
DRUG DEVELOPMENT AND INDUSTRIAL PHARWicY, 10(8&9), 1505-1526 (1984) 

OPTIMIZATION OF EXPERIMENTAL DESIGNS 

FOR TWO CASES I N  ELEVATED TEMPERATURE STABILITY STUDIES 
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Department 9 47 

Pear l  R iver ,  NY 10965 

16.1 I n t r o d u c t i o n  

Qu ick ,  r e l i a b l e  es t ima tes  of  t h e  s t a b i l i t y  o f  many drugs  and cand ida te  

p roduc t - fo rmu la t i ons  a r e  needed i n  t h e  e a r l y  s tages  o f  d rug  development ( 1 ) .  

I n  o r d e r  t o  exped i te  t h e  g a t h e r i n g  o f  i n f o r m a t i o n ,  e l e v a t e d  tempera ture  

s t a b i l i t y  s tud ies ,  w i t h  a l i m i t e d  number o f  assays, a re  u s u a l l y  performed. 

Ana lys i s  o f  t he  da ta  assumes p s e u d o - f i r s t  o r d e r  k i n e t i c s  and tempera ture  

a c t i v a t i o n  i n  accordance w i t h  t h e  Ar rhen ius  equat ion .  

o f  t h i s  t y p e  have been used i n  t h e  pharmaceut ica l  i n d u s t r y  f o r  many years ,  

t hey  have n o t  r e c e i v e d  u n i v e r s a l  acceptance because o f  i ns tances  o f  i n -  

accu ra te  r e s u l t s  (2,3). 

p r e d i c t i o n  a r e  l a r g e  assay and sample v a r i a b i l i t y  coup led  w i t h  b o t h  t h e  

inadequate number o f  assays u s u a l l y  a v a i l a b l e  f o r  t h i s  work and t h e  use o f  

non-opt imal designs. 

A l though s t u d i e s  

Among t h e  p o s s i b l e  causes f o r  erroneous s t a b i l i t y  

It i s  obv ious  t h a t  o p t i m i z a t i o n  o f  t h e  s t a b i l i t y  s tudy  v a r i a b l e s  wou ld  

be u s e f u l  i n  g e t t i n g  t h e  bes t  s t a b i l i t y  es t ima tes  f o r  t h e  l e a s t  cos t .  What 

i s  needed i s  general  r u l e s  i n  keep ing  w i t h  t h e  h i g h  volume, approximate and 

p r e l i m i n a r y  na tu re  o f  t h e  s t u d i e s  r a t h e r  than a method f o r  d e t a i l e d  o p t i -  

m i z a t i o n  based on eve ry  p a r t i c u l a r  o f  each s tudy .  We have developed and w i l l  
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1506 HAYNES ET AL. 

present  a few such r u l e s  drawn f rom genera l i za t i ons  o f  many i n d i v i d u a l  o p t i -  

mizat ions f o r  two spec ia l  cases. 

16.2 Theory 

I n  an e leva ted  temperature s t a b i l i t y  s tudy,  samples o f  a drug a re  

s to red  a t  two o r  more e leva ted  temperatures which cause gradual  l o s s  o f  drug 

potency a t  convenient  ra tes .  

i n g  drug i s  measured. 

pe ra tu re  i s  expressed by an exper imen ta l l y  determined cons tan t  i n  a s u i t a b l e  

r a t e  equat ion.  

A t  i n t e r v a l s ,  samples a r e  removed and the  remain- 

The measured r a t e  of l o s s  of t h e  drug a t  each tem- 

16.2.1 No ta t i on  

Symbol s 

C: 

Co : 

cv : 

E: 

F: 

K: 

k :  

M : 

N: 

N :  

P: 

concen t ra t i on  o f  drug a t  a s p e c i f i e d  t ime,  expressed as mg/ml , 
percentage o f  l a b e l  c la im,  e t c .  

concen t ra t i on  a t  t = 0, where t i s  t ime  

c o e f f i c i e n t  o f  v a r i a t i o n ,  equal  t o  s tandard d e v i a t i o n  d i v i d e d  by 

mean expressed i n  pe rcen t  

energy o f  a c t i v a t i o n  f o r  t he  degradat ion r e a c t i o n ,  expressed i n  

thousands o f  ca lo r i es /mo le  

f requency f a c t o r  o r  Arrhenius cons tan t  

f i r s t  o rde r  r a t e  cons tan t  a t  t h e  chosen base temperature,  expressed 

as f r a c t i o n a l  loss p e r  month (Fo r  p r e d i c t i v e  purposes, t h e  base 

temperature should be the  s h e l f  temperature.) 

f i r s t  o rde r  r a t e  cons tan t  a t  any o t h e r  temperature 

t ime t h a t  samples a re  h e l d  a t  a spec i f i ed  temperature,  expressed i n  

months 

-- w i t h  a temperature s u b s c r i p t  -- number o f  assays a t  t h a t  

temperature 

t o t a l  number o f  assays, equal t o  the  sum o f  t h e  Ns a t  a l l  temperatures 

p r o p o r t i o n  

temperature 

o f  assays a l l o t t e d  t o  samples h e l d  a t  t he  i n d i c a t e d  
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OPTIMIZATION OF EXPERIMENTAL DESIGNS 

‘1, = XL/ XH 

Qj = QSkLML/ 

T: temperature i n  degrees C. 

t: t ime  

XL = l / ( T L  + 273) - l / ( T B  + 273) 

XH = l / ( T H  + 273) - l / ( T B  + 273) 

XB = l / ( T B  + 273) - l / ( T B  + 273) = 0 

Subsc r ip t s  

A: 

B: 

H :  

H: 

I :  

J :  

K :  

L :  

S :  

assay p l u s  sample v a r i a t i o n ,  as i n  CVA 

base ( s h e l f )  temperature o f  Ar rhen ius  s tudy  here equal  t o  room 

temperature (23  degrees), b u t  may be any o t h e r  d e s i r e d  r e f e r e n c e  

va lue  

h i g h  tempera ture  o f  Ar rhen ius  s tudy  

H Rule f o r  a p p o r t i o n i n g  assays (The c o n t e x t  w i l l  t e l l  t h e  reader  

which i s  t h e  a p p r o p r i a t e  meaning f o r  H.) 

i n i t i a l  t ime, equal  t o  s t a r t i n g  p o i n t  o f  Ar rhen ius  s tudy  

J Rule, s t a t i s t i c a l  i n  na ture ,  f o r  a p p o r t i o n i n g  assays i n  an 

Ar rhen ius  s tudy  

r a t e  cons tan t  a t  base ( s h e l f )  temperature,  as i n  CVK 

low temperature o f  Ar rhen ius  s tudy  

convent iona l  S t a t i s t i c a l  Rule f o r  a p p o r t i o n i n g  assays i n  a 1 i n e a r  

s i t u a t i o n  

S u p e r s c r i p t  

*: denotes optimum va lue  

16.2.2 Equat ions  

1507 

We used t h e  s o - c a l l e d  f i r s t  o r d e r  equat ion ,  Eq. ( 1 , 2 ) ,  f o r  o u r  work 

because i t  f i t s  a l a r g e  m a j o r i t y  o f  o u r  h i s t o r i c a l  da ta  and t h e  d a t a  r e p o r t e d  

i n  the  pharmaceut ical  l i t e r a t u r e .  
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l o s s  r a t e  = -dC/dt = kC 

C = C e  - k t  
0 

HAYNES ET At. 

Given two o r  more r a t e  constants f o r  drug potency l oss  a t  e levated 

temperatures, the conventional Arrhenius r e l a t i o n  (3A) may be used t o  o b t a i n  

the room temperature r a t e  constant, which may then be employed i n  Eq. ( 2 )  t o  

ca l cu la te  the potency a t  any t ime ( 4 ) .  

(3A) 
- E / ( R ( T  -t 273)) k = Fe 

This was r e w r i t t e n  i n  a more e f f i c i e n t ,  convenient form (3B) which a c t u a l l y  

was used f o r  the ca l cu la t i ons .  

EX/R  (3B) k = Ke- 

Equations ( 2 )  and (35) may be combined t o  g i ve  Eq. (4 )a  

16.3 Case One: I n i t i a l  Potency Known (Two Sampling Points Used) 

16.3.1 Conditions 

We sel7ected the f o l l o w i n g  condi t ions i n  order  t o  e s t a b l i s h  a r e l a t i v e l y  

simple system f o r  i n i t i a l  study. 

the others have been chosen a r b i t r a r i l y ,  w i thou t  l o s s  o f  g e n e r a l i t y  . 
The f i r s t  f i v e  condi t ions are c r i t i c a l ;  

b 

1. Temperature i s  t he  on ly  f a c t o r  i n  t h i s  study a f f e c t i n g  

o f  degradation. 

were used. 

The Arrhenius r e l a t i o n s h i p  i s  fo l lowed i n  the  reg ion o f  i n t e r e s t .  

There a re  only two elevated temperatures i n  the  study: TL and TH, 

t he  r a t e  

E values o f  10,20, (conunon i n  p r a c t i c e ) ,  and 30 

2 .  

aThis has been used i n  our one-step-calculat ion, non-l inear, least-squares 

must be noted t h a t  the simple designs shown here must be augumented i n  

computer program since 1972. 

p r a c t i c e  by the i n c l u s i o n  o f  more times and temperatures t o  a l l o w  the 
s t a t i s t i c a l  t e s t i n g o f  the v a l i d i t y  f o r  each product / formulat ion o f  the r e -  
ac t i on  order  and the monophasic nature o f  the Arrhenius r e l a t i o n s h i p .  
more complicated designs are being invest igated.  

Such 
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OPTIMIZATION OF EXPERIMENTAL DESIGNS 1509 

e.g., 37 and 70. 

most e f f i c i e n t  est imat ion o f  the heat o f  a c t i v a t i o n  precludes any, 

given the v a l i d i t y  o f  the Arrhenius r e l a t i o n s h i p  i n  the study reg ion.  

Some o f  the samples have been he ld  f o r  t he  f u l l  t ime, !IH, a t  the 

h igh temperature and the r e s t  have been held f o r  HL, u s u a l l y  the 

same time, a t  the low temperature, e.g., f ou r  months. 

are taken a t  intermediate times because the most e f f i c i e n t  e s t i -  

mation o f  the r a t e  constant a t  a temperature precludes any, given 

the apparent order  o f  the react ion.  

No intermediate temperatures are used because t h e  

3. 

No samples 

4.  The i n i t i a l  potency i s  known accurate ly  because o f  t he  cond i t i ons  

under which t h e  samples are prepared. 

the preformulation phase o f  drug development. 

This would be t y p i c a l  o f  

5. The reac t i on  fo l l ows  f i r s t  order  k i n e t i c s  w i t h  a r a t e  constant  

o f  0.002 per  month (0.002 i s  n o t  c r i t i c a l )  a t  the base ( s h e l f )  

temperature (TB = 23 was used here). A drug w i t h  t h i s  l o s s  r a t e  

would lose approximately 10% o f  i t s  potency i n  fou r  years a t  TB. 

There are N = 30 assays ava i l ab le  f o r  assaying the samples. 

The assay p lus  sampling c o e f f i c i e n t  o f  v a r i a t i o n  i s  1% a t  a l l  

concentrat ions. 

easy adjustment o f  N t o  a l l ow  f o r  o the r  CVA values.) 

6. 

7. 

(Th is  was n o t  used as a t y p i c a l  value b u t  f o r  

16.3.2 Methods 

One c r i t e r i o n  f o r  op t im iza t i on  was CVK, the c o e f f i c i e n t  o f  v a r i a t i o n  o f  

the estimated base ( s h e l f )  temperature r a t e  constant K .  

f o r  a given expenditure o f  e f f o r t  can be shown t o  be, w i t h  f i r s t  order  k i n e t i c s ,  

equiva lent  t o  securing the  best  CV f o r  “ s h e l f - l i f e ”  which, by  conventional 

d e f i n i t i o n ,  i s  t he  l eng th  o f  t ime a t  the s h e l f  temperature’before the potency 

drops t o  90%. 

Securing the  best  CVK 

We assessed the e f f e c t  on CVK o f  t h ree  r u l e s  f o r  appor t ion ing 

assays. 
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1510 HAYNES ET AL. 

H Rule: PL = 0.5 (5 )  

S Rule: PL = 1/ (1  + 9,) (6) 

J Rule: PL = 1 / (1  + QJ) ( 7 )  

The H Rule (o r  h a l f  r u l e  o r  50:50 r u l e )  i s  a r u l e  o f  thumb i n  common 

use. It puts  h a l f  o f  the assays a t  each temperature, i . e . ,  the same number 

o f  assays i s  done a t  each sampling p o i n t .  

f o r  a l i n e a r  r e l a t i o n  between a dependent va r iab le  and an independent var iab lec.  

The J Rule was developed f o r  t h i s  study. 

the more complicated Arrhenius case o f  two independent var iab les,  t ime and 

temperature. 

The S Rule i s  an establ ished r u l e  

I t  i s  an extension o f  t he  S Rule t o  

O r i g i n a l l y ,  we expected t o  evaluate the three Rules by a Monte Carlo 

s imulat ion method, i . e . ,  by doing k i n e t i c  "experiments" on a computer. However, 

i t  proved poss ib le  t o  use a quicker  method based upon l i n e a r  approximations 

o f  the CV v i a  Taylor se r ies  expansions o f  the complex time-temperature 

r e l a t i o n  given by Eq. ( 4 )  ( t o  be publ ished elsewhere), the r e s u l t  o f  which i s  

represented i n  Equation 8. 

CVK = (constant )  [ (FL/NL)  + (GH/NH)1 0.5 

F i s  a func t i on  o f  parameters o the r  than TH; GH s i m i l a r l y  does n o t  depend L 

on TL . F / N  and GH/NH (which may be w r i t t e n  as GH/(N - NL)) were found t o  be 

monotonic b u t  opposed func t i ons  o f  NL. 

CVK a t  some value o f  NL. 

L L  

This resu l ted  i n  a minimum value o f  

16.3.3 Results 

Figure 1 i l l u s t r a t e s  the change i n  CVK as NL changes and s p e c i f i c a l l y  

shows t h a t  an optimum NL (corresponding t o  the smal lest  CV,) does e x i s t  f o r  

'The S Rule provides t h a t  p a r t i c u l a r  apportionment o f  assays between two values 
o f  the independent va r iab le  which minimizes the standard dev ia t i on  o f  the de- 
pendent va r iab le  a t  a p o i n t  which i s  l i n e a r l y  ext rapolated from the two ex- 
per imenta l ly  determined points ,  ca l cu la ted  by the least-squares method. 
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OPTIMIZATION OF EXPERMENTAL DESIGNS 

\ 42 
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2 I I I I 
8 12 24 28 32 

flgure 1. Effect of N on CV, 
At Three T Vatuer 

E40, T,-70, K-O.dd2, M-4, C,-43 

a g i ven  TLand i s  n o t  15, t he  va lue g iven by the H Rule. F u r t h e r  i t  shows 

a TLof 56 g i ves  a sma l le r  CVK than can be ob ta ined  f rom t h e  TL curves f o r  

42 and 64. 

The comparison o f  t he  TL va lues i s  c a r r i e d  f u r t h e r  i n  F igures 2-7 which 

show how CVK v a r i e s  w i t h  TL f o r  t y p i c a l  values o f  TH, E and K. 

t he  S Rule (Eq.  6 )  g i ves  a d i f f e r e n t  N L  value fo r  each TL; t h i s  i s  a l s o  

t r u e  f o r  t he  J Rule. 

lowest va lue o f  CVK a t  a g i ven  TL, w i t h  the  S Rule a c lose  second. The e f f e c t  

o f  us ing  the  H Rule i s  seen t o  be a poorer  CVK, s u b s t a n t i a l l y  so f o r  most com- 

b i n a t i o n s  o f  parameter values. 

designated as T*L, which g i ves  a sma l le r  CVK than the  others;  t h e  T*L ob ta ined  

from the use o f  t he  J Rule i s  best ,  w i t h  t h a t  ob ta ined  by the  S Rule c lose  

t o  i t .  

Note t h a t  

I t  i s  apparent t h a t  use o f  t he  J Rule leads t o  t h e  

For each curve t h e r e  i s  one optimum TL, 

As T,, increases, t h e  T*L a l s o  increases.  The curves a re  f a i r l y  f l a t  

near the  optimum, so t h a t  a s l i g h t  d e v i a t i o n  f rom T*L does n o t  s e r i o u s l y  
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1512 HAYNES ET AL. 

25 

20 

cv 

15 

30 40 'L 50 60 

Figure 2. Effect of T on CV, 
Uslng H, S and J Rules to Select N 
T,=70, Emlo, K=0.002, M=4, c,=g2h 

25 

20 

C" K 

15 

J 

A ti C*, 9 8  

x s C',98 

(11 

10 

20 40 'L 60 80 

A H C*, 97 

x s C*,98 U a j c ' , 9 !  

Flgure 3. Effect of T, on CV, 
Ualng H, S and J Rules to Select N 
T,=80, E=lO, K=0.002, M=4, C , d  
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OPTIMIZATION OF EXPERIMENTAL DESIGNS 1513 

25 

20 

CL 

15 

10 
J 

5 

20 40 T~ 60 80 

Figure 4. Effect of TL on CV, 
Uslng H, S and J Rules to Select N 
T,=90, E40,  K=0.002, M x 4 ,  CM43.h 

30 

20 

CV K 

10 

0 I 
20 40 'L 60 00 

Flgure 5. Effect of TL on CV, 
Uslng H, S and J Rules to Select N 
T@O, E40, K=0.004, M=4, C,=78.b 
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1514 HAYNES ET AL. 

5 1  

30 40 TL 50 60 

Flgure 6. Effect of T on CV, 
Urlng H, 8 and J Ruler, \o Sdect N 
TH=60, E-20, K-0.002, M=4, CH=70.$ 

15 1 

J 
I I i 

30 40 T~ 50 60 

Flgure 7. Effect of 1, on CV, 
Ulrlng HI S and J Ruler to Select N, 
t,=80, E40 ,  K=0.002, M 4 ,  C,=lO.l 
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OPTIMIZATION OF EXPERIMENTAL DESIGNS 1515 

a f f e c t  CVK, and the  near-TXL r e g i o n  becomes broader  as K i nc reases .  

h i g h e r  va lues  o f  E, C V K  i s  sma l le r ,  and i n  a d d i t i o n  t h e  e f f e c t  o f  t h e  chosen 

assay apport ionment Rule i s  l e s s  impor tan t .  T h i s  i s  due i n  p a r t  t o  t h e  p ro -  

g ress i ve  change from very  l i t t l e  loss o f  po tency  d u r i n g  the  exper iment  i n  

F igu re  2 t o  ex tens i ve  l o s s  i n  F igu re  7. 

CL a t  T*L 

t he  s o l e  c r i t e r i o n ;  t h e  e x t r a p o l a t i o n  f e a t u r e  r e q u i r e s  t h e  b a l a n c i n g  o f  a low 

CL ( o b t a i n a b l e  a t  a h i g h e r  TL)  w i t h  bo th  a good (moderate) TL f o r  e x t r a -  

p o l a t i o n  t o  g e t  K a t  TB and a good apport ionment o f  assays between TL and 

A t  

Note t h a t  CL a t  TXL i s  l e s s  than 

so a smal l  CL, i n d i c a t i n g  more s i g n i f i c a n t  degradat ion ,  i s  n o t  

TH. 

Summarizing F igures  2-7, i t  can be seen t h a t  t h e  use o f  t h e  H Rule o f  

assay apport ionment and TL = 37, b o t h  common va lues ,  r e s u l t s  i n  a l a r g e  CVK 

f rom which p rog ress i ve  improvement i s  p o s s i b l e .  Changing t o  T*L as determined 

by t h e  H Rule r e s u l t s  i n  a sma l le r  CVK.  

t h e  TXL de r i ved  t h e r e  f rom r e s u l t s  i n  t h e  s m a l l e s t  CVK. 

p u t  i n  more concre te  terms approx imate ly  as f o l l o w s ,  averaged over  t h e  s i x  

f i g u r e s .  

va lue  o f  CVK: 

However, t h e  use o f  t h e  J Rule and 

A l l  o f  t h i s  can be 

I f  t h e  use o f  t h e  H Rule and TL = 37 r e q u i r e s  N assays f o r  a chosen 

(1 )  The use o f  t h e  H Rule and TL = T*L r e q u i r e s  about  0.75N assays. 

( 2 )  The use o f  t h e  J Rule and TL = T*L r e q u i r e s  about  0.40N assays. 

(3 )  The r e s u l t s  w i t h  the  S Rule were sometimes i n t e r m e d i a t e  t o  those 

i n  (1 )  and (2 )  above and sometimes t h e  same as i n  ( 2 ) .  

I n  o r d e r  t o  app ly  the  J Rule as w r i t t e n ,  t h e  values o f  E and K f o r  t h e  

chemical r e a c t i o n  which i s  occu r ing  must be known p r i o r  t o  t h e  conduct o f  t h e  

study, b u t  o f  course they  a r e  n o t .  However, s t a t i s t i c a l  a n a l y s i s  o f  o u r  d a t a  

f o r  p a t t e r n s  has p rov ided  a way t o  use t h e  J Rule w i t h o u t  knowldege o f  E and K:  
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1516 HAYNES ET AL. 

t o  a good approx imat ion ,  4/5 o f  t h e  assays a r e  always ass igned t o  t h e  optimum 

low temperature . d 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Rule 1. The HL Rule 

N :N = 1:4 
H L  

--------------------------------------- 

For a d d i t i o n a l  views o f  t h e  r e l a t i o n s h i p  between TL and M,E, and TH, 

t h e  bas i c  da ta  a re  shown w i t h  d i f f e r e n t  co -o rd ina tes  i n  F igu re  8-13. 

Hencefor th  o n l y  t h e  r e s u l t s  o f  a p p l y i n g  t h e  J Rule,  which g i v e s  t h e  

optimum assay apport ionment,  a r e  shown. F igu res  8 and 9 show t h a t  a t  T*L, 

t h e  va lue  o f  CVK a f t e r  4 months i s  approx imate ly  o n e - h a l f  as l a r g e  as t h a t  

a f t e r  2 months; t h i s  i s  independent o f  E .  

M. 

inc rease i n  E. 

H 

As expected, T*L i s  u n a f f e c t e d  by 

F igures  10 and 11 i l l u s t r a t e  t h e  upward s h i f t  i n  T*L t h a t  occurs  w i t h  an 

T shou ld  be chosen as h i g h  as p o s s i b l e  c o n s i s t e n t  w i t h  n o t  chang ing  

the  mode o f  degradat ion ,  e.g., 55 t o  100. 

w i ths tand  these temperatures;  f o r  ampoules t h e  TH can be h ighe r .  F igures  

12 and 13 show how T*L v a r i e s  w i t h  TH a t  two va lues  o f  E and g i v e  a c l e a r  

p i c t u r e  o f  t h e  improvement i n  CVK p rov ided  by h i g h e r  TH va lues .  

Most c o n t a i n e r  m a t e r i a l s  w i l l  

The fo rego ing  da ta  a r e  summarized i n  F igu re  14, wh ich  p resen ts  t h e  

dependence 

i n  F igu re  

t o u r s  were 

i n  F igu re  

o f  T*L ( f r o m  t h e  J Rule)  upon bo th  TH and E as da ta  p o i n t s ,  and 

5, which shows t h e  same r e l a t i o n s  as con tou rs  o f  TXL. 

l o c a t e d  by i n t e r p o l a t i o n  f rom da ta  p o i n t s . )  

5 can be f u r t h e r  summarized approx ima te l y  as f o l l o w s :  

(The con- 

The r e l a t i o n s  shown 

dIf t h e  c o e f f i c i e n t  o f  v a r i a t i o n  o f  t h e  assay i s  n o t  cons tan t  i n  t h e  range 
used, a p o s s i b i l i t y  endorsed by O.L. Oavies ( 7 ) ,  t h e  p r o p o r t i o n  o f  assays 
t o  be done on t h e  two-temperature sample i s  l e s s  t h a n  4/5. 
needed on t h i s  p o i n t .  

F u r t h e r  work i s  
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( - - = W  i f  E = 30 

I = ( w - 5 )  i f E . 2 0  

T*L { = (w - 20) i f  E = i o  
I 

1 = TB + 10 as t h e  lower  l i m i t  on T*L 

The number o f  assays needed t o  o b t a i n  a s p e c i f i e d  va lue  o f  CVK can be 

ca l cu la ted .  For example, i f  t h e  assay p l u s  sampl ing C V  equa ls  I%, 2% o r  3% 

w i t h  K equal t o  0.002/month and E equal  t o  20 thousand ca lo r i es /mo le ,  a CVK 

o f  10% can be ob ta ined  as shown i n  Table I .  The da ta  i n  Tab les  I ane I 1  

a re  based on t h e  n o n l i n e a r  leas t -squares  e s t i m a t i o n  program f o r  Eq. ( 4 ) .  

t h e  convent ion  two-step Ar rhen ius  c a l c u l a t i o n  i s  used, t h e  va lues  o f  C V K  

I f  

would be somewhat l a r g e r .  

I t  i s  seen t h a t  f o r  a 4-month s tudy  where TH equa ls  60, 10 assays a r e  

needed i f  t h e  assay CV i s  1%; 8 assays --4/5 o f  t h e  t o t a l - -  a r e  p laced  a t  TXL, 

which equa ls  46. 

a f t e r  4 monts, two samples --ca.  4/5-- h e l d  a t  T*L (equal  t o  54) and one 

70 degree sample a r e  assayed. 

h i g h  as p o s s i b l e .  Note t h a t  keeping t h e  low tempera ture  sample a t  t h a t  tem- 

pe ra tu re  f o r  an e x t r a  month pe rm i t s  an a d d i t i o n a l  r e d u c t i o n  i n  t h e  number o f  

assays needed; t h i s  comes f rom w a i t i n g  f o r  t h e  po tency  o f  t h e  l o w  tempera ture  

samples t o  drop t o  a l e v e l  more s i g n i f i c a n t l y  d i f f e r e n t  f rom t h e  i n i t i a l  va lue .  

I f  TH is 70 and M is 4 months, o n l y  3 assays a r e  needed; 

Th is  i l l u s t r a t e s  t h e  va lue  o f  s e t t i n g  TH as 

Table I i l l u s t r a t e s  t h e  f a c t  t h a t  C V K  i s  many t imes  the  s i z e  o f  t h e  CVA, 

even w i t h  optimum s tudy  design. 

r e l i a b l e  Ar rhen ius  s tudy  i s  s t r o n g l y  i n f l u e n c e d  by  assay p r e c i s i o n  and/or 

sample v a r i a b i l i t y .  

Table I a l s o  shows t h a t  t h e  magnitude o f  a 

A c o r o l l a r y  i s  t h a t  t h e  use o f  a few assays w i t h  poo r  
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1518 HAYNES ET AL. 

20 40 ‘L 60 80 

Figure 8. Effect of M on CV, 
WITH N Selected by J Rule 

T,=kO, E=10, K10.002 

30 

10 

A 2 C,J8 C’, 7 6  

X 4 C,15 C’, 58 

“ I  I I I -  
20 40 ‘L 60 80 

Flgure 9. Effect of M on CV, 
With N Selected by J Rule 

E=2&, T,=BO, K-0.002 
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OPTIMIZATION OF EXPERIMENTAL DESIGNS 

30 1 

1519 

30 
\-- ---a 

0 I I 1 
20 40 TL 60 80 

A I0 C,95 C L 0 9  

X 20 CU71C*&2 

Figure 10. Effect of E on CV, 
WITH N Selected by J Rule 

T,=dO, K=0.002, M=4 

30 a 

10 

\ 
A 10 C.88 C',07 

20 - 
cvU 

10 

1 

20 

0 

20 40 'L 60 80 

Figure 11. Effect of E on CV, 
With N Selected by J Rule 

T,=bO. K10.002, M=4 
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30 - 

20 - 
C" K 

10 - 

0 

HAYNES ET AL. 

6 0  c.71 C*, 9 2  

x 70 c.43 C'* ------- D 

I I 

cyK1 10 

60 80 

20 40 'L 60 80 

Flgure 12. Effect of T H  on CV, 

E=h, K=0.002, M=4 
Wlth N Selected by J Rule 

Flgure 13. Effect of T H  on CV, 

E=&O, K=0.002, M-4 
Wlth N Selected by J Rule 
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OPTIMIZATION OF EXPERIMENTAL DESIGNS 

4 70 

' 55 '1 80 50 

* 40 

60 4 30 

* 75 

4 65 

' 55 

' 45 50 

* 42 

4 38 

4 0 1 ,  32 - 
10 15 20 25 30 

E 

flgure 14. Optlmum T Values 
versus T, and k. 

50 

42 

38 

I I I I 1 32 -." - 
10 15 20 25 30 

E 

1521 

flgure 16. Optlmum T Contours 
versus T, andE. 
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1522 HAYNES ET AL. 

Table I. Number o f  assays (and apportionment by the  HL Rule) 

needed t o  estimate she l f  l i f e  so t ha t  i t s  CV equals 10% -- 

CASE 1: I n i t i a l  Potency Known (Two sampling points) .  
a 

cv = 1% 
A 

--- 
N 

H 

--- 
18 

13 

5 

4 

- 

K = 0.002 and E = 20. 

Ca lcu la t i on  note: The values of N i n  the  CV = 1% column 

were obtained from an equation y i e l d i n g  non-integer values 

which were rounded o f f  f o r  repor t ing.  An unrounded N value 

when m u l t i p l i e d  by the  square o f  any o the r  CV- gives t h e  N 

needed i n  tha t  case I F  NO OTHER FACTORS SUCH AS T CHANGE. 

A 

A 

H 

prec is ion,  an non-optimal design, and/or samples w i t h  great  v a r i a b i l i t y  can 

lead t o  spurious q u a n t i t a t i v e  p red ic t i ons  and misleading conclusions; the 

only usefulness o f  such a study would be the i d e n t i f i c a t i o n  o f  a gross ly  

unstable product. 

16.4 Case Two: 

16.4.1 Conditions 

I n i t i a l  Potency t o  be Assayed (Three Sampling Points  Used). 

-- 
N 

L 

--- 
72 

50 

22 

15 

When la rge  numbers o f  samples a re  prepared du r ing  dosage form development, 

experience has shown t h a t  i t  i s  best t o  determine the  i n i t i a l  potency by assay 
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OPTIMIZATION OF EXPERIMENTAL DESIGNS 1523 

Table IS. Number o f  assays (and apportionment by t h e  HIL 

Rule) needed t o  estimate she l f  l i f e  so t h a t  i t s  CV equals 

10% -- CASE 2: I n i t i a l  Potency assayed (Three sampling 

points) .  
a 

l A  I A  
T T * M M  

H L H L  

--- --- I --- --- 
60 46 4 4 

70 54 4 4 

cv = 3% 
A 

a 
K = 0.002 and E = 20. 

as we l l  as those a f t e r  storage a t  TH and TL. 

experimental po in ts  among which the N assays must be apport ioned. 

That i s ,  t he re  are now th ree  

Condit ion 4. above has been changed accord ing ly .  

16.4.2 Methods 

We have done some work on t h i s  case f o l l o w i n g  the same methods as above. 

16.4.3 Results 

Using the J Rule, w i t h  K equal t o  0.002 and E equal t o  20, the approxi- 

mate r e l a t i o n  NH:NI:NL equals 1:2:3 appears t o  apply t o  the  optimum assay 

apportionment. 

ascending order . )  

(Note t h a t  the subscr ip ts  and the numbers are both i n  
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1524 HAYNES ET AL. 

The assay numbers and apportionment requ i red  t o  ob ta in  a value o f  CVK o f  10% 

are given i n  Table I 1  i s  approximately 50% greater  than the corresponding value 

i n  Case 1. 

16.5 Discussion 

I n  more complicated, r e a l - l i f e  cases, the accelerated s t a b i l i t y  study 

o f  an appropr ia te drug/ formulat ion probably should be conducted i n  two o r  

three stages. Many samples would be s tored a t  many temperatures and some 

removed a t  various times t o  storage under non-degrading condi t ions,  u n t i l  

most o f  them -- i f  n o t  a l l  -- are removed, t o  be assayed l a t e r  as determined 

best a t  the successive stages o f  data ana lys i s .  

1. 

f o r  a p i l o t ,  i . e . ,  stage one, study t o  determine the approximate values f o r  

the energy o f  a c t i v a t i o n  and the degradation r a t e  a t  the s h e l f  temperature. 

Some o f  these samples would n o t  be chosen f o l l o w i n g  Rules 1-3 above 

2. This would be fo l lowed by the stage two study cons is t i ng  o f  two par ts .  

I n  the f i r s t  p a r t  a d d i t i o n a l  samples would be selected, from among those 

already ava i l ab le ,  according t o  the design o u t l i n e d  above. 

par t ,  samples f o r  in termediate times and temperatures would be se lected from 

those already ava i l ab le  t o  a l l ow  checks on the order  o f  the degradation r e -  

ac t i on  and the  l i n e a r  nature (5,6) o f  the Arrhenius re la t i onsh ipe .  (Note: 

degradation o f  20% o r  more a t  one o f  t he  temperatures i s  needed t o  d i s t i n g u i s h  

f i r s t  and zero orders. )  The analys is  o f  these data, i n  some cases, w i l l  

va l i da te  the under ly ing assumptions (or lead t o  a more r e s t r i c t e d  reg ion 

where they are v a l i d )  and provide a s u f f i c i e n t l y  p rec i se  estimate o f  s h e l f - l i f e .  

I n  the  second 

eIf the added time o f  tak ing  a sample a t  a given temperature i s  M/2 ( the  best  
t ime t o  detect  departure from f i r s t  order  k i n e t i c s )  i t  causes no improvement 
i n  the C V  o f  the r a t e  constant a t  t h a t  temperature. 
i s  0.5XH + 0.5XL(the best temperature t o  detect  departure from l i n e a r i t y  i n  

Arrhenius r e l a t i o n s h i p )  i t  causes no improvement i n  the CV o f  E b u t  i t  does 
improve CVK. 
r ea l i zed  had the same number o f  a d d i t i o n a l  assays 
TH only. 

I f  the added temperature 

This improvement i s  no t  as great  as t h a t  which would have been 

been apport ioned t o  TL and 

are mainly f o r  v a l i d a t i o n  and c o n t r i b u t e  l ess  than p ropor t i ona te l y  t o  the  pre- 
c i s i o n  o f  the s h e l f - l i f e  est imate I F  THE VALIDITY IS SUBSTANTIATED. On the 
other hand, i f  the added assays cause a s h i f t  t o  o ther ,  more appropr ia te 
assumptions, the accuracy as we l l  as the  p rec i s ion  o f  the s h e l f - l i f e  est imate 
are g r e a t l y  improved. 

Thus these added po in ts  a t  in termediate t ime and temperature 
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3 .  I f  the  p r e c i s i o n  t u r n s  o u t  t o  be i n s u f f i c i e n t ,  e i t h e r  because 

o f  l a r g e  assay p l u s  sampl ing v a r i a t i o n  o r  because t h e  v a l i d i t y  o f  t h e  

assumptions was found t o  h o l d  i n  o n l y  a sub-region o f  t he  study, then a t  t h e  

t h i r d  s tage f u r t h e r  samples would be se lec ted  (perhaps a t  a h i g h e r  temper- 

a tu re ,  i f  o n l y  g r e a t e r  p r e c i s i o n  i s  needed, and i f  f e a s i b l e ) .  

be done o n l y  i f  prospects  were good and t h e  cos ts  j u s t i f i a b l e ,  w i t h  samples 

se lected,  f rom among those a l ready  a v a i l a b l e ,  accord ing t o  t h e  des ign p r i n c i p l e s  

o u t l i n e d  above. Th is  s e l e c t i o n  would be done u s i n g  the  l a t e s t  i n f o r m a t i o n  

about t h e  h ighes t  p o s s i b l e  s torage temperature,  t h e  es t ima te  o f  t h e  energy 

o f  a c t i v a t i o n ,  t he  corresponding optimum low temperature,  and t h e  r e s u l t i n g  

assay apport ionment.  

Th is  would 

I t  i s  c l e a r  f rom Tables I and I 1  t h a t  Arrhenius s tud ies  can r e q u i r e  t h e  

ana lys i s  o f  many samples, i f  a moderate va lue o f  CVK i s  needed, p l u s  t h e  

samples ben t ioned  i n  the  d i scuss ion )  needed t o  check t h e  v a l i d i t y  o f  t h e  

assumptions. 

f o r  CVK may n o t  be reasonably a t t a i n a b l e .  

use o f  these des ign p r i n c i p l e s  w i l l  min imize t h e  c o s t  as w e l l  as h e l p  i n  

t h e  r e c o g n i t i o n  o f  t h e  i n h e r e n t  l i m i t a t i o n  o f  smal l  s tud ies  and/or l a r g e  

sample/assay v a r i a t i o n .  It i s  expected t h a t  t h e  s h e l f  l i f e  p r e d i c t e d  f o r  

a marketed product  w i l l  be checked w i t h  shel f - temperature da ta  a t  t h a t  t i m e  

and before.  

I f  t h e  assay/sampling v a r i a t i o n  i s  l a rge ,  an acceptable va lue 

I n  any s i t u a t i o n ,  t h e  r a t i o n a l  

16.6 Summary 

I n  two simple,  f i r s t - o r d e r  cases f o r  a s h e l f  s torage temperature o f  23 

degrees C., t h e  des ign o f  an e leva ted  temperature s t a b i l i t y  s tudy  t o  determine 

the  she l f  l i f e  o f  a drug product  has been op t im ized  t o  min imize t h e  c o e f f i -  

c i e n t  o f  v a r i a t i o n  o f  t h e  est imated s h e l f  l i f e  by t h e  use o f  t h r e e  r u l e s  

( t h e  HL, TL, and HIL Rules) f o r  choosing the  optimum low temperature and 

appor t i on ing  the  assays i n  an Arrhenius type s tudy.  The t o t a l  number o f  

assays needed t o  es t ima te  the  s h e l f - l i f e  w i t h  a c o e f f i c i e n t  o f  v a r i a t i o n  o f  

10% was i n d i c a t e d  f o r  a few s i t u a t i o n s .  

p r i n c i p l e s  t o  more complex, r e a l i s t i c  s tud ies  i s  discussed b r i e f l y .  

The adap ta t i on  o f  these des ign 
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According t o  t h e  de r i ved  des ign the  f i r s t  s tep,  f o l l o w i n g  t h e  choice o f  t h e  

h igh  temperature us ing  whatever k i n e t i c  i n f o r m a t i o n  i s  a v a i l a b l e ,  c o n s i s t s  o f  

t he  opt imal  choice o f  t he  low temperature.  

apportionment o f  t he  a v a i l a b l e  assays t o  the  low and h igh  temperature samples, 

and t o  the zero t ime samples, i f  approp r ia te .  

This  i s  f o l l o w e d  by t h e  opt imal  
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