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SUMMARY 

A method i s  presen ted  f o r  e s t a b l i s h i n g  t h e  s h e l f - l i f e  f o r  a pharmaceut ica l  
p r o d u c t  u s i n g  d a t a  f rom l o n g - t e r m  s t a b i l i t y  s tud ies .  
work o f  F u l l e r  and Ba t tese  (1973).  
use  o f  t h e  method w i t h  a s e t  o f  pharmaceut ica l  s t a b i l i t y  data.  

1. INTRODUCTION 

The method u t i l i z e s  t h e  
An example i s  g i v e n  wh ich  i l l u s t r a t e s  t h e  

Modern phamiaceu t i ca l  p r o d u c t s  must  bea r  an  e x p i r a t i o n  dd te ,  u s u d l l y  a 
f i x e d  D e r i o d  o f  t i m e  f rom t h e  da te  o f  manufacture.  The l e s a l  requ i remen t  
i s  s ta ' ted  i n  t h e  C u r r e n t  Good IdanufacturingJPractices R q d a t i o r i s  ( 1 9 7 8 ) .  
These r e g u l a t i o n s  s t a t e  t h a t  t h e  e x p i r a t i o n  d a t e n u s t b e  b a r n  
s t a b i l i t y  s t u d i e s  and t h a t  " v a l i d  e s t i m a t e s  o f  s t a b i l i t y "  inust he o h L i i n r 4  
based o n - s t a t i s t i c a l  c r i t e r i a .  
t h e  marke ted  pharmaceu t i ca l  p r o d u c t  i n  wh ich  t h e  manu fac tu re r  r e t a i n s  
samples o f  s e v e r a l  ba tches  and t e s t s  each ba tch  a t  r e g u l a r  i n t e r v a l s  
acco rd ing  t o  a w r i t t e n  s t a b i l i t y  t e s t i n g  p r o t o c o l .  I n  a t y p i c a l  s t a b i l i t y  
s tudy  a b a t c h  would be t e s t e d  a t  t i m e  o f  manufac ture ,  t hen  a t  l e a s t  once 
p e r  y e a r  u n t i l  t h e  e x p i r a t i o n  da te .  The t e s t i n g  wou ld  i n c l u d e  assays o f  
t h e  a c t i v e  i n g r e d i e n t s  and a number o f  o t h e r  chemica l  and p h y s i c a l  t e s t s  
des igned t o  assess t h e  s t a b i l i t y  o f  t h e  p roduc t .  I n  these  s tud ies ,  t h e  
p roduc t  i s  s t o r e d  a c c o r d i n g  t o  t h e  c o n d i t i o n s  s p e c i f i e d  on  t h e  p roduc t  
l a b e l i n g .  The purpose o f  t h i s  paper  i s  t o  p r e s e n t  a s t a t i s t i c a l  method 
f o r  e s t a b l i s h i n g  an  e x p i r a t i o n  p e r i o d  o r  s h e l f - l i f e  f o r  phannaceut ica 
p r o d u c t s  wh ich  has advantages o v e r  o t h e r  methods c u r r e n t l y  a v a i l a b l e .  
s r i e l f - l i f e  i s  t h e  p e r i o d  o f  t i m e  between t h e  d a t e  o f  manufac ture  and he 
e x p i r a t i o n  da te .  The method u t i l i z e s  t h e  o n e - f o l d  n e s t e d - e r r o r  model o f  
F u l l e r  and B a t t e s e  (1973).  

S t a b i l i t y  s t u d i e s  must  l n c l u d e  s t u d i e s  o t  

The 

2. TWO CURRENTLY AVAILABLE METHODS 

2.1 P r e d i c t i o n  I n t e r v a l  Method 

T h i s  method i s  d e s c r i b e d  by Cars tensen and Ne lson ( 1  976).  
o r d i n a r y  l i n e a r  r e g r e s s i o n  model i s  used t o  e s t i m a t e  po tency  as  a 
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5 54 NORWOOD 

f u n c t i o n  o f  age, t h e  d a t e  o f  manufac ture  b e i n g  zero.  
computes t h e  p r e d i c t i o n  i n t e r v a l  b e l t  o r  enve lope on  a f u t u r e  assay 
o r  mean assay. 
and Cochran (1967) .  
l ower  l i m i t  o f  t h e  p r e d i c t i o n  i n t e r v a l  enve lope reaches t h e  l ower  
s p e c i f i c a t i o n  o r  compendial 1 i m i t  f o r  t h e  p r o d u c t  po tency .  See 
F i g u r e  1. 

Then one 

T h i s  we1 1 -known procedure i s  d e s c r i b e d  i n  Snedecor 
The s h e l f - l i f e  e s t i m a t e  i s  t h e  age a t  wh ich  t h e  

T h i s  method i s  reasonab le  when t h e  manu fac tu r ing  process  p roduc ing  
t h e  p r o d u c t  c a n  b e  c o n t r o l l e d  s o  t h a t  each b a t c h  has very  n e a r l y  t h e  
same i n i t i a l  potency. When s i g n i f i c a n t  b a t c h  t o  b a t c h  v a r i a t i o n  
e x i s t s ,  however, t h i s  method l e a d s  t o  b i a s e d  e s t i m a t e s  f o r  t h e  r a t e  
o f  l o s s  o f  po tency  and hence t o  improper  p r e d i c t i o n  i n t e r v a l s .  (To 
a p p r e c i a t e  t h e  amount o f  b i a s  wh ich  c o u l d  be  i n t roduced ,  r e f e r r i n g  t o  
F i g u r e  1, suppose d a t a  were added on a second b a t c h  hav ing  an  age o f  
1 u n i t  and a mean potency  o f  95  p e r c e n t  l a b e l .  The a d d i t i o n  o f  t h i s  
d a t a  would l e a d  t o  a n  upward b i a s  i n  t h e  e s t i m a t e d  s l o p e  o r  
e q u i v a l e n t l y  a downward b i a s  i n  t h e  e s t i m a t e d  1 oss  r a t e .  1 
Furthermore, t h i s  method f a i l s  t o  address  t h e  e x p i r a t i o n  d a t i n g  o f  
ba tches  f o r  wh ich  t h e  i n i t i a l  po tency  i s  be low h i s t o r i c a l l y  
e s t a b l i s h e d  l i m i t s ,  d e r i v e d  from ana lyses  o f  d a t a  on p r e v i o u s l y  
p r o  duc ed ba  t c  hes . 

2.2 Conf idence Bound Method 

T h i s  method i s d e s c r i b e d  by Haynes e t  a1 (1959) .  
D y k s t r a  (1980) a l s o  d i s c u s s  t h i s  method. 
cova r iance  model u s i n g  ba tches  as " t rea tmen ts "  and age a s  t h e  
c o v a r i a t e .  A t t e n t i o n  i s  c e n t e r e d  on t h e  c o v a r i a t e ;  t h e  b a t c h  e f f e c t s  
a r e  nu isance parameters.  F i r s t  one e s t i m a t e s  t h e  r a t e  o f  l o s s  o f  
po tency  (age e f f e c t )  and p l a c e s  an  upper c o n f i d e n c e  bound on  t h i s  
l o s s  r a t e .  Then assuming t h e  a c t u a l  r a t e  o f  loss equa l  t o  t h e  upper 
con f idence  bound, one can  e s t a b l i s h  a n  e x p i r a t i o n  p e r i o d  
co r respond ing  t o  a minimum accep tab le  i n i t i a l  po tency  o r  r e l e a s e  
l i m i t .  The r e l e a s e  l i m i t  i s  t h e  l o w e s t  i n i t i a l  po tency  r e q u i r e d  f o r  
a b a t c h  o f  a d rug  p r o d u c t  t o  be  re leased  f o r  sa le .  (The r e l e a s e  
l i m i t  i s  a lways  h i g h e r  t h a n  t h e  l o w e r  s p e c i f i c a t i o n  o r  compendial  
l i m i t  s i n c e  t h e  b a t c h  must remain  above t h e  l o w e r  s p e c i f i c a t i o n  o r  
compendial  l i m i t  f o r  i t s  e n t i r e  e x p i r a t i o n  p e r i o d . )  F o r  example, 
suppose t h e  upper  c o n f i d e n c e  bound f o r  t h e  r a t e  o f  l o s s  i s  2 p e r c e n t  
p e r  y e a r ,  t h e  r e l e a s e  l i m i t  i s  95 p e r c e n t ,  and t h e  l o w e r  
s p e c i f i c a t i o n  o r  cornpendial l i m i t  i s  90 p e r c e n t  o f  l a b e l e d  po tency .  
Then t h e  e x p i r a t i o n  p e r i o d  wou ld  b e  2.5 yea rs .  Converse ly ,  one c a n  
s t a r t  w i t h  a d e s i r e d  e x p i r a t i o n  p e r i o d  o f  3 y e a r s  and e s t a b l i s h  t h e  
a s s o c i a t e d  r e l e a s e  l i m i t ,  96  pe rcen t .  

I t  i s  assumed t h a t  t h e  manu fac tu re r  p e r f o t m s  adequate t e s t i n g  t o  
assure  compl iance w i t h  t h e  r e l e a s e  l i m i t .  
c o n s t i t u t e s  adequate t e s t i n g  i s  n o t  addressed here .  
Two key  assumptions i n  t h i s  a n a l y s i s  and i n  t h e  p r e v i o u s  one a r e :  
independent,  i d e n t i c a l l y  d i s t r i b u t e d  r e s i d u a l s  and no  b a t c h  by a g e  
i n t e r a c t i o n .  T h i s  a n a l y s i s  does n o t  r e q u i r e  t h e  i n i t i a l  b a t c h  
p o t e n c i e s  t o  be equa l ;  whereas i n  t h e  p r e v i o u s  a n a l y s i s  ('2.11, t h i s  
was an  i m p o r t a n t  assumption. 

Norwood (1980)  and 
One f i t s  an  a n a l y s i s  o f  

The i s s u e  o f  what 

3. THE NESTED-ERROR STRUCTURE 

3.1 R a t i o n a l e  

W h i l e  e s t i m a t i n g  t h e  r a t e  o f  l o s s  a long  w i t h  an  upper  c o n f i d e n c e  
bound i s  a use fu l  approach t o  t h e  a n a l y s i s  o f  pharmaceut ica l  
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P H A R M A C E U T I C A L  STABILITY DATA 
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Figure 1. PREDICTION INTERVAL METHOD 

s t a b i l i t y  d a t a  
does n o t  f i t  t 6 e  d a t a  adequate ly .  
o f  v a r i a b i l i t y .  
each age de termined by a l i n e a r  e f f e c t  o f  age p l u s  group t o  group 
(age t o  age) v a r i a t i o n .  
f a c t  t h a t  each group o f  assays was per fo rmed a t  t h e  same t i m e  by t h e  
same a n a l y s t  u s i n g  t h e  same i n s t r u m e n t s  and reagents .  T h i s  e r r o r  
s t r u c t u r e  i s  we l l -known t o  chemis ts ;  see f o r  example Youden and 
S t e i n e r  (19751, who g i v e  an  e x c e l l e n t  d e s c r i p t i o n  o f  t h e  p a t t e r n  o f  
v a r i a b i l i t y  o f  d a t a  f rom a n a l y t i c a l  c h e m i s t r y  l a b o r a t o r i e s .  

i n  many cases  t h e  usua l  a n a l y s i s  o f  c o v a r j a n c e  model 
F i g u r e  2 shows t h e  t y p i c a l  p a t t e r n  

The assays a r e  grouped by age w i t h  t h e  mean assay a t  

The group t o  group v a r i a t i o n  i s  due t o  t h e  

Proposed Method 

We propose t h e  c o n f i d e n c e  bound approach o f  2.2 u s i n g  t h e  o n e - f o l d  
n e s t e d - e r r o r  model o f  F u l l e r  and Ba t tese  (1973) i n s t e a d  o f  t h e  
o r d i n a r y  ANCOVA model. 
model o n l y  i n  t h e  e r r o r  terms. i s  g i v e n  below: 

The proposed model, wh ich  d i f f e r s  f rom t h a t  

Y i j k  = P i  - X i j Y  + 6 i j  t E i j k  
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Figure 2. STABILITY DATA ON A TYPICAL BATCH 

( i  = 1, ..., b;  j = 1, ..., ri; k = 1, ..., n i j )  

where Y i j k  i s  t h e  k t h  assay a t  t h e  j t h  t e s t  p o i n t  f o r  t h e  i t h  
ba tch ,  

f i x e d  e f f e c t ,  
p i  i s  t h e  i n i t i a l  po tency  f o r  t h e  i t h  ba tch ,  assumed t o  be a 

X i j  i s  t h e  age a t  t h e  j t h  t e s t  p o i n t  f o r  t h e  i t h  ba tch ,  

y i s  t h e  r a t e  o f  loss  o f  potency, 

6 i j  i s  t h e  e r r o r  component a s s o c i a t e d  w i t h  

~ i j k  i s  t h e  e r r o r  component w i t h i n  a ba tch ,  age 

h e  
i j t h  ba tch ,  age comb ina t ion ,  6 - N ( O , O ~ ) ,  and 

comb ina t ion ,  E - N(O,o2) .  

6 

The e r r o r  components 6 and t a r e  d i s t r i b u t e d  i ndependen t l y  o f  each 
o the r .  We assume t h a t  a l l  samples a t  each ba tch ,  age comb ina t ion  a r e  
assayed a t  t h e  same t i m e  and compr ise  a d i s t i n c t  a n a l y t i c a l  
d e t e r m i n a t i o n  o r  i n s t r u m e n t  run. The da ta  wou ld  c o n s i s t  o f  
r l  + r 2  t .. . + r b  = r " runs" .  
assumption i n  a l a b o r a t o r y .  

T h i s  i s  u s u a l l y  a reasonab le  

3.3 F i t t i n g  t h e  Model 

To e s t i m a t e  t h e  r a t e  o f  l o s s ,  we f i t  t h e  model (1)  f o l l o w i n g  F u l l e r  
and B a t t e s e  (1973).  Express t h e  model i n  m a t r i x  n o t a t i o n  s e p a r a t i n g  
t h e  random and f i x e d  e f f e c t s ,  
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PHARMACEUTICAL STABILITY DATA 

Y = XB + 2 6  t E 

where Ynx1 i s  t h e  v e c t o r  o f  assays, n = E: 5: 
i j  n j j ,  

Xnx (b+ l )  i s  t h e  d e s i g n  m a t r i x  f o r  t h e  f i x e d  e f f e c t s ,  

6 ( b + l ) x l  = [ p l ,  u2, ..., pb, u]' i s  t h e  f i x e d  e f f e c t  

Znxr  i s  t h e  des ign  m a t r i x  o f  random " run "  e f f e c t s ,  

6 r x 1  i s  t h e  v e c t o r  o f  random " run "  e f f e c t s ,  and 

Enx l  i s  t h e  w i t h i n - r u n  e r r o r  vec tor .  

parameter  vec to r ,  

557 

(2) 

I n  o r d e r  t o  e s t i m a t e  t h e  r a t e  o f  l o s s  u s i n g  t h i s  model, we d e r i v e  t h e  
g e n e r a l i z e d  l e a s t  squares e s t i m a t o r  f o r  t h e  r a t e  o f  l o s s .  T h i s  i s  
done by a p p l y i n g  a t r a n s f o r m a t i o n  ( t o  be d e r i v e d )  t o  b o t h  s i d e s  o f  
(21, t hen  pe r fo rm ing  l i n e a r  r e g r e s s i o n  on t h e  t rans fo rmed  v a r i a b l e s .  

S ince  

Y - N ( X 5 ,  2 2 ' 0 ~  + I n o 2 ) ,  
6 

l e t  

Vnxn = v a r  ( Y ) / O ~  

= Z Z '  02 /02  + I n ,  where I n  i s  an  i d e n t i t y  m a t r i x  
6 o f  d imens ion  n. 

Then t h e  g e n e r a l i z e d  l e a s t  squares e s t i m a t o r  f o r  6 i s  

( X '  v - 1  X I - 1  x '  v -1  Y 

; = (X '  v̂ -1 X)-1 X '  0-1 y 

wh ich  may be  approx imated by 

A 

where V i s  t h e  c o v a r i a n c e  m a t r i x  f o r  Y d i v i d e d  by 02, w i t h  

0 2  and 02  es t ima ted  f r o m  t h e  da ta .  

V by s u b s t i t u t i n g  va r iance  component es t ima tes ,  c a l c u l a t e d  as  shown 
i n  s e c t i o n  3.4. 

The e s t i m a t o r  6 can  be d e r i v e d  by o r d i n a r y  l e a s t  squares r e g r e s s i o n  o f  

TY o n  TX where 

Note  t h a t  ? i s  o b t a i n e d  f rom 
6 

A 

A A 

F o l l o w i n g  F u l l e r  and B a t t e s e  (1973)  T can  be shown t o  be a b l o c k  
d iagona l  m a t r i x  

T = D i a g  ( T i j )  

where 

J i s  a square m a t r i x  o f  1 ' s  w i t h  d imens ion  n i j .  
'i j 
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3.4 E s t i m a t i n g  t h e  Var iance  Components 

F u l l e r  and B a t t e s e  (1973) recommend Henderson's " f i t t i n g  o f  c o n s t a n t s "  
method d i scussed  by S e a r l e  (1971) .  
and no  "bes t "  method has been i d e n t i f i e d .  To use  t h e  " f i t t i n g  o f  
c o n s t a n t s "  method, f i r s t  e s t i m a t e  o2  u s i n g  t h e  mean square w i t h i n  
runs. Then compute t h e  r e s i d u a l  mean square f r o m  r e g r e s s i o n  o f  Y o n  X, 
s e t  i t  equal  t o  i t s  e x p e c t a t i o n ,  

There a r e  o t h e r  methods a v a i l a b l e  

u2 + i n  - t r [ Z '  X ( X ' X ) - l  X 'Z ] }  0 2 / ( n - b - l l ,  
6 

and s o l v e  f o r  02. The non-negat ive  e s t i m a t o r  f o r  o 2  shou ld  be  used. 

Note t h a t  i f  t h e  e s t i m a t e  f o r  o 2  i s  zero ,  t h e  e s t i m a t o r  f o r  y i s  t h e  

ANCOVA e s t i m a t o r .  On t h e  o t h e r  hand i f  t h e  e s t i m a t e  f o r  02 i s  l a r g e  

r e l a t i v e  t o  t h a t  f o r  02, t h e  e s t i m a t o r  f o r  y approx imates  t h e  
e s t i m a t o r  o b t a i n e d  f rom ANCOVA on t h e  r u n  means. 

6 6 

6 

6 

4. EXAMPLE 

Tab le  I shows a s e t  o f  s t a b i l i t y  d a t a  on  a pharmaceut ica l  p roduc t .  The 
ages have been t rans fo rmed  t o  a r b i t r a r y  u n i t s ,  b u t  t h e  p a t t e r n  o f  
v a r i  a b i l  i ty has been preserved.  

The s tandard  ANCOVA e s t i m a t e  f o r  t h e  r a t e  o f  l o s s  i s  0.65 p e r c e n t  p e r  age 
u n i t  w i t h  a s tandard  e r r o r  o f  0.31 p e n e n t  p e r  age u n i t  ( 6 2 d f ) .  The 
proposed method y i e l d s  a r a t e  o f  l o s s  e s t i m a t e  o f  0.50 p e r c e n t  p e r  age 
u n i t  w i th  a s tandard  e r r o r  o f  0.64 p e r c e n t  p e r  age u n i t .  
f o r  02 and 02 a r e  5.2 and 2.6 r e s p e c t i v e l y .  

N o t e  t h a t  t h e  s tandard  e r r o r  i s  c o n s i d e r a b l y  l a r g e r  w i t h  t h e  proposed 
method. We a s s i g n  r -b -1  = 9 degrees o f  freedom f o r  t h e  s tandard  e r r o r  
wh ich  cor responds t o  t h e  r e s i d u a l  degrees o f  f reedom from ANCOVA on t h e  
r u n  means. 

Assuming a 3 age u n i t  e x p i r a t i o n  p e r i o d  and a l o w e r  s p e c i f i c a t i o n  o r  
compendia1 l i m i t  o f  90 pe rcen t ,  t h e  minimum accep tab le  i n i t i a l  po tency  i s  
93.5 p e r c e n t  o f  l a b e l  by t h e  ANCOVA method and 95.0 p e r c e n t  o f  l a b e l  by 
t h e  proposed method, u s i n g  an upper  95 p e r c e n t  c o n f i d e n c e  bound on t h e  
r a t e  o f  loss. 

The es t ima tes  

6 

5. S M M A R Y  

We have p resen ted  a method f o r  e s t a b l i s h i n g  t h e  s h e l f - l i f e  f o r  a 
pharmaceut ica l  p roduc t ,  t o g e t h e r  w i t h  a s s o c i a t e d  l i m i t s  on  t h e  minimum 
accep tab le  i n i t i a l  potency. The method o f  F u l l e r  and B a t t e s e  (1973) i s  
u t i l i z e d  t o  o b t a i n  an upper  c o n f i d e n c e  l i m i t  f o r  t h e  r a t e  o f  l o s s  o f  
po tency ,  r e c o g n i z i n g  t h e  n e s t e d - e r r o r  s t r u c t u r e  o f  t h e  da ta .  
con f i dence  l i m i t ,  t h e  i n i t i a l  po tency  l i m i t  i s  d e r i v e d  f rom t h e  d e s i r e d  
s h e l f - l i f e ,  o r  t h e  s h e l f - l i f e  i s  d e r i v e d  f rom a d e s i r e d  i n i t i a l  po tency  
l i m i t .  

The assumption o f  n e g l i g i b l e  b a t c h  by age i n t e r a c t i o n  i s  u s u a l l y  
reasonab le  b u t  shou ld  b e  checked. A b a t c h  by age i n t e r a c t i o n  t e s t  c o u l d  
be  per fo rmed a f t e r  f i t t i n g  t h e  model (1) w i t h  a n  a d d i t i o n a l  f i x e d  e f f e c t  
t e r m  f o r  i n t e r a c t i o n .  
t h a n  1 p e r c e n t  p e r  year ,  however, t h i s  t e s t  o f t e n  has l o w  power. A p l o t  
o f  t h e  d a t a  i s  u s u a l l y  a t  l e a s t  as  e f f e c t i v e  i n  r e v e a l i n g  i n t e r a c t i o n  a s  a 
t e s t  o f  hypo thes i s .  

Using t h i s  

S ince  r a t e s  o f  l o s s  o f  po tency  a r e  u s u a l l y  l e s s  
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m r  
A r b  1 tr d r y  

U n i t s  

0 

0.5 

2.0 

2.5 

3.0 

3.5 

S T A B I L I T Y  DATA FOR THREE BATCHES 
UNITS: PERCENT CF L A B E L E D  QUANTITY 

i i A r (  II ~ -. . - -. 

C - B - A - 
100.4 105.6 101.6 103.8 104.8 
100.0 103.0 102.6 103.2 103.8 
100.4 98.8 98.0 103.4 104.0 
100.1 100.4 104.2 101.2 103.8 

97.1 
96.4 
96.8 
99.0 

96.5 94.4 
95.1 91.7 
94.5 93.2 

100.0 98.1 
98.0 95.9 
98.3 101.7 

97.2 
97.5 
99.9 

101.1 

98.1 
91.4 
98.1 
91.4 

96.4 
96.8 
96.6 
96.8 

93.2 
95.2 
93.3 
94.9 

100.0 
100.8 
100.1 
100.0 

96.4 
95.8 
95.8 
94.9 

96.0 
101.8 

98.6 
98.0 
99.8 
98.0 
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