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ABSTRACT 

The establishment of the expirat ion date  of pharmaceutical 

product through the s t a t i s t i c a l  treatment of s t a b i l i t y  data  is 

discussed i n  de t a i l  f o r  both the s t a b i l i t y  s tud ies  under normal 

s torage conditions and accelerated s torage conditions.  

EXPIRATION DATING AND STABILITY TESTING 

I t  i s  s t a t ed  i n  the Current Good Manufacturing Prac t ice  

( C G M P )  t h a t  the  purpose o f  an expirat ion da te  f o r  a pharmaceutical 

product i s  t o  assure  t h a t  a drug product meets appl icable  

standards o f  i den t i ty ,  strength, qua l i t y ,  and puri ty  a t  the time 

o f  use. An expirat ion date  i s  required f o r  a l l  drug products 
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6 4  YANG 

except some specific exemptions as determined by the Food and 

Drug Administration (FDA). The expiration date should be 

established through a suitably designed stability testing program. 

General guidelines for such a stability testing program are 

institueted in CGMP. Although there is no formal FDA stability 

testing guidance established for the drug products for the human 

uses to date, more specific guideline are available (1-5). These 

reflect current interpretation and philosophy of FDA in the en- 

forcement of the establishment of an expiration date. 

It is emphasized in CGMP that an expiration date should be 

established through a statistically designed stability testing 

program. An expiration date projected from a stabi lity testing 

program conducted under the accelerated conditions (eg. high 

temperature, high relative humidity etc.) is accepted currently 

only as a tentative expiration date, which has to be supported 

by a full-scale stability testing program conducted under normal 

storage conditions. 

Huch has been said abou 

testing. General statistical 

data are also available (6-8 

to give a detailed illustrat 

the theories involved in a stability 

treatment methods for the stability 

. It is the objective of this article 
on of the establishment o f  an 

expiration date from the statistical treatment of the stability 

data. It is believed that using the equations and a calculator, 

the readers should be able to complete the calculation in a reason- 
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STATISTICAL TREATMENT OF STABILITY DATA 65 

a b l e  p e r i o d  o f  t ime and th rough which have a b e t t e r  understanding 

o f  t h e  bas i c  idea invo lved.  I t  i s ,  o f  course, understood t h a t  

va r ious  a v a i l a b l e  s t a t i s t i c a l  programs (such as SPSS) and o t h e r  

computer programs can be used t o  f a c i l i t a t e  t h e  c a l c u l a t i o n .  

STABILITY TESTING UNDER NORMAL STORAGE CONDITIONS 

Normal s to rage c o n d i t i o n s  a r e  de f i ned  as t h e  s to rage cond i -  

An exp r a t i o n  t i o n s  s p e c i f i e d  on t h e  l a b e l  o f  t h e  drug  produc t .  

da te  e s t a b l i s h e d  f o r  a drug prodcut  f rom a s t a b i l i t y  t e s t  ng under 

normal s to rage c o n d i t i o n s  i s  t h e  u l t i m a t e  goal o f  a l l .  

K i n e t i c s  o f  Loss o f  A c t i v e  I n g r e d i e n t s  

As a general  r u l e ,  t h e  degradat ion  o f  an a c t i v e  i n g r e d i e n t  i n  

a drug p roduc t  shou ld  be mon i to red  t o  a t  l e a s t  70% comple t ion  i n  

o r d e r  t o  l e g i t i m a t e l y  determine i t s  k i n e t i c  o rde r .  For example, 

i t  i s  v i r t u a l l y  imposs ib le  t o  d i f f e r e n t i a t e  zero,  f i r s t ,  and 

second o r d e r  i f  a degredat ion  i s  f o l l o w e d  t o  o n l y  10% comple t ion .  

For  a p o s s i b l e  drug candidate,  and thus  r e l a t i v e l y  s tab le ,  i t  

would r e q u i r e  a r e l a t i v e l y  l o n g  p e r i o d  o f  t ime  t o  determine t h e  

k i n e t i c  o r d e r  o f  t h e  degradat ion  r e a c t i o n .  Al though i t  makes 

l i t t l e  d i f f e r e n c e ,  i n  such cases, t o  choose any k i n e t i c s  o rde r  t o  

t r e a t  t h e  da ta  and e s t a b l i s h  t h e  e x p i r a t i o n  da te  as such, i t  would 

be more approp r ia te  t o  i d e n t i f y  t h e  degrada t ion  pathway and de te r -  
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66  YANG 

mine i t s  k ine t i c  order  so t h a t  the following s t a t i s t i c a l  t r e a t -  

ment i s  sound both i n  theory and in  prac t ice .  

Least Square Linear Regression Method 

Assume t h a t  t he  k ine t i c  order  of the  d r u g  degradation i s  e s t -  

ablished and the data  can be l inear ized  i n  an appropriate  manner. 

A s t a b i l i t y  t e s t i n g  program wi l l  be s e t  up by determining the 

level of the i n t a c t  drug  in a drug product s tored  under normal 

conditions a t  d i f f e r e n t  time points .  This assaying o f  t he  i n t a c t  

d r u g  should be conducted using a r e l i a b l e ,  meaningful and spec i f i c  

s t ab i l i t y - ind ica t ing  ana ly t ica l  method as  required by CGFfP. T h e  

level of the  i n t a c t  d r u g  i s  then transformed t o  appropriate  form 

depending on the k ine t i c  order  o f  the  degradation and i s  then 

p lo t ted  versus time. A bes t  possible  s t r a i g h t  l i n e  i s  determined 

f o r  the data  points .  T h i s  i s  usually done by employing the  method 

o f  l e a s t  square l i n e a r  regression.  

Let us assume t h a t  in a s t a b i l i t y  t e s t i n g  program, n chemical 

assays a r e  car r ied  f o r  k time points  ( n  - > k ,  therefore  there  a re  

n / k  assays per time poin t ) .  

j ec ted  t o  l i n e a r  regression treatment using the following model: 

These n data  points  a r e  then sub-  

Yi = B o  + Blt i  i- E i  (Eq. 1 1  

where Y i s  the  transformed term f o r  t he  level  o f  i n t a c t  

d r u g  a t  time t i  (Table l ) ,  Bo and B 1  a re  parameters t o  be e s t i -  

mated, ~i i s  a random e r r o r  term with mean E ( E ~ )  = 0 and variance 

c ( ~ i )  = 0 , and i = l ,  . .. . . , n .  

i 

2 
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STATISTICAL TREATMENT OF STABILITY DATA 67 

Table 1 

Transformation of Kinetic Data 

Degradation Order Y b0  b l  

0 A* A o *  -k* 

1 I n  A 1 n A O  - k  

2 1 / A  1 /Ao  k 

*A = the level of the intact  drug a t  time t 
A,, = the i n i t i a l  level o f  the intact  drug  
k = the rate constant 

For each sample observation ( t i ,  Y i ) ,  the method o f  least  

squares considers the deviation of Y i  from i t s  expected value: 

Yi - ( 8 0  + Blt i )  = ~i ( E q .  2) 

I n  particular,  the method of least  square requires that we 

consider the sum of the n squared deviations, denoted by Q:  

Q = C(Yi - 60 - Blti)’ (Eq.  3 )  

where the summation i s  from i = l  t o  i=n. 

The best estimates of parameter B o  and B 1  are those values 

bo and br respectively which minimize Q. This i s  achieved by 

sett ing the partial derivative of Q with respect t o  Bo and B i  t o  

zero, (Eq. 4 and 5 ) ,  and solve the equations simultaneously t o  

obtain the values of bo and b i  ( E q .  6 and 7 ) :  

aQ = -2C(Y i  - B o  - B l t . )  = 0 
-5%- 

( E q .  4) 
1 
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68 YANG 

aQ = -2zti(Y - B o -  Bit.) = 0 
i 1 m 

where ? = CYi/n and t = Cti/n. 

Therefore the  regress ion f u n c t i o n  i s :  

Y = b,+ b l t  (Eq. 8 )  

For a s p e c i f i c  t ime p o i n t  t .  Y .  i s  t he  observed value and 
1 ,  1 

Yi = b o  + b l t i  i s  t h e  f i t t e d  value. The d i f f e r e n c e  between Yi 

and Y .  i s  c a l l e d  the res idua l ,  ei: 
/3 

1 
A 

e = Yi - Yi (Eq. 9)  i 
The sum o f  t he  squares o f  res idua ls ,  denoted as SSE(error sum of 

squares) , i s  : 
14 

SSE = Cei2 = C ( Y i  - Yi) ’  (Eq. 10) 

SSE has n-2 degree o f  freedom associated w i t h  i t ,  s ince  two degrees 

o f  freedom a re  l o s t  when bo th  B0 and 81 are  est imated i n  o b t a i n i n g  

Yi. MSE ( e r r o r  mean square) i s  de f i ned  as: 
/r 

FlSE = SSE/(n-2) = C f Y i  - Yi)2/(n-2) (Eq. 11) 

C a l c u l a t i o n  o f  E x p i r a t i o n  Date 

E x p i r a t i o n  date o r  s h e l f  l i f e  i s  g e n e r a l l y  de f i ned  as the  

t ime span requ i red  f o r  t h e  l e v e l  o f  t he  a c t i v e  i n g r e d i e n t  o f  a 
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STATISTICAL TREATMENT OF STABILITY DATA 69 

drug product t o  reach 90% of t h e  claimed st rength.  

cannot s imply i n s e r t  90% of t he  s t reng th  i n t o  E q .  8 and so l ve  for  

t, and use i t  as the  e x p i r a t i o n  date. The reason i s  t h a t  t he re  

a r e  always some u n c e r t a i n t i e s  invo lved i n  t h e  es t ima t ion  dur ing 

the  regress ion process. Rather, t he  lower confidence l i n e  f o r  new 

observat ions a t  a s p e c i f i e d  confidence l e v e l  should be computed 

and t h e  t ime f o r  t h a t  confidence l i n e  t o  reach 90% o f  t h e  c la imed 

s t reng th  i s  then considered as the  e x p i r a t i o n  date. This process 

i s  i l l u s t r a t e d  i n  F igure 1. 

However, one 

S t a t i s t i c a l l y ,  t h i s  i s  equiva lent  t o  t h e  p r e d i c t i o n  o f  a new 

observat ion Y corresponding t o  a g iven l e v e l  t o f  t h e  independent 

va r iab le .  

i.e., t o  determine the value of t ( e x p i r a t i o n  date) a t  a known 

l e v e l  o f  Y (90% o f  t he  s t reng th ) ,  t he  theo r ies  invo lved are 

e x a c t l y  t h e  same. 

Although what we a re  seeking i s  e x a c t l y  t he  opposi te,  

The new observat ion on Y i s  viewed as t h e  r e s u l t  o f  a new 

t r i a l ,  independent o f  t h e  t r i a l s  on which t h e  regress ion ana lys i s  

i s  based. 

tab l i shed  f o r  a s p e c i f i c  sample w i l l  be app l i cab le  t o  those drug 

products manufactured under the  same condi t ions.  

t he  l e v e l  o f  t f o r  t he  new t r i a l  as t h  and t h e  new ob e rva t i on  

on Y as Yh. 

model app l i cab le  f o r  t h e  bas ic  sample data, as shown 

cont inues t o  be appropr ia te f o r  t he  new observat ion.  

This i s  t he  same as saying t h a t  t h e  e x p i r a t i o n  date es- 

We s h a l l  denote 

O f  course, we assume t h a t  t he  under ly ing regress ion 

n Eq. 8, 
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The establ ishment o f  e x p i r a t i o n  date. A drug 
undergoing zero o rde r  degradat ion i s  
i l l u s t r a t e d .  

The p o i n t  es t ima to r  for Y i s :  
h - 

Y = bo+ b i t h  h 
h 

The (1-a) conf idence i n t e r v a l  of  Y i s :  
h 

( E q .  12) 

YANG 

regress ion l i n e  

1 ower conf idence 1 i ne 

1 
I 
I 

I 

I 
I expi  r a  ti on date - 

Time ( t )  

F igure i 

r” /c 

Yh-t( l -a/2;n-2)s(Yh) 2 Yh L Yh+t(l-a/2;n-2)s(Yh)(Eq. 13) 

where t ( l -a /Z;n-2)  i s  t he  t c r i t i c a l  value for 1-a conf idence 

l e v e l  w i t h  n-2 degree of freedom, and 
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STATISTICAL TREATMENT OF 

s2(Yh) = (MSE)[ 1 

STABILITY DATA 71 

The lower confidence l e v e l  o f  Y i n  Eq. 13 i s  t h e  on ly  concern t o  
h 

us. I f  t i s  the e x p i r a t i o n  date, t h i s  lower confidence l e v e l  i s  

90% o f  t h e  s t rength.  Therefore, 
h 

A 

90 = Yh - t( l -a/2;n-2)s(Y ) (Eq. 15) h 
S u b s t i t u t i o n  o f  Eq. 12 and 14 i n t o  Eq. 15 gives,  

1 (t - 7 ) 2  

n C(t i - t ) ’  
90 = b,+ blth - t(l-a/2;n-2)t(MSE)[1+-+&])’/2 (Eq. 16) 

Eq. 16 i s  a quadrat ic  equat ion f o r  th and subsequently the re  are 

two poss ib le  so lu t i ons .  One should always choose the  smal ler  t 

value t o  have the  smal lest  r i s k  i n  s e t t i n g  up t h e  e x p i r a t i o n  date. 
h 

Ca lcu la t i on  o f  Level o f  Ac t i ve  Ing red ien t  f o r  a Pro jected 
E x p i r a t i o n  Date 

Suppose the  e x p i r a t i o n  date es tab l i shed  from t h e  samples 

con ta in ing  t h e  a c t i v e  i ng red ien t  a t  t h e  claimed l e v e l  i s  n o t  

acceptable t o  a manufacturer, i t  i s  poss ib le  t o  use t h e  a v a i l a b l e  

data t o  determine a new a c t i v e  i ng red ien t  l e v e l  i n  a drug product 

f o r  a new p ro jec ted  e x p i r a t i o n  date. Since most drug products 

l i s t e d  i n  USP have 10% to lerance i n  the  a c t i v e  i ng red ien t  l e v e l ,  

t h i s  i s  indeed a f e a s i b l e  way. 

S t a t i s t i c a l l y ,  t h i s  i s  equ iva len t  t o  ob ta in ing  a new bo 

value, b:, f o r  t h e  new p r o j e c t e d  th value, t ’  The slope o f  t he  
h’  
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72 YANG 

new regression l ine should remain as bl of the original regression 

line i f  the new samples are tested i n  the same manner. The value 

of b i  i s  obtained by solving Eq. 16 a f t e r  the known values of bl 

and t '  are inserted. This process i s  i l lust ra ted in Figure 2 .  
h 
Whether or no t  th is  new level for  the active ingredient 

( i . e .  b' value in Figure 2 )  i s  acceptable depends on how close 

this  level i s  t o  110 i f  a 10% tolerance i s  allowed. If this  new 

level i s  n o t  feasible t o  manufacture and the new projected expi- 

ration date i s  desired, then a reformulation becomes necessary. 

This practice should prove useful in the preformulation period. 

STABILITY TESTING U N D E R  ACCELERATED STORAGE CONDITIONS 

The projection o f  a n  expiration date of a pharmaceutical 

product from a s tab i l i ty  testing under accelerated storage condi- 

tions i s  based on the applicablity of  the Arrhenius theory. 

The Arrhenius relation, which i s  basically a relationship 

between the rate  constant and the temperature, i s  expressed as 

foll  owing, 

k = Aexp( - E a / R T )  ( E q .  1 7 )  

where k i s  the rate constant o f  the degradative pathway, Ea the 

activation enei-gy of the degradation, T the absolute temperature, 

R the gas cen..ant, and 4 the frequency factor. E q .  17 can be con- 
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STATISTICAL TREATMENT OF STABILITY DATA 73 

Time ( t )  

F igu re  2 

The c a l c u l a t i o n  o f  t h e  l e v e l  o f  t h e  a c t i v e  
i n g r e d i e n t  f o r  a new p r o j e c t e d  e x p i r a t i o n  
date. L i n e  A i s  t h e  reg ress ion  l i n e  f o r  
s t a b i l i t y  data;  l i n e  B i s  t h e  lower  conf idence 
l i n e  f o r  l i n e  A; l i n e  C i s  t h e  p r o j e c t e d  
reg ress ion  l i n e  f o r  t h e  new produc t  w i t h  t h e  
a c t i v e  i n g r e d i e n t  l e v e l  o f  bb w i t h  new 
p r o j e c t e d  e x p i r a t i o n  da te  t,’,; l i n e  D i s  t h e  
lower  conf idence l i n e  f o r  l i n e  C. 
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YANG 74 

verted t o  i t s  linearized form by taking the natural loga r i thm of  

b o t h  sides, 

Ea 1 I n  k = I n  A - -  - 
R T  

Briefly, in an  accelerated s tabi l i ty  testing the d r u g  pro- 

ducts are stored under several higher temperatures with a l l  other 

conditions fixed and the level of the active ingredient i s  assayed 

a t  different time points. The d a t a  f o r  each temperature are then 

subjected to  the s ta t is t ical  treatment as elaborated previously. 

I t  i s  the rate constant, obtained from the slope o f  the regression 

line, w h i c h  i s  our concern now. 

Least Square Linear Regression Method 

I t  i s  recognized t h a t  Eq. 18 i s  the equation of a straight 

line. The best l ine when I n  k i s  plotted versus 1/T can be es t i -  

mated aga n using the method of least  square regression. All the 

equations (Eq.  1 t o  16)  are applicable t o  this treatment i f  i t  i s  

recognized t h a t  I n  k and 1 /T  of E q .  18 are equivalent t o  Y and t 

o f  Eq. 1 respectively. After the regression line is obtained, i t  

i s  then possible t o  extrapolate the d a t a  a t  higher temperatures 

t o  f i n d  the rate constant a t  a lower temperature or  the rate 

c o n s t a n t  a t  the normal storage conditions. The rate constant t h u s  

obtained can be substituted i n t o  the appropriate rate equation, as 
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l i s t e d  i n  Table 1, t o  p r o j e c t  a t e n t a t i v e  e x p i r a t i o n  date f o r  a 

g iven i n i t i a l  l e v e l  o f  t h e  a c t i v e  i ng red ien t  o r  v i c e  versa. 

Weighted Least Square L inear  Regression Method 

It has been po in ted  o u t  (6,7) t h a t  a s imple l e a s t  square 

l i n e a r  regress ion treatment v i o l a t e s  one bas ic  assumption inherent  

i n  t h e  process, namely t h e  constancy o f  t h e  var iance f o r  t h e  e r r o r  

term i n  Eq. 1. This v i o l a t i o n  can be explained by the  f o l l o w i n g  

argument. 

Eq. 19 g ives the  var iance o f  t h e  est imate o f  B1 ( f rom which 

the  r a t e  constant i s  obtained) i n  Eq. 1: 
- 

5' b i  = ( M S E ) / C ( t j  - t)' (Eq. 19) 

Assuming t h e  Arrhenius r e l a t i o n s h i p  i s  appl icable,  a h ighe r  r a t e  

o f  degradat ion i s  expected t o  occur a t  h igher  temperature; hence 

assays a t  a h ighe r  temperature might be made a t  sho r te r  t ime i n -  

t e r v a l s  f o r  a sho r te r  pe r iod  o f  t ime. This  has an e f f e c t  on t h e  

va lue o f  si s ince t h e  denomenator i n  Eq. 19 i s  smal ler  a t  a 

h igher  temperature. Thus non-constant var iances f o r  t he  slopes o f  

t h e  regress ion l i n e s  a re  b u i l t  i n  t h e  d e r i v a t i o n  o f  t h e  accelerated 

s t a b i l i t y  data. 

1 

One method t o  overcome t h i s  v i o l a t i o n  i s  t o  use weighted l e a s t  

square regress ion method. It was shown (7) t h a t  a b e t t e r  s t a t i s t i c a l  

model f o r  such treatment us ing Arrhenius r e l a t i o n s h i p  i s :  
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I n  ki = B, + B1(7/T) + Ei/ki (Eq. 20) 

where t h e  new e r r o r  te rm i s  ~ ~ / k .  and t h e  va r iance  E;/kf. I n  

weighted l e a s t  square r e g r e s s i o n  method, t h e  e s t i m a t o r s  o f  B, and 

6, a r e  ob ta ined  by  m i n i m i z i n g  t h e  q u a n t i t y  ( 9 ) :  

1 

Q = Cwi[ln k i - B o  - B l ( l /T ) ] '  (Eq. 21) 

where t h e  w j ' s  a r e  we igh ts ,  which shou ld  be t h e  i n v e r s e  o f  t h e  

var iance.  Thus t h e  a p p r o p r i a t e  we igh ts  i n  t h i s  case a re :  

w = k; (Eq. 22) i 
The genera l  normal equat ions  wh ich  a r i s e  f rom m i n i m i z i n g  Eq. 21 

w i t h  respec t  t o  a, and B1 s e p e r a t e l y  a re :  

Cw. ( ln  1 k.) 1 = b,Cwi + blZwi(l/Ti) (Eci. 23) 

cwi( ln k i ) ( l /T i )  = b,Cwi(l/Ti) + b,Xwi(l/Ti)' (Eq. 24) 

The es t ima to rs  b, and b ,  can t h e n  be ob ta ined  by s o l v i n g  Eq. 23 

and 24 s imu l taneous ly .  The r e s t  o f  t h e  t rea tmen t  i n  o b t a i n i n g  a 

t e n t a t i v e  e x p i r a t i o n  da te  i s  t h e  same as desc r ibed  i n  p rev ious  

sec t i on .  
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