
regressor  i n  a l l  models, i t  a c t u a l l y  represents  a l l  t h ree  temper- 
a t u r e  values together .  
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The DOSE o f  a c t i v e  i ng red ien t  i s  c l e a r l y  a main c l a s s  e f f e c t ,  
present  on th ree  l e v e l s .  I t  appears advantageous t o  combine the  
th ree  doses i n  one common model r a t h e r  than t o  analyze separa te ly  
"BY DOSE": The increase o f  degrees o f  freedom w i l l  improve the  
power o f  de tec t i ng  systemat ic  e f f e c t s .  One cou ld  a l s o  think t o  
use DOSE as a regressor  r a t h e r  than a c l a s s  e f f e c t .  The present  
data, however, e x h i b i t  no regu la r  t r e n d  w i t h  DOSE; a c t u a l l y  t he  
performance o f  a regressor  i s  found i n f e r i o r  t o  a c l a s s  e f f e c t .  

Within each DOSE, two batches are  l abe led  by a batch i d e n t i f i e r  I D  
w i t h  va lues "A" and rlBrc. The v a r i a b l e  I D  i s  nested as  subgroup 
f a c t o r  w i t h i n  DOSE as main group f a c t o r  and i s  s p e c i f i e d  as 
"IDCDOSE)". (We m i g h t  l i k e w i s e  use the  o r i g i n a l  s i x  BATCH num- 
bers; t h i s  causes d i f f e r e n t  l a b e l s  i n  t h e  ou tpu t  b u t  has no in f lu -  
ence on the  r e s u l t s ) .  

FULL MODEL - A f u l l  model o f  t he  fo rm 

TIME*TARR DOSE TIMEZTARR*DOSE IDCDOSE) TIME*TARR*IDCDOSE)/INT 

p rov ides  s i x  regress ion  l i n e s  w i t h  i n d i v i d u a l  s lopes and i n t e r -  
cepts, 1.e. one l i n e  f o r  each batch. I t  conta ins  a l l  f a c t o r s  i n  
t h e  sequence o f  a "forward se lec t i on "  procedure: S t a r t i n g  w i t h  
t he  elementary one- l ine  model (INTERCEPT and TIMEwTARR), DOSE i s  
added as crossed e f f e c t  and i n  i n t e r a c t i o n  w i t h  TIMEZTARR; f i n a l l y  
IDCDOSE) i s  added as nested e f f e c t ,  again as c o n t r i b u t i o n  to in -  
t e r c e p t  and s lope.  

The model, however, i s  flover-parameterizedlv i n  a sense t h a t  i t  
names more parameters than there  a r e  a c t u a l l y  i n  the  model. E.g., 
t e n  i n t e r c e p t  terms a re  named: 1 INTERCEPT + 3 DOSE + 6 IDCDOSE), 
whereas a maximum number o f  s i x  may be est imated independent ly  
f rom the  model; t he  same i s  t r u e  f o r  the  slopes. PROC GLM does 
n o t  remove th is  redundancy by i t s e l f ,  and parameters may n o t  be 
est imated f r o m  th is  model. 

SPECIFIC MODELS - Without redundancy we m g y  s p e c i f y  reasonable 
models on these l e v e l s :  

mode 1 DECO DECl  
s lope i n t e r c e p t  I RMSE R 2  I RMSE R 2  

C61 TIME*TARR*ID(DOSE) ID(DOSE) /NOINT 0.94 0.61 0 .10  0.99 
DOSE /NOINT 0.97 0.49 0 .11  3.99 

/ I N T  I 1.04 0.28 I 0.11 0.98 
{31 TIME*TARR*DOSE 
C11 TIME*TARR 

where the  performance may be judged f rom t h e i r  e r r o r  terms, ex- 
pressed as e i t h e r  r e s i d u a l  standard d e v i a t i o n  CRMSE) o r .  cor re -  
l a t i o n  c o e f f i c i e n t  CR2). With s i x  regress ion  l i n e s  C61, each 
ba tch  i s  pe rm i t ted  t o  have i t s  own i n t e r c e p t  and slope; a l l  fac -  
t o r s  i n  the  s tudy des ign a re  accounted f o r .  Three regress ion  
l i n e s  {31 perm i t  the  th ree  DOSE l e v e l s  t o  have d i f f e r e n t  i n t e r -  
cep ts  and/or slopes; t he  two batches w i t h i n  each dose a r e  assumed 
as i d e n t i c a l .  A s i n g l e  regress ion  l i n e  f o r  a l l  s i x  batches i n  
common { I 1  represents  t h e  e f f e c t s  o f  t ime and temperature only; no 
e f f e c t  i s  prov ided f o r  t h e  th ree  doses o r  t he  batches w i th in  the  
doses. 

For DECl  t he  t o t a l  sum o f  squares o f  66.8 i s  broken down i n t o  66.6 
f o r  t he  model and 0.3 f o r  t h e  e r r o r .  Thus t h e  f i t  i s  e x c e l l e n t  
w i t h  RMSE=O.lO, R2=0.99, and CV=8.9%. The f i r s t  two terms (INT 
and TIME*TARR) together  represent  more than 99 percent  o f  t he  var-  
iance; hence a one- l ine  model C 1 1  is completely adequate. 

For DECO t h e  performance i s  poorer. The t o t a l  sum o f  squares o f  
55.1 i s  separated i n t o  33.8 f o r  t h e  model and 21.2 f o r  t h e  e r r o r .  
The f i t  i s  charac ter ized  by RMSE=0.94, R2=0.58, and CV=271%. Again 
the  one- l ine  model represents  most o f  t h e  variance, about 54 per -  
cen t  o f  the  var iance expla ined by t h e  s i x - l i n e s  model, DOSE is 
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17% LANGENBUCHER 

s i g n i f i c a n t  when added as c o n t r i b u t i o n  t o  t he  i n t e r c e p t ,  b u t  n o t  
as s lope term (TIME%TARR*DOSE). The I D  term reaches no s ign i f -  
icance a t  a l l .  A t h r e e - l i n e s  model, e i t h e r  w i t h  un i fo rm o r  d i f -  
f e r i n g  slopes, seems t o  represent  the  data bes t .  

We f i n d  t h a t  t h e  o v e r a l l  f i t  o f  the  models i s  much b e t t e r  f o r  D E C l  
than f o r  DECO. RMSE i s  n o t  much a f f e c t e d  by t h e  choice o f  t he  
model: 1 . 0  f o r  DECO and 0.1 f o r  DEC1. R2 i s  cons tan t l y  high f o r  
a l l  models and D E C l  as response; f o r  DECO there  i s  a s i g n i f i c a n t  
i n f l u e n c e  o f  t he  model. 

CASE LV: DISSOLUTION DATA 

Disso lu t i on  t e s t i n g  prov ides  a good example how t o  reduce exces- 
s i v e  experimental workload by s t a t i s t i c a l  data eva lua t i on  v i a  GLM. 
I n  s i m p l i f i e d  form, the  s tandard t e s t i n g  p l a n  f o r  t he  f l r s t  ba tch  
o f  a s o l i d  dosage form may have t h i s  s t ruc tu re :  

TIME 

- 
0 
3 
6 

12 
24 
36 
48 
60 

25 30 40 50 25/75 30/80 
A B C  A B C  A B C  A B C  A B C  A B C  
3 P S  @ m e  a m . )  O D *  d d 4  b d b  

X 
x x x  0 0 0  0 0 0  x x x  o x x  o x x  
x x x  0 0 0  0 0 0  x x x  x x x  x x x  
x x x  0 0 0  x x x  x x x  x x x  
x x x  x x x  x x x  x x x  
x x x  x x x  
0 0 0  0 0 0  
x x x  x x x  

N 
x x+o 

1 1  
11 19 
23 37 
35 52 
47 64 
53 70 
53 76 
59 82 

I t  comprises th ree  packages: PE b o t t l e  ('rAvf), PVC/PE/PVDC b l i s t e r  
(lgB**), and PVC b l i s t e r  (l*C1I). A t  t h ree  months, t he  25/75 and 
30/80 cond i t ions  are  a l s o  tes ted  under open storage, b u t  s ince  
th i s  s t ress  i s  extreme and t h e  c o n d i t i o n  n o t  cont inued t o  l a t e r  
t ime values, t h e  two va lues are  n o t  inc luded i n  the  GLM ana lys i s .  
Denoting compulsory t e s t s  by "x" and o p t i o n a l  t e s t s  by *'o", t he  
column "N*I i n  the  l i s t  shows the  cumulative number o f  t e s t s  r e -  
qu i red ,  Th is  i s  f o r  t he  f i r s t  batch on ly  and has t o  be repeated 
f o r  two a d d i t i o n a l  batches. 

A number o f  s i x  r e p l i c a t e s  i s  t h e  bas i s  o f  sampling i n  q u a l i t y  
c o n t r o l  according t o  USP t121. There i s  a tendency t o  r e q u i r e  
t h i s  number o f  r e p l i c a t e s  even f o r  s t a b i l i t y  t e s t i n g :  " A t  l e a s t  5 
t a b l e t s  should be subjected i n d i v i d u a l l y  t o  t h e  d i s s o l u t i o n  t e s t  
a t  & s t a b i l i t y  t e s t i n g  s tat ion1* 1131. The r e s u l t l n g  number o f  
about 1 0 0 0  t e s t s  is f e l t  excessive i n  most cases. 

SEQUENTIAL SAMPLING - Since a l l  packages have a common s t a r t i n g  
p o i n t ,  they a re  due a t  t h e  same t ime and may be sampled together  
as i l l u s t r a t e d  i n  F igure  8. A t  each t ime p o i n t  a sample o f  6 o r  
12 u n i t s  i s  composed f r o m  the  compulsory cond i t i ons  due a t  t h a t  
t ime. I f  the  GLM ana lys i s  o f  th is  f i r s t  s tep g i ves  a c l e a r  p i c -  
tu re ,  e.g. because no changes are  detected a t  a l l ,  then one may 
s tay  w i t h  th is stage. I f  the ,ana lys is ,  however, g i ves  d o u b t f u l  
i n d i c a t i o n  o f  an e f f e c t ,  then f u r t h e r  s teps o f  6 u n i t s  a r e  added 
sequent ia l l y .  These may repeat  t h e  mos t  impor tan t  ambient room 
condi t ion,  repeat  those cond i t i ons  which had shown some e f f e c t  i n  
the  prev ious step, o r  i n c l u d e  o p t i o n a l  cond i t i ons .  

NUMERICAL EXAMPLE - The procedure i s  i l l u s t r a t e d  by an example, 
assuming e f f e c t s  o f  temperature, humid i ty ,  and package, i n  s t r i c t  
p ropor t i on  w i t h  TIME. The changes a t  s i x  months are: 

PACK1 25 30 40 50 25/75 30/80 

2 (4.6) 4 ( 7 . 0 )  
2 (3.2) 4 (4.2) 8 (7.6) 16C14.4) 3 (4.9) 6 (7.3) 
2 (6.4) 4 ( 7 . 4 )  8C10.9) 16C17.6) 7 (8.2) lG(10.6) 
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ANALYSIS OF STABILITY DATA BY MEANS OF GLM 179 

(values in parentheses are the GLM predictions at TIME=6). After 
adding random noise with a standard deviation of +/- 0.5, the sim- 
ulated data are shown in Figure 8. 

At TIME=O, step 10/11 suggests a small scatter but the presence of 
a doubtful l1outlierV1. Adding another sample of 6 units in step 
10/21, the analysis of the N=12 data gives a consistent esti- 
mation: Standard deviation 5.3, with a 95 X confidence interval 
from 3.8 to 9.1, and mean - 0 . 4  +/- 1.5. 

The two "openf1 humidity stress conditions at TIME=3 indicate a 
strong effect of humidity, hence the model includes all factors in 
the form I'INTERCEPT TIME*TARR TIME*WATER TIMEnPERM". Here, TARR 
is the Arrhenius' temperature scale with levels o f  9.2 (25'1, 13.7 
(30'1, 29.2 ( 4 0 ' 1 ,  and 59.6 (50'). WATER is the absolute air wa- 
ter content with levels of 7.4 (ambient). 15.6 (25/75). and 22.3 
(30/80). 
(A), 0.12 (81, 1.20 ( C ) .  

PERM is the permeability of the package with-levels 0.01 

The 10 values of step 13/11 show a slight instability at higher 
stress conditions, and this is substantiated by adding another 12 
observations with 50' and 30°/80% in step 13/21; similarly we add 
a step 16/21 at TIME=6. The final parameter estimates and their 

n, 

n o  0 
2T c 

Figure 8. Sequential Sampling Plan for Dissolution Tests: 
Arrows indicate two high values for open storage at 
25/75 and 30/80; regression lines are for package A 
and ambient humidity 
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~IMESTARR 
TIMEXWATER 
T I  ME*PERM 

LANGENBUCHER 

0 . 0 3 5  <0.0047) 0 . 0 3 7  (0 .0001)  
0 . 0 5 9  ( 0 . 0 9 2 9 )  0 . 0 3 5  ( 0 . 0 3 0 5 )  
0 . 5 3 9  ( 0 . 3 7 5 9 )  0 . 5 0 3  ( 0 . 0 8 0 3 )  

s ign i f i cance  l e v e l s  (PR>F) a t  3 and 6 months are: 

TIME = I 3 I 6 

INTERCEPT I - 1 . 1 4 6  ( 0 . 3 8 1 1 )  I - 0 . 7 7 9  ( 0 . 4 6 5 6 )  

N/RMSE/R* 1 3 4 / 4 . 7 / 0 . 3 8 6  I 5 2 / 4 . 5 / 0 . 5 7 2  

The e f f e c t  o f  TARR i s  s i g n i f i c a n t  a l ready  a t  t h ree  months, WATER 
i s  j u s t  below s ign i f i cance  a t  th ree  and s i g n i f i c a n t  a t  s i x  months, 
and even PERM becomes obvious a f  s i x  months .  The p red ic ted  va lues 
f o r  TIME=6, est imated a t  s i x  months and l i s t e d  above, i l l u s t r a t e  
the  consistency a t t a i n a b l e  a l so  w i t h  l e s s  than 6 r e p l i c a t e s .  

pISCUSSION AND CONCLUSIONS 

From t h e  na ture  o f  s t a b i l i t y  t es t i ng ,  l i n e a r  regress ion  upon t ime 
and assessment o f  s h e l f - l i f e  i n  terms o f  confidence l i m i t s  i s  most 
appropr ia te.  Although main i n t e r e s t  focusses on the  llprimaryll 
data a t  ambient condi t ions,  a d d i t i o n a l  i n fo rma t ion  i s  gained by 
combin4ng data o f  var ious  batches and s t r e s s  cond i t i ons .  Such a 
synopsis o f  re levan t  data i s  encouraged by the  FDA 141: "If 
batch- to-batch v a r i a b i l i t y  i s  smal l  ..., i t  would be advantageous 
t o  combine the  data i n t o  one o v e r a l l  estimate"; "pooled est imates 
may be submi t ted i f  i n d i v i d u a l  data p o i n t s  a re  providedr1. GLM i s  
the  most s u i t a b l e  t o o l  f o r  such common treatment s ince  i t  inc ludes  
continuous regressors as w e l l  as c l a s s  e f f e c t s .  The choice o f  
main e f f e c t s  and/or i n t e r a c t i o n  terms, together  w i t h  t he  p o s s i b i l -  
i t y  t o  t ransform var iab les ,  permi ts  one to a d j u s t  t he  model t o  any 
fea tu res  suggested by theory o r  by t h e  data themselves. 

The most s imple model i nvo l ves  one s i n g l e  regress ion  l i n e  w i t h  
common i n t e r c e p t  and s lope according t o  the  T I M E  f a c t o r .  Class 
e f f e c t s  or  regressors as main e f f e c t s  s p l i t  the  regress ion  l i n e s  
i n t o  p a r a l l e l  groups w i t h  i n t e r c e p t s  accord ing t o  the  l e v e l s  o f  
t he  f a c t o r s  (batch fac to rs ) .  I n  i n t e r a c t i o n  w i t h  TIME, the  e f -  
f e c t s  add f u r t h e r  l i n e s  w i t h  t he  same i n t e r c e p t  b u t  d i f f e r i n g  
s lopes (s torage f a c t o r s ) .  

The llpowerll o f  t he  e f f e c t s  increases i n  th is  sequence: Nested e f -  
f e c t s  w i thout  any d i s t i n c t  "meaning1', crossed e f f e c t s  w i t h  un i fo rm 
phys i ca l  meaning, and regressors w i t h  phys i ca l  rank ing  on a con- 
t inuous  scale.  Whereas c l a s s  e f f e c t s  a re  r e s t r i c t e d  t o  a few d i s -  
t i n c t  l eve l s ,  continuous e f f e c t s  may have d i f f e r i n g  va lues any 
t ime t h e y  occur i n  the  study. Independent o f  t he  a c t u a l  number o f  
l eve l s ,  a regress ion  e f f e c t  "consumes" o n l y  one degree o f  freedom, 
whereas a c l a s s  e f f e c t  w i t h  N l e v e l s  uses "-1) degrees o f  f r e e -  
dom. From these reasons and the  eas ie r  v i s u a l i z a t i o n  i t  i s  adv is -  
ab le  t o  t r e a t  an e f f e c t  as continuous r a t h e r  than c a t e g o r i c a l  
whenever a p h y s i c a l  background e x i s t s  f o r  such sca l i ng .  This may 
be b e n e f i c i a l  even f o r  e f f e c t s  w i t h  on l y  two leve ls ,  a l though the  
b e n e f i t  increases w i t h  t h e  number l e v e l s .  

The choice o f  f a c t o r s  to be inc luded i n  a model depenas on the  de- 
sign o f  the  s tudy as w e l l  as the  data themselves. Combining data 
o f  more e f f e c t s  increases the  degree o f  freedom f o r  t he  e r r o r  es- 
t imate,  sharpens the  de tec t i on  o f  e f f e c t i v e  fac to rs ,  and narrows 
the  confidence i n t e r v a l s .  O n  the  o ther  hand, the  i n t e l l i g i b i l i t y  
o f  a model decreases r a p i d l y  w i t h  t h e  number o f  f a c t o r s  i nvo l ved .  
S t ra teg ies  such as Itbackward e l im ina t ion" ,  llf orward se lect ion" ,  
#*stepwise regressionr1 , or **stagewise regress ion"  apply  t o  GLM, 
same as t o  regress ion  or ANOVA 161. F t e s t s  on the  r a t i o  o f  
e f f e c t - t o - e r r o r  mean squares and t t e s t s  on con t ras ts  show which 
f a c t o r s  may be ignored i n  a nex t  s tep  and which must be kept  i n  
the  model. 
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GLM, same as  r e g r e s s i o n  and ANOVA, r e q u i r e s  t h a t  t h e  independent 
v a r i a b l e s  be e x a c t  and f r e e  o f  exper imenta l  e r r o r .  This seems 
most c r u c i a l  f o r  TIME i t s e l f ,  b u t  p r o p e r  o r g a n i z a t i o n  can e a s i l y  
hand le  t h e  problem: E i t h e r  samples a r e  removed f rom s t o r a g e  a t  
t h e  e x a c t  t i m e  and then f r o z e n  a t  v e r y  low temperature u n t i l  meas- 
urement, or t h e y  a r e  k e p t  on s t o r a g e  u n t i l  t h e  measurement i s  pos- 
s i b l e ,  and t h e  c o r r e c t  TIME va lue  is used f o r  t h e  r e g r e s s i o n .  

A more s e r i e s  problem w i t h  s t a b i l i t y  t e s t s  i s  t h e i r  l a c k  o f  
randomizat ion:  They a r e  separated b y  months o r  y e a r s  d u r i n g  which 
t h e  t e s t i n g  methodology i t s e l f  may develop c o n s i d e r a b l y .  This 
contaminat ion  b y  a r t i f i c i a l  t r e n d s  o r  jumps cannot  be handled by 
s t a t i s t i c s  but must be  avoided a p r i o r i :  E i t h e r  one has t o  s t a y  
r i g o r o u s l y  w i t h  t h e  i n i t i a l  method even i f  a b e t t e r  one becomes 
a v a i l a b l e ,  OP one has t o  conserve a sample a t  a s u f f i c i e n t l y  deep 
temperature t o  p revent  any changes and t o  " restorer f  i n i t i a l  v a l u e s  
w i t h  t h e  improved method 13, 143. 

I n  conclud ing,  i t  may be s t a t e d  that  comblning r e s u l t s  f rom se- 
v e r a l  lrsourceslf can o n l y  improve the conf idence o f  a s t a b i l i t y  as- 
sessment, and t h a t  GLM i s  t h e  most a p p r o p r i a t e  s t a t i s t i c a l  t o o l  
f o r  th is  purpose. 
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