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INTRODUCTION 

Although t h e  concept o f  sus ta ined o r  c o n t r o l l e d  d e l i v e r y  o f  o r a l l y  admin- 

i s t e r e d  drugs has been w i t h  us f o r  some t ime, t h e r e  has been a remarkable i n -  

crease i n  i n t e r e s t  i n  t h i s  type  o f  dosage form d u r i n g  t h e  l a s t  decade. Th is  

has been due t o  t h e  s imultaneous ma tu ra t i on  o f  va r ious  f a c t o r s  i n c l u d i n g  t h e  

p r o h i b i t i v e  cos t  o f  deve lop ing  new drug e n t i t i e s ,  e x p i r a t i o n  o f  e x i s t i n g  

pa ten ts ,  and t h e  d i scove ry  o f  novel  polymer systems and dev ices  s u i t a b l e  f o r  

c o n t r o l l e d  d e l i v e r y  o f  o r a l  dosage forms. 

Dur ing  t h e  e a r l y  days o f  o r a l  c o n t r o l l e d  drug  re lease,  t h e  l i t e r a t u r e  was 

r e p l e t e  w i t h  skept ic isms,  which were f o r  t h e  most p a r t  j u s i f i e d  (1,2). 

ever, s i g n i f i c a n t  advances i n  f o r m u l a t i o n  methodology, and a l s o  a b e t t e r  

unders tand ing  o f  t h e  advantages and l i m i t a t i o n s  o f  c o n t r o l l e d  re lease  dosage 

forms, have p rov ided  t h e  necessary impetus f o r  t h e  r a p i d  advances t h a t  a r e  

c u r r e n t l y  be ing  made i n  t h i s  area. 

How- 

The number o f  drug substances t h a t  a re  c u r r e n t l y  a v a i l a b l e  i n  c o n t r o l l e d  

re lease  dosage fo rm i s  i l l u s t r a t e d  i n  Table I .  For many drugs o r  d rug  combin- 

a t i o n s ,  severa l  commercial p roduc ts  a re  a v a i l a b l e ,  and t h e  number o f  d rug  

substances a v a i l a b l e  i n  c o n t r o l l e d  re lease form i s  i n c r e a s i n g  almost d a i l y .  

Most of t h e  o r a l  c o n t r o l l e d  re lease  produc ts  c u r r e n t l y  a v a i l a b l e  a r e  

d i u r e t i c  and ca rd iovascu la r  drugs, r e s p i r a t o r y  agents, and CNS-acting com- 

pounds. S u r p r i s i n g l y ,  l i t t l e  a t t e n t i o n  has been p a i d  t o  a n t i m i c r o b i a l  agents. 

1185 

Copyright 0 1983 by Marcel Dekker, Inc. 0363-9045/83/0907-1 I 85$3.50/0 

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 
B

ib
lio

te
ca

 A
lb

er
to

 M
al

lia
ni

 o
n 

01
/2

0/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1186 

TABLE I .  

Some Substances A v a i l a b l e  i n  C o n t r o l l e d  Release Form 

Vitamins,  Minera ls ,  and Hormones Resp i ra to ry  Agents 

WELLING 

Ascorb ic  a c i d  
I r o n  p repara t i ons  
Methyl  t e s t o s t e r o n e  
N i c o t i n i c  a c i d  
Potass i  um 
P y r i d o x i n e  
V i tam in  combinat ions 

D i u r e t i c  and Card iovascu la r  Drugs 

Acetazol  ami de 
E thave r ine  HC1 
I soso rb ide  d i n i t r a t e  
N i c o t i n y l  a l coho l  
N i t r o g l y c e r i n  
Papaver i  ne HC1 
Pent ae ry  t h r i t ol t e t ran  i t r a t e  
Procainamide 
Q u i n i d i n e  g luconate  

Reserpine 
and s u l f a t e  

CNS Drugs 

Amphetami ne s u l f a t e  
Aspi r l  n 
C a f f e i n e  
Chl orpromazi ne 
Dextroamphetamine s u l f a t e  
Diazepam 
D i e t h y l p r o p i o n  HC1 
Fluphenazine 
Indomethacin 
L i t h i u m  
Meprobamate 
Methamphetamine HC1 
Orphenadr ine c i t r a t e  
Pentobarb i  t a l  
Penty l  ene te t  r a z o l e  
Perphenazi ne 
Phenmetrazlne HC1 
Phenobarb i ta l  
Phentermine HC1 
Phenyl propanolamine HC1 
Prochl  o rpe raz ine  

Aminophy l l ine  
Brompheni ramine maleate 
Carbinoxamine malea te  
Ch lorphen i  ramine maleate 
Combination, a n t i t u s s i v e  
Combination, expec toran t  
Combination, upper r e s p i r a t o r y  
Dexchlorpheniramine malea te  
D imeth i  ndene ma1 eate  
D i p h e n y l p r a l l n e  HC1 
Dyphy l l  i n e  
Phenyl propanol  am1 ne HC1 
Pseudoephedrine HC1 and s u l f a t e  
Theophy l l i ne  
Tr imepraz i  ne 
Tr ipelennamine HC1 
Xanthine combinat ions 

An t im l  c r o b i  a1 

T e t r a c y c l  i ne 

Gas t ro i  n t e s t i  n a l  Drugs 

Be1 1 adonna a1 k a l  o i d s  
Hexocyclium m e t h y l s u l f a t e  
1-Hyoscyamine s u l f a t e  
Isopropamide i o d l d e  
P roch lo rpe raz ine  malea te  
T r i  d i  hexethy l  c h l  o r1  de 

Other  

Py r ldos t i gm ine  bromide 

To t h e  w r l t e r ' s  knowledge, o n l y  one compound, t e t r a c y c l i n e ,  Is a v a i l a b l e  I n  

c o n t r o l l e d  re lease  form, and t h i s  has been h i g h l y  success fu l  i n  t h e  Un i ted  

Kingdom, C o n t r o l l e d  re lease  o f  those a n t i m i c r o b i a l  agents t h a t  have appro- 

p r i a t e  pharmacok ine t ic  p r o p e r t i e s  appears t o  represent  an area o f  v i r t u a l l y  

untapped p o t e n t i a l .  However t h i s  s i t u a t i o n  may remain so u n t i l  more i n f o r -  
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PHARMACOKINETIC CONSIDERATIONS 1187 

mat ion  i s  a v a i l a b l e  rega rd ing  t h e  temporal  r e l a t i o n s h i p s  between c i r c u l a t i n g  

drug  l e v e l s  and a n t i b a c t e r i a l  e f f e c t  (3).  

ADVANTAGES OF CONTROLLED DRUG RELEASE ---- .__- - . ___--___- 
C o n t r o l l e d  re lease  dosage forms are  i n v a r i a b l y  more expensive t h a n  con- 

ven t iona l  f o rmu la t i ons ,  and t h e y  can be j u s t i f i e d  on ly  when they  o f f e r  one o r  

more d i s t i n c t  t h e r a p e u t i c  advantages. 

c la imed a re  g iven i n  Tale-I!. 
v iewpo in t  t o  another,  t h e  o n l y  advantages r e l e v a n t  t o  t h i s  chapter  a r e  i tems 

1, 2, 3, and 8. I t em 1 can be achieved on ly  i f  t h e  c o n t r o l l e d  re lease  formu- 

l a t i o n  con ta ins  a f a s t  re lease component, o r  i f  a f a s t  re lease  f o r m u l a t i o n  i s  

used t o  i n i t i a t e  therapy. 

d rug  re lease,  i.e. t o  o b t a i n  p ro longed c i r c u l a t i n g  drug  l e v e l s  w i t h  l e s s  f l u c -  

t u a t i o n  compared t o  convent iona l  dosage forms, and t o  ach ieve  these w i t h  l e s s  

f requen t  d rug  a d m i n i s t r a t i o n .  I t e m  8, which i s  a pr imary  goal o f  c o n t r o l l e d  

re lease  dosage, may be p r e d i c t e d  from t h e o r e t i c a l  drug leve l - response r e l a -  

t i o n s h i p s ,  bu t  i s  d i f f i c u l t  t o  prove exper imen ta l l y .  A t  t h e  present  t i m e  i t  

appears t h a t  improved pharmacologic e f f e c t  f rom c o n t r o l  l e d  re lease  compared t o  

convent iona l  dosage forms can g e n e r a l l y  be c la imed o n l y  by i n f e r e n c e  from 

b lood  l e v e l  data, 

Some o f  t h e  advantages t h a t  have been 

Whi le each o f  these i s  impor tan t  f rom one 

I tems 2 and 3 desc r ibe  t h e  essence o f  c o n t r o l l e d  

DISADVANTAGES O F  CONTROLLED DRUG RELEASE 

The major disadvantages o f  c o n t r o l l e d  drug  re lease  dosage forms a r e  sum- 

The f i r s t  o f  these, t h e  p o s s i b i l i t y  o f  'dose dumping', mar ized  i n  Table 111. 

a te rm used t o  desc r ibe  i n a d v e r t e n t  r a p i d  re lease  o f  drug m a t e r i a l  due t o  

f a u l t y  fo rmu la t i on ,  i s  t h e o r e t i c a l l y  impor tan t  f o r  po ten t  drugs which have a 

narrow t h e r a p e u t i c  index. However good manufac tur ing  p r a c t i c e ,  and a l s o  t h e  

h i g h l y  s o p h i s t i c a t e d  dosage forms c u r r e n t l y  appear ing  on t h e  market, 

p o s s i b i l i t y  o f  t h i s  o c c u r r i n g  u n l i k e l y .  

Admin i s te r i ng  a f r a c t i o n  o f  a t a b l e t  o r  capsule i n  o rde r  t o  ob ta  

dose adjustment i s  more d i f f i c u l t  w i t h  some c o n t r o l l e d  re lease  dosage 

than others.  For example Theo-Dur@ t a b l e t s  (g ranu les  i n  a m a t r i x )  o r  

ake t h e  

n f i n e  

forms 

Theo-dur 
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1188 WELLING 

TABLE 11. 

Ob jec t i ves  and Poss ib le  Advantages o f  C o n t r o l l e d  Release Dosage Forms 

1. 

2. To reduce dos ing  frequency. 

3. To reduce f l u c t u a t i o n s  i n  d rug  l e v e l s .  

4.  To reduce t o t a l  amount o f  d rug  used. 

5. 

6. 

7. To avo id  n igh t ime  dosing. 

8. To o b t a i n  more un i fo rm pharmacologic response. 

9. To reduce GI i r r i t a t i o n .  

To achieve r a p i d  onset and then  ma in ta in  t h e r a p e u t i c  d rug  l e v e l s .  

To reduce inconvenience t o  t h e  p a t i e n t ,  and inc rease  compl iance. 

To reduce p a t i e n t  care  t ime. 

10. To reduce s i d e  e f f e c t s .  

TABLE 111. 

Disadvantages o f  C o n t r o l l e d  Release Dosage Forms 

1. P o s s i b i l i t y  o f  dose dumping. 

2. Reduced p o t e n t i a l  f o r  accura te  dose adjustment.  

3. Slow absorp t i on  may de lay  onset o f  a c t i v i t y .  

4. Inc reased p o t e n t i a l  f o r  f i r s t - p a s s  metabolism. 

5. Poss ib le  reduc t i on  i n  systemic a v a i l a b l i l i t y .  

6. Drug re lease  p e r i o d  r e s t r i c t e d  t o  res idence t ime  i n  GI t r a c t .  

Sp r ink le@ capsules (encapsu la ted  granu les)  can r e a d i l y  be subd iv ided t o  o b t a i n  

a f r a c t i o n  o f  t h e  dose. On t h e  o t h e r  hand f o r m u l a t i o n s  such as repeat  a c t i o n  

t a b l e t s  o r  osmot ic pump dev ices  l o s e  t h e i r  sus ta ined  re lease p r o p e r t i e s  once 

t h e  dosage form i s  f rac tu red .  

Slow absorp t i on  i n e v i t a b l y  de lays  t h e  onset o f  drug a c t i v i t y  from an i n i -  

t i a l  dose, bu t  t h i s  i s  p robab ly  un impor tan t  d u r i n g  a repeated dosage regimen. 

I n  f a c t ,  as i n d i c a t e d  l a t e r  i n  t h i s  chapter ,  t h e  absence o f  a f a s t  re lease  

component may be advantageous f o r  c o n t r o l l e d  re lease  fo rmu la t i ons .  

f i r s t - p a s s  metabol ism may occur f o r  drugs t h a t  undergo ex tens i ve  hepa t i c  

Inc reased 
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PHARMACOKINETIC CONSIDERATIONS 1189 

c learance ( 4 ) ,  bu t  on l y  if h e p a t i c  c learance i s  s a t u r a b l e  f o l l o w i n g  r a p i d  d rug  

abso rp t i on  from convent iona l  doses. I f  s a t u r a t i o n  does n o t  occur, and i f  he- 

p a t i c  c learance i s  f i r s t - o r d e r  i n  na ture ,  t hen  t h e  same p r o p o r t i o n  o f  an o r a l  

dose w i l l  be c lea red  du r ing  t h e  f i r s t  pass th rough t h e  l i v e r  rega rd less  o f  t h e  

abso rp t i on  ra te .  

pass c learance have been r e p o r t e d  from c o n t r o l l e d  re lease  compared t o  

convent iona l  dosage forms. 

To t h e  w r i t e r ' s  knowledge no i ns tances  o f  inc reased f i r s t -  

Whi le reduced drug  abso rp t i on  due t o  f i r s t - p a s s  inetabol ism may be un- 

impor tan t ,  a t  l e a s t  i n  t h e  l i g h t  of p resent  knowledge, reduced and v a r i a b l e  

abso rp t i on  o f  c o n t r o l l e d  re lease  drugs from t h e  GI t r a c t  has been documented. 

Th is  t ype  o f  problem i s  c l e a r l y  demonstrated i n  D u r e s  1 and 2 ,  which show a 

wide range i n  apparent abso rp t i on  e f f i c a c y  from commercial c o n t r o l l e d  re lease  

t a b l e t s  and capsules o f  t h e o p h y l l i n e  (5 ) .  

b i l i t y  has a l s o  been repo r ted  f o r  some c o n t r o l l e d  re lease f o r m u l a t i o n s  o f  p ro -  

cainamide ( 6 )  and v i t a m i n  combinat ions (7 ) .  Many o the r  s tud ies ,  however, have 

repo r ted  no r e d u c t i o n  i n  systemic drug a v a i l a b i l i t y  f rom c o n t r o l l e d  re lease  

dosage forms (8-13). 

Reduced systemic d rug  b i o a v a i l a -  

Residence t i m e  w i t h i n  t h e  GI t r a c t  i s  a ma jor  f a c t o r  and a p o s s i b l e  d i s -  

advantage assoc ia ted  w i t h  o r a l  c o n t r o l l e d  re lease  products,  and d i s t i n g u i s h e s  

t h e  o r a l  f rom pa ren te ra l  dosage routes,  It i s  c l e a r  from o t h e r  p resen ta t i ons  

i n  t h i s  Symposium and elsewhere t h a t  t h e  a c t u a l  t i m e  p e r i o d  a v a i l a b l e  f o r  an 

o r a l  dosage form t o  e f f e c t i v e l y  re lease drug f o r  abso rp t i on  i s  no t  w e l l  es tab-  

l i s h e d  and may vary  among and between i n d i v i d u a l s .  

dosage form i n  t h e  stomach i s  v a r i a b l e  depending on t h e  a c t i v i t y  o f  t h e  pa- 

t i e n t ,  t h e  presence o r  absence of  food i n  t h e  stomach, and t h e  d i r e c t  o r  in -  

d i r e c t  a c t i o n  of o t h e r  drugs ( 1 4 ) .  Once i t  leaves  t h e  stomach, t h e  dosage 

form t o g e t h e r  w i t h  d i sso l ved  drug, passes i n t o  t h e  op t ima l  abso rp t i on  r e g i o n  

of t h e  prox ima l  smal l  i n t e s t i n e .  D i s t a l  t o  t h i s  reg ion  abso rp t i on  becomes 

l e s s  e f f i c i e n t  and t h e  drug  i s  f u r the rmore  exposed t o  t h e  b a c t e r i a l  m ic ro -  

f l o r a .  Because o f  t h e  v a r i a b l e  GI t r a n s i t  t ime, and a l s o  these o t h e r  i n t e r -  

f e r i n g  f a c t o r s ,  i t  i s  d i f f i c u l t  t o  es t ima te  t h e  optimum re lease  p e r i o d  f o r  an 

o r a l  c o n t r o l l e d  re lease  dosage form. I t i s  a l s o  s p e c u l a t i v e  t o  assume t h a t  

The res idence t i m e  o f  t h e  
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1190 WELLING 

Theophyllin Solution 

SUSTAINED RELEASE BEAD 
FILLED CAPSULES 

6-d Product A, N.12 
*-.+ Product B, N=14 
w - 4  Product C, N= 4 

A.m....* Product D. N= 6 

Time (hours) 

Figure  1 

Cumulat ive abso rp t i on  p l o t s  o f  t h e o p h y l l i n e  from 4 commercial c o n t r o l l e d  

re lease capsules, and from an aqueous s o l u t i o n .  

s tandard  dev ia t i on .  

E r r o r  bars  i n d i c a t e  one 

Reproduced by permiss ion  f rom re fe rence  5.  

absorp t i on  e f f i c a c y  i s  cons tan t  th roughout  t h e  e n t i r e  p e r i o d  t h a t  drug i s  i n  

t h e  GI t r a c t .  

A 12-hour p e r i o d  has been s e l e c t e d  f o r  t h e  pharmacok ine t ic  s imu la t i ons  i n  

t h i s  chapter  t o  represent  t h e  maximum t ime  t h a t  a c o n t r o l l e d  re lease  o r a l  dos- 

age form has t o  re lease  drug f o r  absorp t ion .  

may o r  may no t  be s u i t a b l e  f o r  p a r t i c u l a r  drugs and dosage forms depending on 

t h e  t ype  o f  f o rmu la t i on ,  t h e  suscep t i  b i  1 i ty  o f  re1  eased drug t o  b a c t e r i a l  

degredat ion  and abso rp t i on  e f f i c i e n c y  i n  d i f f e r e n t  reg ions  o f  t h e  GI t r a c t .  

Th i s  i s  a g e n e r a l i z a t i o n  t h a t  

Us ing  t h e  12-hour p e r i o d  i t  i s  c l e a r  t h a t ,  u n l i k e  pa ren te ra l  c o n t r o l l e d  

re lease  devices,  any drug  remaining i n  t h e  dosage form a f t e r  t h i s  t i m e  w i l l  

e i t h e r  be voided i n  t h e  feces o r  degraded by i n t e s t i n a l  b a c t e r i a .  

ment does no t  app ly  t o  those devices,  some o f  which a re  desc r ibed  elsewhere i n  

Th is  argu- 
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Figure  2 

Cumulat ive abso rp t i on  p l o t s  o f  t h e o p h y l l i n e  f rom 3 commercial c o n t r o l l e d  

re lease  t a b l e t s  and from an aqueous s o l u t i o n .  

s tandard  dev ia t i on .  

E r r o r  bars  i n d i c a t e  one 

Reproduced by permiss ion  from re fe rence  5. 

t h i s  Symposium, t h a t  a re  designed t o  s tay  i n  t h e  G I  t r a c t  f o r  p ro longed per -  

i ods  o f  t ime  by means o f  f l o t a t i o n  o r  adhesion t o  t h e  G I  ep i the l i um.  

DRUGS THAT ARE UNSUITED FOR CONTROLLED RELEASE 

Apart  fran t h e  above disadvantages, some drug  types  a r e  i n h e r e n t l y  un- 

s u i t e d  f o r  c o n t r o l l e d  re lease fo rmu la t i ons ,  and cons ide rab le  t ime  and e f f o r t  

may be wasted i n  t h e i r  development. 

s c r i b e d  i n  Table I V .  For drugs w i t h  a s h o r t  b i o l o g i c a l  h a l f - l i f e  o f  l e s s  than 

2 hours, o r  t h a t  a r e  admin i s te red  i n  l a r g e  doses, a c o n t r o l l e d  re lease  dosage 

fo rm may need t o  c o n t a i n  a p r o h i b i t i v e l y  l a r g e  amount o f  drug. 

hand, drugs w i t h  a l ong  b i o l o g i c a l  h a l f - l i f e  o f  8 hours o r  more a re  s u f f i -  

c i e n t l y  sus ta ined i n  t h e  body from convent iona l  doses, and pro longed re lease  

dosage forms a re  g e n e r a l l y  no t  necessary. 

Some t y p i c a l  c h a r a c t e r i s t i c s  a r e  de- 

On t h e  o t h e r  

Dose dumping o f  a po ten t  compound, 
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1192 WELLING 

TABLE I V .  

C h a r a c t e r i s t i c s  That May Make a Drug Unsu i tab le  f o r  
Cont ro l  l e d  Release Formulat ion.  

1. 

2. 

3. 

4. 

5. 

6 .  

7 .  

8. 

9. 

Shor t  b i o l o g i c a l  h a l f - l i f e .  

Long b i o l o g i c a l  ha1 f - 1  i f e .  

Poten t  drug w i t h  narrow t h e r a p e u t i c  index. 

Large doses. 

Poor l y  absorbed. 

Low o r  slow s o l u b i l i t y .  

A c t i v e  absorp t ion .  

Time course o f  c i r c u l a t i n g  drug  l e v e l s  does no t  agree w i t h  pharmacologic 
e f f e c t .  

Ex tens i ve  f i r s t - p a s s  c learance. 

o r  o f  a d rug  w i t h  a narrow t h e r a p e u t i c  index due t o  f a u l t y  fo rmu la t i on ,  may 

have d i s a s t r o u s  consequences. However as i n d i c a t e d  e a r l i e r  t h e  l i k e l i h o o d  o f  

t h i s  o c c u r r i n g  w i t h  c u r r e n t  techno logy  and c o n t r o l  methods i s  smal l .  

Absorp t ion  o f  p o o r l y  wa te r -so lub le  compounds i s  o f t e n  l i m i t e d  by d i s s o l u -  

t i o n  ra te .  I n c o r p o r a t i o n  o f  such compounds i n t o  a c o n t r o l l e d  re lease  fo rmula-  

t i o n  i s  t h e r e f o r e  unnecessary, and i s  l i k e l y  t o  reduce o v e r a l l  abso rp t i on  e f -  

f i c i e n c y .  Admin i s te r i ng  drugs such as war fa r i n ,  whose pharmacological  e f f e c t  

i s  cons ide rab ly  delayed r e l a t i v e  t o  i t s  b lood p r o f i l e ,  i s  o f  no c l i n i c a l  ad- 

vantage. S i m i l a r l y ,  i n c o r p o r a t i n g  compounds such as f l u o r o u r a c i l ,  amino 

ac ids ,  and perhaps some beta lac tam a n t i b i o t i c s  and t h i a z i d e  d i u r e t i c s  t h a t  

appear t o  e x h i b i t  reduced abso rp t i on  e f f i c a c y  a t  s i t e s  d i s t a l  f rom t h e  prox- 

ima l  smal l  i n t e s t i n e ,  i s  l i k e l y  t o  reduce abso rp t i on  e f f i c i e n c y  w h i l e  

ach iev ing  l i t t l e  o r  no p ro longa t ion  o f  e f f e c t .  As s t a t e d  e a r l i e r ,  i f  a drug 

undergoes ex tens i ve  f i r s t - p a s s  c learance t h a t  i s  s a t u r a b l e  w i t h  convent iona l  

f a s t - r e l e a s e  dosages, t hen  systemic a v a i l a b i l i t y  may be decreased due t o  

nonsa tu ra t i on  o f  t h e  c learance mechanisms f o l l o w i n g  a c o n t r o l l e d  re lease  dos- 

age form. However i f  hepa t i c  c learance i s  no t  s a t u r a t e d  w i t h  convent iona l  

doses, s lower  abso rp t i on  o f  drug shou ld  no t  cause a r e d u c t i o n  i n  sys temic  

ava i  l a b i  1 i ty. 
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PHARMACOKINETIC CONSIDERATIONS 1193 

Although t h e  c h a r a c t e r i s t i c s  descr ibed i n  Table I V  a r e  use fu l  r u l e s  o f  

thumb on which t o  base dec i s ions  whether o r  no t  t o  cons ide r  a c o n t r o l l e d  r e -  

l ease  dosage form f o r  a p a r t i c u l a r  drug, t h e r e  a re  severa l  except ions.  

g l y c e r i n  i s  repo r ted  t o  have a sho r t  b i o l o g i c a l  h a l f - l i f e  o f  < 0.5 h r .  It i s  

r a p i d l y  metabo l ized  i n  t h e  l i v e r  and i s  g e n e r a l l y  cons idered t o  be p o o r l y  ab- 

sorbed o r a l l y .  

e r i n  p roduc ts  a re  a v a i l a b l e ,  i n  a d d i t i o n  t o  an i n c r e a s i n g  number o f  t o p i c a l  

and transdermal p repara t ions .  The low c i r c u l a t i n g  l e v e l s  o f  n i t r o g l y c e r i n  

ob ta ined  from these  produc ts  appear t o  p r o v i d e  adequate p rophy lax i s  aga ins t  

ang ina l  a t tacks ,  bu t  would be inadequate t o  t r e a t  acu te  ang ina l  episodes. A t  

t h e  o t h e r  end o f  t h e  scale,  many o f  t h e  drugs  l i s t e d  i n  Tab le  I have b i o l o g -  

i c a l  h a l f - l i v e s  i n  excess o f  8 hours. C o n t r o l l e d  re lease  o f  t hese  p roduc ts  

may reduce t o x i c  s i d e  e f f e c t s  by p r e v e n t i n g  t h e  sharp peaks i n  c i r c u l a t i n g  

d rug  l e v e l s  t h a t  may occur  w i th  conven t iona l  doses, bu t  i t  i s  u n l i k e l y  t o  p ro-  

v i d e  more sus ta ined  b lood  l e v e l s  no r  p ro longed  t h e r a p e u t i c  e f f e c t  compared t o  

conven t iona l  dosage forms. 

N i t r o -  

However a l a r g e  number o f  c o n t r o l l e d  re lease  o r a l  n i t r o g l y c -  

The renewed i n t e r e s t  i n  c o n t r o l l e d  drug  re lease  has g i v e n  r i s e  t o  a 

v a r i e t y  o f  new fo rmu la t i ons .  Produc ts  t h a t  a r e  r e p r e s e n t a t i v e  o f  w e l l  es tab-  

l i s h e d  and a l s o  some more novel  c a t e g o r i e s  a r e  summarized i n  Tab le  V. T h i s  

l i s t  w i l l  i nc rease  f u r t h e r  as more novel  dosage forms a r e  in t roduced.  M ic ro -  

encapsu la t i on  and osmot ic p ressure  systems w i l l  doub t less  f i n d  more a p p l i c a -  

t i o n s .  Other  p roduc ts  t h a t  p r o l o n g  G I  res idence  t ime, e i t h e r  by means o f  

adhesion o r  by t h e  use o f  low d e n s i t y  hyd ra ted  g e l s  have been i n t r o d u c e d  

(Susadr ina, Valreleasem). 

development f o r  o t h e r  drugs i n  t h e  near  f u t u r e .  

These dosage forms may undergo e x t e n s i v e  

PHARMACOKINETICS O F  CONTROLLED RELEASE 

I n  v i t r o  Cons ide ra t i ons  

D e s p i t e  t h e  l a r g e  and expanding a r r a y  o f  f o r m u l a t i o n s  devoted  t o  o r a l  

c o n t r o l l e d  drug  re lease,  and d e s p i t e  t h e  complex and v a r i e d  p h y s i c a l  p roper -  

t i e s  I n v o l v e d  i n  t h e  re lease  o f  d rug  from t h e s e  fo rmu la t i ons ,  t h e  number of 

k i n e t i c  models t h a t  a r e  necessary t o  d e s c r i b e  t h e  o v e r a l l  d rug  re lease  phe- 
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1194 WELLING 

TABLE V. 

Categor ies  o f  Oral  Con t ro l  l e d  Release Dosage Forms 

Category 

1. Slow e ros ion  w i t h  i n i t i a l  
f a s t  re lease dose 

2. E ros ion  core  on ly  

3. Repeat a c t i o n  t a b l e t s  

4. P e l l e t s  i n  capsules 

5. P e l l e t s  i n  t a b l e t s  

6. Leaching 

7. Ion-exchange r e s i n s  

8. Compl e x a t i  on 

9. M ic roencapsu la t ion  

10. F l o t a t i o n - d i  f f u s i o n  

11. Osmotic p ressure  

Product 

Tedra l  SA 

Tenuate 
Dospan 

Chl o r -Tr imeton 
Repetabs 

Combid 
Spansule 

Theo-dur 

De s b u t  a 1 
Gradumet 

Biphetamine 

Ry na t an 

N i  t r ospan  

Val re lease  

Osmosi n1  

A c t i v e  I n g r e d i e n t  

Theophy l l ine ,  ephedr ine HC1, 
phenobarb i ta l  

D i e t h y l p r o p i o n  HC1 

Pseudoephedrine s u l f a t e ,  
c h l  orpheni  rami ne maleate 

Isopropamide iod ide ,  
P roch lo rpe raz i  ne maleate 

Theophy l l i ne  

Methamphetamine HC1 , 
p e n t o b a r b i t a l  sodium 

hnphetami ne , 
dextroamphetamine 

Chlorpheni  ramine, 
pheny lephr ine ,  and 
p y r i l a m i n e  tanna tes  

N i t r o g l y c e r i n  

Diazepam 

Indomethacin 

U.K. market. 

nomena f rom e x i s t i n g  dosage forms i s  r e l a t i v e l y  smal l .  

p a t t e r n s  a r e  summarized I n  s imp le  g r a p h i c a l  fo rm i n  F igu re  3.  

The ma jo r  re lease  

The re lease  p a t t e r n s  can be d i v i d e d  i n t o  two  major  ca tegor ies ,  those t h a t  

re lease  d r u g  a t  a s low zero-, o r  f i r s t - o r d e r  r a t e ,  and those  t h a t  p r o v i d e  an  

i n i t i a l  r a p i d  dose, f o l l o w e d  by slow zero-, o r  f i r s t - o r d e r  re lease  o f  t h e  

sus ta ined component. The sus ta ined na tu re  o f  d rug  re lease  f rom these dosage 

forms, even when a f a s t  re lease  component i s  a l s o  present ,  p resen ts  problems 

i n  i n  v i t r o  d i s s o l u t i o n  t e s t i n g .  

I n  v i t r o  d i s s o l u t i o n  i s  now w i d e l y  accepted as a s tandard  f o r  d rug  re- 

lease f rom convent iona l  dosage forms, and t h e  use o f  such t e s t s  t o  de termine 

drug  p roduc t  b i o a v a i l a b i l i t y  o r  b ioequ iva lence has been emphasized by t h e  
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1195 

/ -  , , 
/ 

/ 

/ /  

DRUG RELEASE CHARACTERISTICS 

ZERO ORDER FIRST ORDER 
/ 

/ 
/ 

/ 
/ 

% / 
/ 

/ 
/ 

/ 
I /  

Time 

llii 
Time 

INSTANT RELEASE, INSTANT RELEASE, 
THEN ZERO ORDER THEN FIRST ORDER 

c 
Time Time 

F igu re  3 

Drug re lease  c h a r a c t e r i s t i c s  f rom o r a l  c o n t r o l l e d  re lease  dosage forms. 

Un i ted  S ta tes  Food and Drug A d m i n i s t r a t i o n  (15) .  Whi le d i s s o l u t i o n  r a t e  

p rov ides  an e x c e l l e n t  measure o f  p roduc t  u n i f o r m i t y ,  i t  does no t  always 

accu ra te l y  p r e d i c t  b i o a v a i l  ab i  1 i t y  (16.17 , l a ) .  

Whereas f o r  convent iona l  o r a l  drug produc ts  i n  v i t r o  d i s s o l u t i o n  c r i t e r i a  

a re  expressed i n  terms o f  t h e  f a s t e s t  p o s s i b l e  d i s s o l u t i o n  ra te ,  i.e. t h e  ab- 

sence o f  an upper l i m i t ,  t h e  s i t u a t i o n  i s  q u i t e  d i f f e r e n t  f o r  c o n t r o l l e d  re -  

l ease  products.  I n  t h e  l a t t e r  case, optimum d i s s o l u t i o n  r a t e  i s  no t  t h e  

f a s t e s t  t h a t  can be ob ta ined bu t  r a t h e r  some in te rmed ia te  va lue  which w i l l  

h o p e f u l l y  r e f l e c t  p ro longed re lease  o f  d rug  i n  t h e  GI t r a c t .  Thus f o r  these 

produc ts  a d i s s o l u t i o n  window i s  requ i red ,  and d e v i a t i o n  f rom t h e  optimum r a t e  

can be i n  terms o f  t o o  f a s t  o r  t o o  slow. 

Given t h e  d i f f i c u l t y  o f  e s t a b l i s h i n g  g u i d e l i n e s  f o r  t hese  dosage forms, 

t h e  l a r g e  number o f  f o rmu la t i ons  (each perhaps r e q u i r i n g  a d i f f e r e n t  s o l v e n t  

f o r  a p p r o p r i a t e  d i s s o l u t i o n  measurement), and t h e  d i f f e r e n t  re lease  p r o f i l e s  

as i l l u s t r a t e d  i n  F igu re  3, i t  i s  no t  s u r p r i s i n g  t h a t  t h e r e  a r e  c u r r e n t l y  no 

o f f i c i a l  g u i d e l i n e s  f o r  i n  v i t r o  d i s s o l u t i o n  t e s t s  o f  o r a l  c o n t r o l l e d  re lease  
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1196 WELLING 

dosage forms. 

v i t r o  d rug  re lease and i n  v i v o  b i o a v a i l a b i l i t y  c h a r a c t e r i s t i c s .  The appro- 

p r i a teness  o f  a c o n t r o l l e d  re lease  f o r m u l a t i o n  and a l s o  equ iva lence between 

d i f f e r e n t  c o n t r o l l e d  re lease  produc ts  o r  between c o n t r o l l e d  re lease  and 

convent iona l  p roduc ts  must c u r r e n t l y  be based on i n  v i v o  data. 

There a r e  a l s o  no c l e a r l y  e s t a b l i s h e d  r e l a t i o n s h i p s  between 2 

- 

I n  v i v o  Cons idera t ions  

Successful  development o f  a c o n t r o l  l e d  re lease  o r a l  dosage fo rm r e q u i r e s  

a thorough a p p r e c i a t i o n  o f  t h e  i nhe ren t  o p p o r t u n i t i e s  and l i m i t a t i o n s  charac- 

t e r i s t i c  o f  a p a r t i c u l a r  drug-dosage form combinat ion.  A c o n t r o l l e d  re lease  

f o r m u l a t i o n  t h a t  i s  s u i t a b l e  f o r  one drug may be i n a p p r o p r i a t e  f o r  another.  

Zero-order re lease may be more impor tan t  f o r  some types  o f  drugs than others.  

A f a s t  re lease  component may o r  may n o t  be impor tan t .  The tenuous r a t i o n a l  

f o r  i n c o r p o r a t i n g  a f a s t  component i n t o  c h r o n i c a l l y  admin i s te red  o r a l  

f o rmu la t i ons  i s  discussed l a t e r  i n  t h i s  chapter .  

I n  t h e  f o l l o w i n g  sec t i ons ,  a t t e n t i o n  w i l l  be focused on t h e  pharmaco- 

k i n e t i c s  assoc ia ted  w i t h  t h e  f o u r  ma jor  c o n t r o l l e d  re lease  p a t t e r n s  shown i n  

F igure  3, t h e  types  o f  b lood - leve l  p r o f i l e s  t h a t  may be achieved f o l l o w i n g  

s i n g l e  and repeated doses o f  these dosage forms, and how these p r o f i l e s  a re  

i n f l u e n c e d  by GI t r a n s i t  t ime  and by va ry ing  drug  re lease  and e l i m i n a t i o n  

ra tes .  

Drugs may be shown t o  obey s i n g l e -  o r  mult i -compartment pharmacok ine t ic  

models depending on t h e i r  a f f i n i t y ,  and a l s o  t h e  r a t e  a t  which they  penet ra te ,  

va r ious  body organs and t i ssues .  Mult i -compartment c h a r a c t e r i s t i c s  a re  more 

r e a d i l y  i d e n t i f i e d  f o l l o w i n g  r a p i d  d rug  a d m i n i s t r a t i o n  compared t o  s low admin- 

i s t r a t i o n  as t h e  d i s t r i b u t i o n  phase i s  no t  obscured by abso rp t i on  processes. 

For example a f t e r  bo lus  in t ravenous i n j e c t i o n  i t  i s  f r e q u e n t l y  p o s s i b l e  t o  

desc r ibe  drug  p r o f i l e s  i n  terms o f  two- o r  three-compartment k i n e t i c  models, 

whereas p r o f i l e s  from t h e  same drugs cannot be desc r ibed  i n  terms more complex 

than  t h e  s imp le  one-compartment model a f t e r  o r a l  o r  i n t ramuscu la r  doses. 

Slow absorp t i on  o f  drugs from c o n t r o l l e d  re lease  fo rmu la t i ons ,  be they  

o r a l  o r  otherwise, g e n e r a l l y  p rec ludes  d e s c r i p t i o n  o f  r e s u l t i n g  drug  p r o f i l e s  
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PHARMACOKINETIC CONSIDERATIONS 1197 

by k i n e t i c  systems more complex than t h e  s imp le  one-compartment model. 

b a s i c  approach w i l l  .be used here. 

a d d i t i o n a l  s i m p l i f y i n g  assumptions a re  made: (i) drug abso rp t i on ,  metabol ism, 

and e x c r e t i o n  a re  a l l  f i r s t - o r d e r  processes, ( i i )  d rug  abso rp t i on  and e l i m i n a -  

t i o n  a r e  i r r e v e r s i b l e ,  ( i i i )  d rug  t h a t  i s  re leased i n t o  t h e  GI t r a c t  i s  com- 

p l e t e l y  absorbed i n  i t s  unchanged form, and ( i v )  re lease  o f  d rug  f rom t h e  

sus ta ined  re lease  f o r m u l a t i o n  i s  r a t e - l i m i t i n g  i n  t h e  abso rp t i on  process. 

That 

For ease o f  p r e s e n t a t i o n  t h e  f o l l o w i n g  

The model which i s  a p p l i c a b l e  t o  c o n t r o l l e d  re lease  dosage forms i s  shown 

i n  Scheme I (19)l 

Scheme I 

Ds = Slowly re leased drug  

D i  = I ns tan taneous ly  re leased drug  

A = Unchanged drug  i n  t h e  body 

B = Cumulat ive amount o f  drug exc re ted  i n  u r i n e  o r  metabo l ized  

k, = F i r s t - o r d e r  r a t e  cons tan t  f o r  t r a n s f e r  o f  drug f rom t h e  a b s o r p t i o n  
s i t e  i n t o  t h e  systemic c i r c u l a t i o n  

ko, kr = Zero-order (k,) o r  f i r s t - o r d e r  (k,) r a t e  cons tan ts  f o r  re lease  o f  
d rug  from 0, 

F i r s t - o r d e r  r a t e  cons tan t  f o r  e l i m l n a t i o n  o f  d rug  by combined 
kel = u r i n a r y  exc re t i on ,  metabolism, etc.  

I n  t h e  o r i g i n a l  model an a d d i t i o n a l  s tep  was i n c o r p o r a t e d  f o r  a b s o r p t i o n  o f  
t h e  s l o w l y  re leased  component 0,. 
i c a n t l y  sma l le r  t han  k , d e l e t i o n  o f  t h a t  s tep  ioes no t  s i g n i f i c a n t l y  a l t e r  
t h e  r e s u l t i n g  drug  p r o t i l e s  (19). 

However as k o r  kr a r e  g e n e r a l l y  s i g n i f -  
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1198 WELLING 

I. FIRST-ORDER RELEASE 

S i n g l e  Dose 

I n  t h i s  model t h e  amount o f  d rug  i n  t h e  body f o l l o w i n g  a s i n g l e  dose i s  

g iven  by Equat ion 1, i n  wh ich  kr i s  t h e  s o l e  r a t e  cons tan t  govern ing  

abso rp t i on  (kr  << ka). 

- k e l t  - k r t  
- e  1 Dsk r 

A Le 

Equat ion 1 can be conver ted  t o  desc r ibe  drug concen t ra t i on ,  C, s imp ly  by 

adding t h e  drug d i s t r i b u t i o n  volume, V, t o  the  denominator, as shown i n  

Equat ion 2. 

With t h i s  model, drug p r o f i l e s  can be i n f l u e n c e d  by bo th  t h e  abso rp t i on  

and e l i m i n a t i o n  r a t e  cons tan ts  as shown i n  F igures  4 and 5. From F igure  4 i t  

i s  c l e a r  t h a t  t h e  drug  p r o f i l e  i s  markedly i n f l u e n c e d  by i t s  b i o l o g i c a l  h a l f -  

l i f e  ( t l / * =  l n 2 / k e l ) ,  t h e  peak l e v e l ,  Amax, and t i m e  o f  peak l e v e l ,  T,,,,,, bo th  

i n c r e a s i n g  as t h e  h a l f - l i f e  becomes more prolonged. The curves generated w i t h  

kel = 0.3 h r - l  and 0.5 h r - l  have i d e n t i c a l  e l i m i n a t i o n  s lopes w i t h  va lues  o f  

0.2 h r - l .  

t h e  apparent e l i m i n a t i o n  s lope i s  c o n t r o l l e d  by t h e  r a t e  a t  which drug  i s  

re leased  from i s  f o r m u l a t i o n  i n  t h e  G I  t r a c t .  T h i s  i s  no t  an uncommon 

s i t u a t i o n  w i t h  c o n t r o l l e d  re lease  fo rmu la t i ons .  

These a re  examples o f  t h e  f l i p - f l o p  model, where k,l > kr (ZO), and 

From F igure  5 i t  i s  c l e a r  t h a t  f o r  a g iven va lue  o f  k e l ,  d rug  p r o f i l e s  

I n  t h i s  case, however a re  lowered and are  more pro longed as kr i s  reduced. 

Amax i s  reduced w h i l e  Tmax i s  p ro longed as t h e  d rug  re lease  r a t e  cons tan t  i s  

reduced. 

The reduc t i on  i n  t h e  va lue  o f  A,,,ax ( o r  as a r e s u l t  o f  c o n t r o l l e d  

re lease  i s  o f  concern, p a r t i c u l a r l y  f o r  drugs t h a t  have a w e l l  de f i ned  minimum 

e f f e c t i v e  concen t ra t i on  i n  t h e  body. The c o n t r o l l e d  re lease  dose, D s ,  t h a t  i s  

necessary i n  o rder  t o  achieve t h e  same Amax as i t s  f a s t  re lease  c o u n t e r p a r t  i s  
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PHARMACOKINETIC CONSIDERATIONS 1199 

F igu re  4 

Drug l e v e l s  f o l l o w i n g  a s i n g l e  dose. Curves generated from Equat ion  1 

w i th  Ds = 100 mg, k r  = 0.2 h r1 ,  and k e l  = 0.05, 0.1, 0.3, and 0.5 h r - l  

(adapted by permiss ion  from re fe rence  19). 

r e a d i l y  c a l c u l a t e d  by means o f  Equat ion 3 (19). 

e l i m i n a t i o n  

For a d rug  which has an 

t  of 4 h r  ( k e l  = 0.17 h r - l )  and a ka o f  1.0 h r - l ,  and a c o n t r o l l e d  re lease  

r a t e  cons tan t  k, o f  0.5 h r - l  ( r e l e a s e  t 1 I 2 =  1.4 h r ) ,  then a c o n t r o l l e d  re lease  

dose would have t o  be 1.2 t imes  g r e a t e r  than t h e  f a s t  re lease  dose t o  ach ieve  

t h e  same va lue  o f  Amax. 2 
3.5 h r )  then t h e  c o n t r o l l e d  re lease  dose would have t o  be 1.8 t imes  t h e  f a s t  

re lease  dose. 

res idence t i m e  i n  t h e  GI t r a c t ,  would n e c e s s i t a t e  a dose inc rease  by a f a c t o r  

o f  2.5. 

I f  kr were reduced f u r t h e r  t o  0.2 h r - l  ( r e l e a s e  t 11 = 

A kr o f  0.1 h r - l ,  which i s  p r a c t i c a l  on l y  i n  cases o f  p ro longed 
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1200 WELLING 

3 

F igu re  5 

Drug l e v e l s  f o l l o w i n g  a s i n g l e  dose. Curves generated from Equat ion  1 

w i t h  Ds = 100 mg, k e l  = 0.2 h r - l ,  and kr = 0.05, 0.1, 0.3, and 0.5 h r - I  

(adapted by permiss ion  from re fe rence 19). 

Repeated Dose 

The same r u l e s  govern drug  accumulat ion f o l l o w i n g  repeated doses o f  bo th  

c o n t r o l l e d  re lease and convent iona l  dosage forms. As l ong  as t h e  dosage i n -  

t e r v a l  T i s  l e s s  than t h e  t ime  taken f o r  a l l  d rug  t o  be c lea red  from t h e  body, 

accumulat ion w i l l  occur  w i t h  each subsequent dose u n t i l  s teady -s ta te  i s  

reached. The t ime  taken  t o  reach s teady -s ta te  i s  c o n t r o l l e d  by t h e  drug  

e l i m i n a t i o n  r a t e  and i s  independent o f  t h e  abso rp t i on  o r  drug re lease  ra te .  

Thus, p ro long ing  t h e  abso rp t i on  o f  a drug by means o f  c o n t r o l l e d  re lease  has 

no i n f l u e n c e  on i t s  accumulat ion ra te .  

As it takes  a f i x e d  t i m e  pe r iod ,  4.3 x t t o  reach 95% o f  steady- 

s t a t e ,  t h e  number o f  doses requ i red  t o  a t t a i n  t h i s  c o n d i t i o n  depends upon t h e  

r e l a t i o n s h i p  between t h e  dosage i n t e r v a l  and t h e  drug e l i m i n a t i o n  h a l f - l i f e .  

Thus f o r  a compound t h a t  i s  dosed once every  h a l f - l i f e  i t  w i l l  t a k e  between 4 
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PHARMACOKINETIC CONSIDERATIONS 1201 

and 5 doses t o  reach 95% o f  s teady-s ta te .  

pe rm i t s  dosage every  second h a l f - l i f e ,  then 95% o f  s teady -s ta te  w i l l  be 

achieved between 2 and 3 doses. 

I f  a c o n t r o l l e d  re lease  dosage fo rm 

The major  d i f f e r e n c e  between c o n t r o l l e d  and convent iona l  dosage forms i s  

i n  t h e  maximum Ammax and minimum Ammin va lues  when s teady -s ta te  i s  reached. 

These values can be c a l c u l a t e d  from Equat ions 4 and 5, w h i l e  t h e  t i m e  o f  

peak values, TWmax i s  g i ven  by Equat ion 6. 

From Equat ion  6, t h e  t i m e  o f  peak l e v e l  

cons tan t  i s  decreased. For example, i f  k e l  = 

ncreases as t h e  re lease  r a t e  

0.17 h r -  , and ‘I i s  12 h r ,  t hen  

k r  va lues  of 0.5, 0.2, and 0.1 h r - l  would r e s u l t  in Tmmax va lues  o f  2.4, 3.9, 

and 4.4 h r ,  r e s p e c t i v e l y ,  compared t o  2 h r  w i t h  a convent iona l  f o r m u l a t i o n  

w i t h  a ka o f  1.0 h r - l .  

t i o n  r a t e  cons tan t  r e s u l t s  i n  o n l y  a 2 .2 - fo ld  i nc rease  i n  t h e  va lue  o f  

Tmmax. 

Thus i n  t h i s  example a 1 0 - f o l d  decrease i n  t h e  absorp- 

It i s  g e n e r a l l y  accepted, and indeed t h i s  i s  a ma jor  r a t i o n a l e  f o r  de- 

velopment o f  p ro longed a c t i o n  dosage forms, t h a t  c o n t r o l l e d  re lease  r e s u l t s  i n  

lower  CWmax and h i g h e r  Cmmin values compared t o  convent iona l  dosage forms, 

i.e. a f l a t t e r  b lood l e v e l  cu rve  i s  obtained. However t h i s  i s  no t  n e c e s s a r i l y  

t h e  case. Consider t h e  s i t u a t i o n  i n  F igure  6. A convent iona l  dosage fo rm o f  

a d rug  w i t h  a ka of 1.0 h r - 1  and kel 0.1 h r - l ,  admin i s te red  100 mg every  6 h r  

y i e l d s  peak and t rough  amounts o f  drug i n  t h e  body o f  105 and 54 mg, respec- 

t i v e l y .  A c o n t r o l l e d  re lease  dose (kr = 0.5 h r - l )  admin i s te red  200 mg every  
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1202 WELLING 

I so 

I00 

A (mg) 

so 

A 

fml2hr ' 
--t 

f = 6 h r  
t 

t t t t t 
1 I I I I 

6 12 18 24 30 

Time (hours) 

F igu re  6 

Drug l e v e l s  a t  steady s t a t e  d u r i n g  repeated  doses, 400 rng pe r  day i n  

d i v i d e d  doses, o f  a convent iona l  f o r m u l a t i o n  w i t h  k a  = 1.0 h r - l  ( - ) and 

c o n t r o l l e d  re lease  fo rmu la t i ons  w i t h  kr  = 0.5 h r - l  ( --- ) and 0.25 h r - l  

( -*-• ), T =  6 h r  f o r  t h e  convent iona l  f o rmu la t i on  and 12 h r  f o r  t h e  o the rs ,  

and k e l  = 0.2 h r - l .  Data generated from Equat ions 3, 4, and 5. 

12 h r  r e s u l t s  i n  inc reased peak and decreased t r o u g h  l e v e l s .  

must be reduced t o =  0.25 h r - l  i n  o rde r  t o  o b t a i n  s i m i l a r  peak and t rough  

l e v e l s  t o  those from t h e  convent iona l  dosage form. 

l e v e l s  w i l l  o f  course always decrease w i t h  decreas ing  abso rp t i on  r a t e  i f  t h e  

dose and i n t e r v a l  a r e  h e l d  cons tan t ,  bu t  t h i s  i s  no t  normal ly  t h e  o b j e c t i v e  

w i t h  c o n t r o l l e d  re lease  dosage forms. 

The va lue  o f  k r  

O s c i l l a t i o n s  i n  d rug  

11. ZERO-ORDER RELEASE 
S i n g l e  Dose 

Wi th  t h i s  model t h e  amount o f  d rug  i n  t h e  body f o l l o w i n g  a s i n g l e  dose i s  

g iven  by Equat ion  7, i n  which ko i s  t h e  s o l e  r a t e  cons tan t  govern ing  absorp- 

t i o n  (ko  << ka).  
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PHARMACOKINETIC CONSIDERATIONS 1203 

Equat ion  7 can be conver ted  t o  desc r ibe  drug  concen t ra t i ons  by adding t h e  

d i s t r i b u t i o n  volume t o  t h e  denominator, as i n  Equat ion 8. 

As i n  t h e  f i r s t - o r d e r  abso rp t i on  case, d rug  p r o f i l e s  f rom t h i s  t y p e  o f  

dosage form a re  i n f l u e n c e d  by bo th  t h e  r a t e  a t  which drug  i s  re leased f rom t h e  

dosage form and a l s o  t h e  e l i m i n a t i o n  ra te ,  as shown i n  F igures  7 and 8. 

I n  F igure  7, 4 d i f f e r e n t  zero-order  re lease  ra tes  a re  used, t o g e t h e r  w i t h  

a k e l  equ iva len t  t o  a d rug  e l i m i n a t i o n  h a l f - l i f e  o f  2.8 h r ,  i.e. a t  t h e  s h o r t  

end o f  t h e  2-8 h r  range g e n e r a l l y  considered s u i t a b l e  f o r  c o n t r o l l e d  re lease  

fo rmu la t i ons .  

r e c t l y  p r o p o r t i o n a l  t o  t h e  c o n t r o l l e d  re lease  ra te ,  t h e  t i m e  course o f  

accumulat ion d u r i n g  t h e  s i n g l e  dose Is independent o f  re lease  ra te ,  and i s  

i n v a r i a b l e  f o r  a g i ven  e l i m i n a t i o n  r a t e  cons tan t .  

p r o p e r t y  o f  zero-order  re lease systems and i s  i n h e r e n t  i n  Equat ions  7 and 8. 

It i s  a l s o  c l e a r  f rom t h e  f i g u r e  t h a t ,  even w i t h  a sho r t  d rug  e l i m i n a t i o n  

h a l f - l i f e  o f  2.8 h r ,  p la teau  drug  l e v e l s  a re  no t  achieved w i t h i n  t h e  GI 

res idence t ime  o f  12 hr. I n  o rde r  t o  achieve a p la teau  l e v e l  it would be 

necessary t o  p ro long  t h e  res idence t ime t o  20-24 hr.  

e l i m i n a t i o n  h a l f - l i v e s ,  t h e r e  i s  l i t t l e  l i k e l i h o o d  o f  ach iev ing  p la teau  drug  

l e v e l s  f rom a s i n g l e  dose. For example a d rug  w i t h  a t1/ o f  8 h r  would have 

t o  be re lease  con t inuous ly  f o r  36 h r  be fo re  s teady -s ta te  l e v e l s  were 

approached. 

I t i s  c l e a r  from t h i s  f i g u r e  t h a t ,  w h i l e  d rug  l e v e l s  a r e  d i -  

Th i s  i s  a we l l  e s t a b l i s h e d  

For drugs w i t h  l o n g e r  

2 

T h i s  argument i s  i l l u s t r a t e d  i n  Flgu,re 8. Regardless o f  t h e  zero-order  

re lease  r a t e  i n  t h i s  f i g u r e ,  a d rug  w i t h  a e l i m i n a t i o n  t l /  of 1.7 h r  ( k e l  = 

0.4 h r - l )  w i l l  approach a s teady -s ta te  l e v e l  a t  12 hr.  On t h e  o t h e r  hand a 

drug w i t h  a t i /  o f  7 h r  (kel = 0.1 h r - l )  w i l l  n o t  achieved s teady -s ta te  a t  24 

hr.  

2 

2 

These examples h i g h l i g h t  t h e  misconcept ion  t h a t  it i s  p o s s i b l e  t o  ach ieve  

p la teau  o r  steady s t a t e  d rug  l e v e l s  wi th a s i n g l e  dose o f  a zero-order  re lease  
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1204 WELLING 

4 0 -  

V 12 24 

Time (hours) 

F igu re  7 

Accumulat ion o f  d rug  i n  t h e  body from a s i n g l e  dose o f  a zero-order  

re lease  dosage fo rm w i t h  ko = 10, 20, 30, and 40 mg.hr-l and k e l  = 

0.25 h r - l .  Data generated from Equat ion 6. 

f o rmu la t i on .  When a zero-order  f o r m u l a t i o n  has re leased a l l  o f  i t s  medica- 

t i o n ,  o r  when t h e  p a r t i a l l y  spent f o r m u l a t i o n  i s  vo ided i n  t h e  feces, drug 

l e v e l s  i n  t h e  body d e c l i n e  a t  a f i r s t - o r d e r  r a t e  regard less  o f  whether o r  n o t  

s teady -s ta te  l e v e l s  have been reached. Typ ica l  p r o f i l e s  f o r  drugs w i t h  e l i m -  

i n a t i o n  h a l f - l i v e s  o f  2 h r  ( k e l  = 0.35 h r - l )  and 8 h r  ( k e l  = 0.087 h r - l )  a r e  

shown i n  F igure  9. 

Repeated Dose 

Desp i te  t h e  d i scon t inuous  n a t u r e  o f  d rug  l e v e l s  f rom zero-order  re lease  

fo rmu la t i ons ,  as shown i n  F igure  9, t h e  dependency o f  bo th  t h e  ascending and 

descending components o f  t h e  curves on t h e  drug  e l i m i n a t i o n  h a l f - l i f e  lends  

i t s e l f ,  i n  t heo ry  a t  l e a s t ,  t o  sus ta ined  and c o n t r o l l e d  l e v e l s  o f  med ica t i on  
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PHARMACOKINETIC CONSIDERATIONS 1205 

90 

60 

A (me) 

30 

( 

F igu re  8 

I 
I I 

12 24 

Time (hours) 

Accumulat ion o f  drug i n  t h e  body from a s i n g l e  dose o f  a zero-order  

re lease  dosage fo rm w i t h  ko  = 10 mg.hr-l and k e l  = 0.1-0.4 h r - l .  

generated from Equat ion 6. 

Data 

w i t h  repeated dosing. As w i t h  a l l  o t h e r  k i n e t i c  processes, s teady -s ta te  oc- 

curs  when t h e  r a t e  a t  which drug i s  d e l i v e r e d  equals t h e  r a t e  a t  which it i s  

e l im ina ted .  

Consider t h e  2 s i t u a t i o n s  i n  F igure  9. If t h e  drug w i t h  the  s h o r t e r  

h a l f - l i f e  i s  admin i s te red  every  12 hr ,  as i n  F igure  10. then t h e  descending 

p o r t i o n  o f  one dose and t h e  ascending p o r t i o n  o f  t h e  subsequent dose a re  m i r -  

r o r  images o f  each o the r ,  and p la teau  drug l e v e l s  a r e  ma in ta ined  w i t h  succes- 

s i v e  doses. I f  t h e  drug  w i t h  t h e  l onger  h a l f - l i f e  i s  g iven  every  12 hr ,  then,  

as shown i n  F igure  11, accumula t ion  w i l l  occur w i t h  success ive  doses u n t i l  t h e  

s teady -s ta te  l e v e l  ( k o / k e l )  i s  reached. N i n e t y - f i v e  percent  o f  t h e  steady- 
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1206 WELLING 

8 0  

6 0  

A (me) 

30 

Figure  9 

1 

18 

Time (hours) 

Drug l e v e l s  d u r i n g  and a f t e r  a s i n g l e  dose o f  a zero-order  re lease  dosage 

form w i t h  ko  = 10 mg.hr-l, r e lease  t ime  T = 12 hr ,  and k e l  = 0.087 and 

0.35 h r-l. 

s t a t e  l e v e l  w i l l  be reached a t  4.3 x t 11 o r  some t i m e  between t h e  4 t h  and 5 t h  

doses. Once s teady -s ta te  i s  reached, whether it be d u r i n g  t h e  i n i t i a l  dose or 

a f t e r  a number o f  doses, p la teau  drug  l e v e l s  w i t h  minimal f l u c t u a t i o n  can 

t h e o r e t i c a l l y  be obtained. 

i d e a l  c o n t r o l  l e d  r e l e a s e  system, and seve ra l  r e c e n t l y  i n t r o d u c e d  p roduc ts  a r e  

based on t h i s  p r i n c i p l e .  However t h e  a c t u a l  curves  ob ta ined  i n  v i v J  may depend 

n o t  o n l y  on drug  r e l e a s e  r a t e  f rom t h e  dosage fo rm bu t  a l s o  on t h e  s t a b i l i t y  

of t h e  drug  and a b s o r p t i o n  e f f i c a c y  f rom d i s t a l  reg ions  o f  t h e  GI t r a c t .  

2 

Zero-order re lease  fo rmu la t i ons  thus  approach t h e  

Wi th  bo th  t h e  f i r s t - o r d e r  and ze ro -o rde r  r e l e a s e  systems descr ibed above 

i t  i s  c l e a r  t h a t ,  whether c o n s i d e r i n g  s i n g l e  dose o r  m u l t i p l e  dose concepts, 

t h e  t i m e  taken  t o  ach ieve  d e s i r e d  t h e r a p e u t i c  l e v e l s  i n  t h e  body i s  a f u n c t i o n  

o f  t h e  e l i m i n a t i o n  r a t e  cons tan t .  The s lower  t h e  e l i m i n a t i o n ,  t h e  more t i m e  
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PHARMACOKINETIC CONSIDERATIONS 1207 

30 

20 

A (mg) 

10 

F igu re  10 

0 
/ '\ / 

I / 
I /  
' t  
1 1  
' I  

' \  
' \  
' \  

/ 
/ 

\ 

\ I \ 
\ 
\ 

I \ I 
I \-I \ 

\ 

I I 
12 24 < 

Time (hours) 

Drug l e v e l s  d u r i n g  12 h o u r l y  repeated doses o f  t h e  r a p i d l y  e l i m i n a t e d  

dosage form from Figure  9. I n  t h i s  and subsequent f i g u r e s ,  s o l i d  l i n e s  

i n d i c a t e  t o t a l  d rug  l e v e l s  w h i l e  dashed l i n e s  i n d i c a t e  t h e  i n d i v i d u a l  l e v e l s  

o f  successive doses o r  from separa te  dose components. 

i s  r e q u i r e d  t o  reach s teady-s ta te .  

and can be reso lved  i n  s i m i l a r  f a s h i o n s f o r  b o t h  conven t iona l  and c o n t r o l l e d  

r e l e a s e  fo rmu la t i ons .  

a v a r i e t y  o f  s i t u a t i o n s  a r e  w e l l  documented (21) .  and w i l l  no t  be d iscussed 

here. 

For m u l t i p l e  doses t h e  problem i s  s i m i l a r ,  

Methods f o r  c a l c u l a t i n g  a p p r o p r i a t e  l o a d i n g  doses under 

For s i n g l e  doses, t h e  problem o f  s low accumula t ion  i s  un ique t o  t h e  con- 

t r o l l e d  re lease  dosage form, and a number o f  f o r m u l a t i o n s  have been des igned 

i n c o r p o r a t i n g  a f a s t  re lease  d rug  component i n  a d d i t i o n  t o  a c o n t r o l l e d  re -  

l e a s e  component. 

s i n g l e  doses, o r  as w i d e l y  spaced i n t e r m i t t e n t  doses, t h e i r  use fu lness  when 

Whi le  such f o r m u l a t i o n s  may be u s e f u l  when admin i s te red  as 
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WELLING 

1 

Drug l e v e l s  d u r i n g  12 h o u r l y  repeated doses o f  t h e  s l o w l y  e l i m i n a t e d  

dosage form from F igu re  9. 

admin i s te red  c h r o n i c a l l y  i n  o r d e r  t o  m a i n t a i n  d rug  l e v e l s  i n  t h e  body i s  l e s s  

c e r t a i n .  The f o l l o w i n g  sec t i ons  w i l l  cons ide r  some o f  t h e  advantages and 

disadvantages o f  t h i s  t y p e  o f  dosage form. 

111. ZERO-ORDER RELEASE WITH A FAST RELEASE COMPONENT 

S i n g l e  Dose 

I n c o r p o r a t i o n  o f  a f a s t  re lease  component i n t o  a f o r m u l a t i o n  i s  i n tended  

t o  r a p i d l y  o b t a i n  a d e s i r e d  drug  l e v e l  i n  t h e  body, and then  t o  m a i n t a i n  t h i s  

l e v e l  by means o f  t h e  s low re lease  component. 
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PHARMACOKINETIC CONSIDERATIONS 1209 

The pharmacokinet ics assoc ia ted  w i t h  t h i s  t ype  o f  d rug  re lease  a re  more 

complex than those f o r  t h e  s imp le  s low re lease  models because o f  t h e  a d d i t i v e  

c o n t r i b u t i o n s  o f  bo th  t h e  f a s t  and slow re lease  components. A l though t h e  tem- 

p o r a l  r e l a t i o n s h i p  between re lease  o f  t h e  two components may vary  w i th  p a r t i c -  

u l a r  f o rmu la t i ons ,  d i scuss ion  o f  t h i s  model w i l l  assume t h e  s imp le  case where 

re lease  o f  bo th  components s t a r t s  s imu l taneous ly .  

For t h i s  t y p e  o f  f o rmu la t i on ,  and aga in  assuming ko  << ka, t h e  amount o f  

drug i n  t h e  body f o l l o w i n g  a s i n g l e  dose i s  g i ven  by Equat ion  9. 

The f i r s t  and second p o r t i o n s  o f  t h e  r i g h t  hand s i d e  o f  t h i s  equat ion  repre-  

sent  t h e  c o n t r i b u t i o n s  o f  t h e  f a s t  and slow re lease  components, r e s p e c t i v e l y .  

The f i r s t  p o r t i o n  i s  s i m i l a r  i n  form t o  Equat ion  1, i.e., re lease  by f i r s t -  

o rde r  process, w h i l e  t h e  second p o r t i o n  i s  i d e n t i c a l  t o  Equat ion  7, i.e, zero-  

o rde r  release. The amount o f  d rug  i n  t h e  c o n t r o l l e d  re lease  component, Ds, i s  

g iven  by koT, where T i s  t h e  d u r a t i o n  o f  d rug  release. 

t a i n e d  from a s i n g l e  dose o f  t h i s  t ype  o f  c o n t r o l l e d  re lease  f o r m u l a t i o n  i s  a 

composite o f  a r a p i d l y  i n c r e a s i n g  and then d e c l i n i n g  component and o f  a s l o w l y  

i n c r e a s i n g  component t h a t  may o r  may no t  ach ieve  s teady -s ta te  depending on t h e  

drug e l i m i n a t i o n  h a l f - l i f e .  

drugs w i t h  r e l a t i v e l y  l ong  b i o l o g i c a l  h a l f - l i v e s  t h a t  would no t  achieve 

s teady -s ta te  i f  a f a s t  re lease  component were no t  inc luded.  

The drug p r o f i l e  ob- 

Th is  dosage form i s  o f  course i d e a l l y  s u i t e d  f o r  

A c o n t r o l l i n g  f a c t o r  f o r  d rug  p r o f i l e s  ob ta ined  w i t h  t h i s  dosage fo rm i s  

t h a t  bo th  t h e  r a t e  o f  d e c l i n e  i n  drug l e v e l s  f rom t h e  f a s t - r e l e a s e  component 

and t h e  r a t e  o f  i nc rease  i n  l e v e l s  from t h e  zero-order  re lease  component a r e  

c o n t r o l l e d  by t h e  drug  e l i m i n a t i o n  r a t e  cons tan t  k e l  (Equat ion  9). 

Several methods have been descr ibed t o  c a l c u l a t e  t h e  op t ima l  p r o p o r t i o n s  

and amounts o f  d rug  i n  Di and Ds t o  r a p i d l y  ach ieve  and then  m a i n t a i n  r e q u i r e d  

t h e r a p e u t i c  d rug  l e v e l s  (22,23,24,25). 

t h e  s imp le  assumption t h a t  t h e  f a s t  re lease component shou ld  p rov ide  t h e  same 

q u a n t i t y  o f  d rug  as t h e  amount of drug i n  t h e  body t h a t  would y i e l d  t h e  

d e s i r e d  t h e r a p e u t i c  response a t  s teady -s ta te ,  Ass as i n  Equat ion  10 (25). 

The most recent  o f  these i s  based on 
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1210 WELLING 

Th is  approach ignores  t h e  p o s s i b l e  a d d i t i v e  e f f e c t  o f  drug l e v e l s  r e s u l t i n g  

f rom t h e  f a s t  and slow re lease  components a t  e a r l y  t imes a f t e r  dosing, and may 

t h e r e f o r e  r e s u l t  i n  d rug  l e v e l s  s l i g h t l y  h i g h e r  than  t h e  des i red  s teady -s ta te  

l e v e l s  s h o r t l y  a f t e r  dosing. However t h i s  e f f e c t  i s  l i k e l y  t o  be s l i g h t ,  and 

t h e  method i s  both s imp le  and p r a c t i c a l  cons ide r ing  t h e  va r ious  f a c t o r s  t h a t  

i n f l uence  drug  re lease and pharmacokinet ics i n  i n d i v i d u a l  p a t i e n t s .  

A p p l i c a t i o n  o f  t h e  method can be demonstrated f o r  t h e o p h y l l i n e .  

Theophy l l i ne  has a b i o l o g i c a l  t1/ o f  approx imate ly  4 h r  ( k e l  = 0.17 h r - l )  and 

a d i s t r i b u t i o n  volume o f  32 l i t e r s  (26). A s teady -s ta te  l e v e l  o f  5 N / m l  i s  

thus  e q u i v a l e n t  t o  Ass  = Di = 160 mg, and ko  = 160 x 0.17 = 27.2 mg/hr (Eq. 

10). S u b s t i t u t i n g  these values i n t o  Equat ion 9 and ass ign ing  ka  = 1.3 h r - l  

(26) and a zero-order  re lease  t ime  o f  12 hr ,  y i e l d s  t h e  drug  l e v e l s  i n  F igu re  

- 12. 

and main ta lned th rough 12 hr ,  a f t e r  which t ime  t h e  zero-order  component i s  

exhausted o f  drug,and l e v e l s  then f a l l  a t  an exponen t ia l  r a t e  determined by 

k e l  

2 

The requ i red  l e v e l  o f  5 pg/ml i s  approached a t  1 hr ,  achieved a t  2 h r ,  

A l though t h e  above method c l e a r l y  works very  w e l l  i n  r a p i d l y  ach iev ing  a 

des i red  drug  l e v e l ,  t h e  l e v e l  reached i s  on l y  one-ha l f  t h e  u s u a l l y  accepted 

minimum t h e r a p e u t i c  t h e o p h y l l i n e  concen t ra t i on  o f  10 ug/ml. Th is  i s  i n t e n -  

t i o n a l ,  and i l l u s t r a t e s  two comnon problems w i t h  c o n t r o l l e d  re lease  fo rmula-  

t i o n s .  The f i r s t  o f  these i s  dosage s ize .  I n  o rde r  t o  o b t a i n  and ma in ta in  a 

t h e o p h y l l i n e  l e v e l  o f  5 u g h 1  d u r i n g  a 12 h r  p e r i o d  requ i res  a t o t a l  o f  160 t 

27.2 x 12 = 486.4 = 500 mg. Th is  i s  p robab ly  t h e  upper s i z e  l i m i t  f o r  a 

s i n g l e  o r a l  dosage u n i t .  A t h e o p h y l l i n e  l e v e l  o f  10 ug/ml under t h e  same con- 

d i t i o n s  would r e q u i r e  a t o t a l  dose o f  1000 mg (320 as D i  and t h e  balance as D s  

re leased d u r i n g  12 h r )  and t h i s  i s  t o o  l a r g e  f o r  a s i n g l e  dosage u n i t .  

l e v e l  can be ob ta ined however by g i v i n g  2 c o n t r o l l e d  re lease  dosage u n i t s .  

S i m i l a r l y  15 u g h 1  and 20 u g h 1  l e v e l s  a re  achieved w i t h  3 and 4 dosage u n i t s ,  

respec t i ve l y .  Thus, whatever t h e  dosage s i z e  f o r  a p a r t i c u l a r  drug, m u l t i p l e s  

o f  a minimum drug l e v e l  a r e  achieved s imp ly  by t a k i n g  t h e  a p p r o p r i a t e  number 

T h i s  
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PHARMACOKINETIC CONSIDERATIONS 1211 

6 

Figure  12 

Pred ic ted  plasma t h e o p h y l l i n e  concen t ra t i on  p r o f i l e  f rom a s i n g l e  dose o f  

an o r a l  f o r m u l a t i o n  c o n t a i n i n g  160 mg as a f a s t - r e l e a s e  canponent and a s low 

component r e l e a s i n g  27.2 mg.hr-l d u r i n g  12 hr .  The curves a re  c a l c u l a t e d  t o  

ach ieve  s teady -s ta te  l e v e l s  o f  5 &ml by Equat ion  9, w i th  ka  = 1.3 h r - l ,  

k e l  = 0.17 h r - l ,  and V = 32L (27). 

of t a b l e t s .  Whi le t h i s  process i s  e l e g a n t l y  s imple,  t h e  reve rse  i s  not. Due 

t o  t h e i r  complex s t r u c t u r e ,  and t h e  n a t u r e  o f  d rug  re lease,  it i s  u s u a l l y  n o t  

p o s s i b l e  t o  break most c o n t r o l l e d  re lease fo rmu la t i ons  i n  o rde r  t o  ach ieve  a 

sma l le r  dose. Thus i t  makes good sense t o  p repare  c o n t r o l l e d  re lease  dosage 

forms i n  t h e  sma l les t  p r a c t i c a l  dosage u n i t s  i n  o rde r  t o  o b t a i n  maximum f l e x i -  

b i l i t y  i n  dosing. 

Repeated Dose 

With t h i s  model, even more so than  w i t h  Models I and 11, t h e  o b j e c t i v e  

w i t h  repeated doses i s  no t  so much t o  achieve i n c r e a s i n g  drug  l e v e l s  u n t i l  a 

p la teau  l e v e l  i s  e v e n t u a l l y  achieved, bu t  r a t h e r  t o  m a i n t a i n  t h e  p l a t e a u  

l e v e l s  t h a t  were ob ta ined  w i t h  t h e  i n i t i a l  dose. It i s  a t  t h i s  p o i n t  t h a t  t h e  
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1212 WELLING 

argument f o r  a f a s t  re lease  component i n  an o r a l  c o n t r o l l e d  re lease  dosage 

form tends t o  f a l l  apar t .  

I t  was p r e v i o u s l y  demonstrated t h a t  f o r  f o rmu la t i ons  t h a t  re lease  a l l  o f  

t h e  drug a t  a slow, zero-order  ra te ,  repeated doses a t  i n t e r v a l s  equal t o  t h e  

t o t a l  re lease  t ime  of each dose w i l l  y i e l d  cont inuous  drug l e v e l s  w i t h  no 

peaks o r  t roughs  (F igu res  10 and 11). 

i s  prepared, t h i s  t ype  o f  drug l e v e l  p a t t e r n  cannot be achieved when a f a s t  

re lease  component i s  added. 

However, no m a t t e r  how t h e  f o r m u l a t i o n  

Consider t h e  f a s t  and slow combina t ion  o f  t h e o p h y l l i n e  again. I f  t h i s  

f o r m u l a t i o n  were taken every  12 h r  then, u n l i k e  t h e  s i t u a t i o n  i n  F igure  11, 

t h e r e  would be cons ide rab le  inc reases  i n  d rug  l e v e l s  w i t h  each success ive  

dose, and undue accumulat ion may occur  i f  drug  l e v e l s  have no t  r e t u r n e d  t o  t h e  

r e q u i r e d  Css l e v e l  a t  t h e  end o f  each dos ing  i n t e r v a l .  

i n  F igure  13 us ing  t h e  same pharmacok ine t ic  values as those f o r  F igure  12, and 

a dosing i n t e r v a l  o f  12 h r .  A l though a p la teau  l e v e l  o f  5 m/ml i s  r a p i d l y  

ob ta ined w i t h  t h e  i n i t i a l  dose, l e v e l s  a r e  t r a n s i e n t l y  inc reased t o  8.7 and 

9.2 a/ml s h o r t l y  f o l l o w i n g  t h e  second and t h i r d  doses, r e s p e c t i v e l y ,  i.e. 

l e v e l s  almost double those  f o l l o w i n g  t h e  i n i t i a l  dose. The i m p l i c a t i o n s  f o r  

p o s s i b l e  t o x i c  s i d e  e f f e c t s  s h o r t l y  a f t e r  dos ing  w i t h  t h i s  t y p e  o f  f o r m u l a t i o n  

a r e  obvious. 

Th is  i s  demonstrated 

What can be done t o  p revent  t r a n s i e n t  f l u c t u a t i o n s  i n  drug l e v e l s  w i t h  

t h i s  t ype  o f  f o rmu la t i on?  Several approaches a r e  poss ib le ,  and these have 

been descr ibed i n  d e t a i l  elsewhere (19). One can min imize  t h e  t r a n s i e n t  i n -  

crease i n  drug l e v e l s  by decreasing t h e  l o a d i n g  dose i n  a l l  doses subsequent 

t o  t h e  f i r s t ,  o r  by a d m i n i s t e r i n g  t h e  dosages a t  t i m e  i n t e r v a l s  g r e a t e r  t han  

t h e  zero-order  drug re lease  per iod .  Whi le these approaches may appear a t t r a c -  

t i v e  i n  theo ry  they  a r e  e i t h e r  i m p r a c t i c a l  f rom a f o r m u l a t i o n  v iewpo in t  o r  

cumbersome w i t h  respec t  t o  drug admin i s t ra t i on .  A most r e a l i s t i c  s o l u t i o n  i s  

no t  t o  i n c l u d e  a f a s t - r e l e a s e  component a t  a l l ,  b u t  r a t h e r  t o  admin i s te r  a 

convent iona l  f a s t - r e l e a s e  dosage fo rm i n i t i a l l y ,  i n  o rde r  t o  o b t a i n  the ra -  

p e u t i c  l e v e l s ,  and then  t o  admin i s te r  repeated doses o f  a zero-order  con- 

t r o l l e d  re lease  dosage form as i n  Model I 1  t o  m a i n t a i n  cons tan t  l e v e l s  w i t h  

minimum f l u c t u a t i o n .  
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Figure 13 

P red ic ted  plasma t h e o p h y l l i n e  concen t ra t i on  p r o f i l e  f rom 3 successive 

doses o f  t h e  f o r m u l a t i o n  i n  F igure 12. Pharmacokinet ic parameters a r e  t h e  

same as i n  t h e  p rev ious  f i g u r e ,  and t h e  dosage i n t e r v a l  i s  12 hr.  

For our t h e o p h y l l i n e  example, an i n i t i a l  f a s t  re lease dose o f  (say) 300 

mg toge the r  w i t h  a zero-order re lease  f o r m u l a t i o n  t h a t  re leases 600-650 mg 

d u r i n g  12 hr,  w i t h  subsequent 12-hour ly  doses o f  t h e  zero-order re lease  formu- 

l a t i o n  alone, would serve t o  r a p i d l y  achieve and ma in ta in  a plasma l e v e l  o f  ca 
10 w/ml. 

I V .  FIRST-ORDER RELEASE WITH A FAST-RELEASE COMPONENT 

S ing le  Dose 

U n l i k e  t h e  s i t u a t i o n  i n  Model 111, both t h e  f a s t  and slow components o f  

t h i s  dosage form re lease  drug a t  a f i r s t - o r d e r  ra te ;  and again app ly ing  t h e  
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WELLING 1214 

s i m p l i f y i n g  assumption t h a t  ka >> kr, i f  re lease  o f  bo th  components s t a r t s  

s imu l taneous ly ,  then drug  l e v e l s  a r e  descr ibed by Equat ion  12. 

Dik, [ e -ke l t  - ka t  
A = k  - - e  

a k e l  

Th i s  equa t ion  i s  s imp ly  t h e  sum o f  two separa te  b u t  s imultaneous f i r s t - o r d e r  

abso rp t i on  and e l i m i n a t i o n  p r o f i l e s ,  w i t h  d i f f e r e n t  apparent abso rp t i on  r a t e  

cons tan ts  ka  and kr. 

With t h i s  p a t t e r n  o f  drug re lease,  which i s  p robab ly  more c m o n  than 

t h a t  represented  by Model 111, a s t r o n g  argument can be made f o r  d e l a y i n g  t h e  

i n i t i a t i o n  o f  re lease o f  t h e  s low component u n t i l  some t i m e  l a t e r  compared t o  

t h e  f a s t  Component. Consider t h e  examples i n  F igu re  14. 

s low re lease  component i s  3 - f o l d  g r e a t e r  t han  t h e  f a s t  re lease  component and 

t h e  slow f i r s t - o r d e r  re lease  cons tan t  kr  i s  v a r i e d  from one- ten th  t o  one -ha l f  

t h e  i n t r i n s i c  abso rp t i on  r a t e  cons tan t  ka. 

dose i s  i n  t h e  f a s t - r e l e a s e  form, i.e., a convent iona l  dosage form, i s  i n -  

c luded f o r  comparison. 

sus ta ined  e f f e c t .  

t o  O.lka. 

25 and 50% o f  t h e  slow re lease  p r o p o r t i o n  o f  t h e  dose, may no t  be absorbed a t  

a l l  due t o  t h e  l i m i t e d  GI res idence t ime, and t h e  sus ta ined  e f f e c t  d u r i n g  8-24 

h r ,  o r  12-24 h r  would be l o s t .  

I n  t h i s  case t h e  

The curve  ob ta ined when a l l  o f  t h e  

It i s  c l e a r  t h a t  when k, = 0.5ka t h e r e  i s  n e g l i g i b l e  

Leve ls  a re  no t  s i g n i f i c a n t l y  p ro longed u n t i l  kr i s  reduced 

U n f o r t u n a t e l y  i n  t h i s  s i t u a t i o n  a l a r g e  f r a c t i o n ,  somewhere between 

The a l t e r n a t i v e  approach t o  ach ieve  pro longed c i r c u l a t i n g  drug l e v e l s  

w i t h  t h i s  dosage form i s  t o  de lay  re lease  o f  t h e  second drug  component so t h a t  

i t  w i l l  p rov ide  a second i n p u t  a t  a s u i t a b l e  t i m e  i n t e r v a l  a f t e r  t h e  re lease  

o f  t h e  f a s t  component. Once t h i s  concept i s  accepted, then arguments can be 

made f o r  e i t h e r  f a s t  o r  slow re lease  o f  t h e  second drug  component. 

o f  these, a repeat  a c t i o n  e f f e c t ,  i s  s i m i l a r  t o  a d m i n i s t e r i n g  repeated doses 

of a convent iona l  dosage form except t h a t  t h e  second p o r t i o n  i s  re leased lower  

i n  t h e  GI t r a c t .  The second component w i l l  thus  be l e s s  s u s c e p t i b l e  t o  gas- 

t r i c  degradat ion,  bu t  more s u s c e p t i b l e  t o  i n e f f i c i e n t  abso rp t i on  f rom d i s t a l  
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PHARMACOKINETIC CONSIDERATIONS 1215 

80 

60 

A(mg) 4 0  

2 0 .  

a : Di = 100 mg 

b 1 k, = 0.5 hr" 

c ! k, = 0.25 hr'' 

d : k, = 0.1 hr'' 

0 4 8 12 16 2 0  24 

Time (hours) 

Figure  14 

Drug l e v e l s  f o l l o w i n g  s i n g l e  o r a l  doses o f  a dosage fo rm c o n t a i n i n g  f a s t  

and slow f i  r s t - o r d e r  re lease  components, re1  eased s imu l taneous ly .  Curves 

generated from Equat ion  12 w i t h  D l  = 25 mg, Ds = 75 mg, ka = 1.0 h r - l ,  k e l  = 

0.17 h r - l  ( t l ,  = 4 h r ) ,  and kr = 0.1, 0.25, and 0.5 h r - l .  

f l o p  model ob ta ins  when kr < kel (20).  

and Ds = 0 i s  a l s o  shown. 

Note t h a t  t h e  f l i p -  
2 

The curve  ob ta ined f rom D i  = 100 mg 

reg ions  o f  t h e  i n t e s t i n e ,  b a c t e r i a l  metabolism, and a l s o  t h e  p o s s i b i l i t y  o f  

poor abso rp t i on  due t o  l i m i t e d  GI t r a n s i t  t ime. Apar t  f rom these p r a c t i c a l  

and r e a l  problems, which a r e  i n  p a r t  d rug  s p e c i f i c ,  t h e  general  pharmacoki- 

n e t i c  t rea tment  f o r  2- o r  3-step fas t  re lease  f o r m u l a t i o n  does no t  d i f f e r  

concep tua l l y  f rom repeated  doses o f  convent iona l  dosage forms, and w i l l  n o t  be 

d iscussed f u r t h e r  here. 

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 
B

ib
lio

te
ca

 A
lb

er
to

 M
al

lia
ni

 o
n 

01
/2

0/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1216 WELLING 

The a l t e r n a t i v e  approach o f  hav ing  a delayed, c o n t r o l l e d  f i r s t - o r d e r  

re lease  component i s  a v i a b l e  method t o  ma in ta in  d rug  l e v e l s .  

ques t ions  i n  t h i s  approach are: 

re leased, and what a r e  t h e  r e l a t i v e  p r o p o r t i o n s  o f  d rug  i n  t h e  f a s t  and s low 

re lease  components f o r  op t ima l  e f f e c t ?  These ques t ions  a re  i n t e r r e l a t e d ,  and 

t h e  r e l a t i v e  m e r i t s  of d i f f e r e n t  approaches a re  d iscussed i n  d e t a i l  e lsewhere 

(19).  Two p o s s i b l e  approaches a re  ( i )  t o  i n i t i a t e  re lease  o f  t h e  second com- 

ponent when l e v e l s  f rom t h e  f i r s t  component a r e  a t  a maximum, o r  ( i i )  t o  de lay  

re lease  o f  t h e  second component u n t i l  e s s e n t i a l l y  a l l  o f  t h e  f i r s t  component 

has been re leased ( 2 4 ) .  

The p r imary  

when shou ld  t h e  second drug  p o r t i o n  be 

The f i r s t  approach i s  based on t h e  argument t h a t  i f  t h e  s low f i r s t - o r d e r  

re lease component can be designed so as t o  approximate zero-order  re lease,  

then i n i t i a t i n g  t h e  second component a t  t h e  t i m e  when t h e  drug l e v e l s  f rom t h e  

f a s t  component a re  a t  a peak shou ld  y i e l d  a p l a t e a u  e f f e c t  s i m i l a r  t o  t h a t  

achieved w i t h  Model 111. Whi le t h i s  approach may be a t t r a c t i v e  i n  theo ry ,  i t  

does no t  work w e l l  i n  p r a c t i c e .  

o rde r  re lease  when t h e  amount o f  substance t o  be re leased  i s  l a r g e  and t h e  

f i r s t - o r d e r  r a t e  cons tan t  f o r  re lease  i s  smal l .  Th i s  i s  i l l u s t r a t e d  us ing  t h e  

t h e o p h y l l i n e  example i n  Figure 15. An i d e a l  p la teau  e f f e c t  i s  approached o n l y  

when D, i s  6 - f o l d  g r e a t e r  than D i  and kr i s  reduced t o  0.016 h r - l .  

was te fu l  as o n l y  2(K o f  t h e  s l o w l y  re leased  dose would be absorbed f rom t h e  GI 

t r a c t  d u r i n g  a 12  h r  pe r iod ,  and o n l y  30% d u r i n g  24 hr. 

r e s t r i c t e d  t o  a normal GI t r a n s l t  t i m e  o f  12 h r ,  t h e n  a t  t h a t  t i m e  t h e  r a t e  of  

d e c l i n e  i n  d rug  l e v e l s  would i nc rease  and would be c o n t r o l l e d  by t h e  e l i m i n a -  

t i o n  r a t e  cons tan t  ke l .  

F i r s t - o r d e r  re lease  on ly  approximates zero-  

Th is  i s  

I f  drug  re lease  were 

The second approach, t h a t  o f  i n i t i a t i n g  r e l e a s e  o f  t h e  s low component 

when most o f  t h e  f a s t  component has been re leased  i s  more r e a l i s t i c .  

d e l a y  p e r i o d  i s  equal t o  t h e  t i m e  when D i  i s  e s s e n t i a l l y  comp le te l y  re leased,  

then  d rug  l e v e l  curves s i m i l a r  t o  t h a t  shown i n  F igu re  16 can be ob ta ined.  

t h i s  example t h e  s low re lease  component i s  re leased  4 hr ,  o r  7.5 a b s o r p t i o n  

h a l f - l i v e s ,  l a t e r  than t h e  f a s t  component. 

d rug  l e v e l  p r o f i l e ,  reasonably sus ta ined  l e v e l s  a r e  ob ta ined  u s i n g  a r e l a t i v e -  

I f  t h e  

I n  

D e s p i t e  t h e  f l u c t u a t i o n  i n  t h e  
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PHARMACOKINETIC CONSIDERATIONS 1217 

kr(hr-') 
- 

6 -  Ds(mg) 

a :  1280 0.016 
b :  640 0.031 

-- 
0 I 

0 12 24 

Time (hours) 

F igu re  15 

P r e d i c t e d  plasma t h e o p h y l l i n e  concen t ra t i on  p r o f i l e s  f rom a s i n g l e  dose 

o f  an o r a l  f o r m u l a t i o n  i n  which f i r s t - o r d e r  re lease o f  t h e  s low component i s  

i n i t i a t e d  when plasma l e v e l s  f rom t h e  f a s t  re lease component a re  a t  a maxi- 

mum. 

s low component reduced by Tmax = 1.8 h r .  

h r - l ,  k e l  - 0.17 h r - l ,  V = 32L, D i  = 200 mg, and 0, 160 mg (k r  = 0.125 h r - l ) ,  

320 mg (k r  = 0.063 h r - l ) ,  640 mg (k r  = 0.031 h r - l )  and 1280 mg (kr  = 0.016 

h r - l ) .  

The curves a r e  c a l c u l a t e d  from Equat ion 12 w i t h  t h e  va lue  o f  t f o r  t h e  

Other  cons tan ts  a re  ka = 1.3 

l y  smal l  maintenance dose. T h i s  t y p e  o f  f o r m u l a t i o n  i s  a l s o  e f f i c i e n t .  I n  

t h i s  example approx imate ly  80% o f  t h e  s u s t a i n e d  dose would be absorbed by 12 

h r  and a b s o r p t i o n  would be q u a n t i t a t i v e  i n  24 hr i f  t h e  dosage fo rm were 

r e t a i n e d  i n  t h e  g u t  f o r  t h a t  p e r i o d  o f  t ime. 

Repeated Dose 

A dosage fo rm t h a t  c o n t a i n s  a f a s t  and slow f i r s t - o r d e r  re lease  component 

p resen ts  t h e  same problems f o r  m u l t i p l e  dos ing  regimens as those  desc r ibed  f o r  
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Figure  16 

P r e d i c t e d  plasma t h e o p h y l l i n e  concen t ra t i on  p r o f i l e  from a s i n g l e  dose o f  

an o r a l  f o r m u l a t i o n  i n  which f i r s t - o r d e r  re lease  o f  t h e  slow component i s  

i n i t i a t e d  when re lease o f  t h e  f a s t  component i s  99% complete. The curve  i s  

generated from Equat ion  12 w i t h  D i  = 200 mg, Ds = 180 mg, ka  = 1.3 h r - l ,  kel = 

0.17 h r - l ,  and kr = 0.3 h r - l ,  and de lay  t i m e  f o r  t h e  slow component i s  4 hr. 

Model 111. For t h a t  model i t  was shown t h a t  more s a t i s f a c t o r y  m u l t i p l e  dose 

d rug  p r o f i l e s  a r e  ob ta ined  when t h e  f a s t  re lease  component i s  absent. 

s i t u a t i o n  i s  no t  so c l e a r - c u t  i n  t h e  p resen t  case, and a v a r i e t y  o f  m u l t i p l e  

dose p r o f i l e s  can be ob ta ined  by j u d i c i o u s  s e l e c t i o n  o f  d rug  q u a n t i t i e s  and 

r e l e a s e  r a t e s  (19). 

The 

As an example cons ider  t h e  f o r m u l a t i o n  from F igu re  16. M u l t i p l e  doses o f  

t h i s  f o r m u l a t i o n  cou ld  be g iven w i t h  t h e  sus ta ined  and f a s t  d rug  components 

unchanged, o r  w i t h  D i  reduced t o  compensate f o r  d rug  remain ing  f rom t h e  

p rev ious  dose. Typ ica l  p r o f i l e s  a re  shown i n  F igures  17 and 18. 

The p r o f i l e  i n  F igure  17 i n d i c a t e s  t h a t ,  as i n  Model 111, repeated dos ing  

o f  a f o r m u l a t i o n  c o n t a i n i n g  a f a s t  re lease  component t h a t  y i e l d s  t h e  r e q u i r e d  

t h e r a p e u t i c  l e v e l  ( o r  a s u i t a b l e  s u b f r a c t i o n  o f  t h e  t h e r a p e u t i c  dose as i n  

t h i s  case) w i t h  t h e  i n i t i a l  dose w i l l  l e a d  t o  marked o s c i l l a t i o n ,  a h i g h  pos- 
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Figure  17 

P r e d i c t e d  plasma t h e o p h y l l i n e  concen t ra t i on  p r o f i l e  d u r i n g  repeated  doses 

o f  t h e  o r a l  f o r m u l a t i o n  i n  F igu re  16. The dos ing  i n t e r v a l  and t o t a l  d rug  

re lease  t i m e  f rom each dose a r e  12 hours. 

s i b i l i t y  of exceeding t h e  t h e r a p e u t i c  l e v e l  s h o r t l y  a f t e r  each dose, and a l s o  

undue accumulat ion w i t h  repeated dosing. I f  on t h e  o t h e r  hand, t h e  amount o f  

d rug  i n  t h e  f a s t  component i s  a p p r o p r i a t e l y  reduced (19), then  a more accept-  

a b l e  p r o f i l e  i s  ob ta ined as i n  F igure  18. 

adjustment,  d rug  l e v e l s  can be ob ta ined t h a t  o s c i l l a t e  between a r e l a t i v e l y  

narrow range w i t h  no accumulat ion.  

o f  dosage form. 

I n  t h i s  case, by j u d i c i o u s  dose 

Th is  i s  t h e  i d e a l  s i t u a t i o n  f o r  t h i s  t y p e  

O f  course i t  i s  i m p r a c t i c a l  t o  have v a r y i n g  amounts o f  i n s t a n t l y  re leased  

drug  i n  d i f f e r e n t  t a b l e t s ,  a l t hough  one cou ld  perhaps i n s t r u c t  t h e  p a t i e n t  t o  

" take  t h e  b l u e  t a b l e t ( s )  f u r s t  and t h e  p i n k  t a b l e t ( s )  a f te rwards . "  So one i s  
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Figure  18 

P r e d i c t e d  plasma t h e o p h y l l i n e  concen t ra t i on  p r o f i l e  d u r i n g  repeated doses 

I n  t h i s  i n s t a n c e  D i  has been reduced t o  o f  t h e  o r a l  f o r m u l a t i o n  i n  F igure  16. 

100 mg f o r  t h e  second and t h i r d  doses. The dos ing  i n t e r v a l  and t o t a l  d rug  

re lease t ime  from each dose a re  12 hours. 

p resented  w i t h  a compromise o f  e i t h e r  ach iev ing  r e q u i r e d  l e v e l s  q u i c k l y  and 

then accep t ing  t h e  wide range o f  d rug  l e v e l s  w i th  subsequent doses, o r  ach iev-  

i n g  t h e  i d e a l  con t inuous  drug p r o f i l e  a t  s teady -s ta te  and accep t ing  t h e  s l i g h t  

de lay  i n  ach iev ing  t h a t  l e v e l .  It i s  not p o s s i b l e  t o  r a p i d l y  achieve r e q u i r e d  

drug l e v e l s  and then m a i n t a i n  them w i t h  minimum o s c i l l a t i o n  f rom t h e  same 

f o r m u l a t i o n  w i t h  t h i s  model system. 

CONCLUSIONS 

It i s  c l e a r  from t h e  above arguments t h a t  c o n t r o l l e i l  r e lease  fo rmu la t i ons  

can be prepared us ing  b a s i c  p r i n c i p l e s  depending on t h e  d e s i r e d  re lease  p a t -  

t e r n  and b lood - leve l  p r o f i l e .  It i s  c l e a r  a l s o  t h a t  q u i t e  d i f f e r e n t  c r i t e r i a  
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may app ly  t o  d rug  re lease  p a t t e r n s  when one i s  cons ide r ing  s i n g l e  and repeated  

doses. 

The above methods con ta in  severa l  s i m p l i f y i n g  assumptions, bu t  nonethe- 

l e s s  p r o v i d e  a r a t i o n a l  bas i s  f o r  c o n t r o l l e d  re lease  dosage form design. 

methods thus  represent  a compromise between i d e a l i t y  and t h a t  which i s  feas-  

i b l e  i n  p r a c t i c e .  The methods a r e  o f  general  a p p l i c a t i o n ,  bu t  may no t  always 

app ly  t o  i n d i v i d u a l  cases. 

s o r p t i o n  window, o r  may be s u s c e p t i b l e  t o  b a c t e r i a l  degradat ion  i n  d i s t a l  

reg ions  of t h e  GI t r a c t ,  thus  reduc ing  e f f e c t i v e  abso rp t i on  t ime. 

s i t e  e f f e c t  occurs w i t h  fo rmuat ions  designed t o  remain i n  t h e  stomach o r  smal l  

i n t e s t i n e  f o r  prolonged per iods.  

f o r  drugs t h a t  undergo ex tens i ve  hepa t i c  metabol ism o r  t h a t  a re  exc re ted  t o  a 

l a r g e  ex ten t  i n  b i l e .  

The 

For example some drugs may e x h i b i t  a marked ab- 

The oppo- 

F i r s t -pass  c learance may a l s o  be impor tan t  

Thus be fo re  i n i t i a t i n g  a program t o  develop a c o n t r o l l e d  re lease  fo rmula-  

t i o n  f o r  a p a r t i c u l a r  drug, i t  i s  mandatory t o  understand t h e  pharmacok ine t ic  

c h a r a c t e r i s t i c s ,  t h e  pharmacokinet ic:  pharmacodynamic r e l a t i o n s h i p s ,  t h e  e f -  

f i c a c y  o f  a b s o r p t i o n  i n  va r ious  reg ions  o f  t h e  GI t r a c t ,  and t h e  s u s c e p t i b i l -  

i t y  o f  t h e  compound t o  degradat ion  by GI enzymes and bac te r ia .  F a i l u r e  t o  

cons ide r  these a t  t h e  ou tse t  may r e s u l t  i n  waste o f  bo th  t i m e  and money. 

Desp i te  t h e  g r e a t  number o f  sus ta ined  r e l e a s e  produc ts  c u r r e n t l y  a v a i l -  

ab le  (Tab le  I )  i n  t h e  Un i ted  Sta tes  and elsewhere, t h e r e  have been few a t -  

tempts t o  i n t e r p r e t  i n  v i v o  drug l e v e l  data i n  terms o f  i n  v i t r o  o r  t h e o r e t -  

i c a l  re lease  p a t t e r n s ,  o r  t o  address t h e  un ique problems t h a t  accompany s i n g l e  

and repeated doses o f  these dosage forms. 

There a re  some no tab le  except ions ,  p a r t i c u l a r l y  i n  t h e  more recent  l i t e r -  

a tu re ,  and some of these are  descr ibed elsewhere i n  t h i s  Symposium. 

t o  develop a t r u l y  zero-order  re lease  dosage fo rm have found express ion  i n  t h e  

osmotic-pump, r e c e n t l y  i n t roduced  f o r  c o n t r o l  l e d - r e l e a s e  indomethacin (27,28), 

and a l s o  i n  a m a t r i x  system f o r  c o n t r o l l e d  re lease  t h e o p h y l l i n e  (Theo-Due)  

(5,31). 

l ease  forms f o l l o w i n g  s i n g l e  doses, they  may p r o v i d e  i d e a l  sus ta ined  p l a t e a u  

l e v e l s  a t  s teady-s ta te .  

At tempts 

While these  dosage forms o f f e r  no advantage over o t h e r  c o n t r o l l e d  re -  
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1222 WELLING 

A v a r i e t y  o f  c o n t r o l  l e d  re lease dosage forms have r e c e n t l y  been i n t r o -  

duced f o r  be ta-adrenerg ic  b l o c k i n g  agents such as oxpreno lo l  (30) ,  p r o p r a n o l o l  

(31).  and me top ro lo l  (12,36) compounds t h a t  o the rw ise  have t o  be admin i s te red  

w i t h  m u l t i p l e  d a i l y  doses. S tud ies  w i t h  me top ro lo l  demonstrated comparable 

e f f e c t s  on hear t  r a t e  and b lood pressure  f rom t w i c e - d a i l y  doses o f  100 mg as 

convent iona l  t a b l e t s  and once-da i l y  doses o f  200 mg as a polymer coated gran- 

u l e  f o r m u l a t i o n  (32). 

plasma l e v e l s  o f  me top ro lo l  e x h i b i t e d  double peaks s i m i l a r  t o  those  p r e d i c t e d  

f o r  Model 111 i n  t h i s  d iscuss ion .  

Fo l l ow ing  bo th  s i n g l e  (12) and repeated (32) doses 

C o n t r o l l e d  re lease  dosage forms are  thus  e n t e r i n g  a new era,  no t  o n l y  o f  

development bu t  a l s o  o f  more r i g i d  t e s t i n g  and c h a r a c t e r i z a t i o n  i n  terms o f  in 
-- v i t r o - i n  v i v o  r e l a t i o n s h i p s ,  p r e d i c t e d  and a c t u a l  re lease  pa t te rns ,  and 

pharmacokinetic:pharmacodynamic r e l a t i o n s h i p s .  

w i tness  a p r o l i f e r a t i o n  o f  s o p h i s t i c a t e d  c o n t r o l l e d  r e l e a s t  p roduc ts ,  p a r t i c u -  

l a r l y  i n  ca rd iovascu la r ,  r e s p i r a t i o n ,  and CNS therapy ,  p n d  perhaps i n  t h e  area  

o f  a n t i m i c r o b i a l  chemotherapy. Cognizance o f  s imp le  k i n e t i c  p r i n c i p l e s ,  s im i -  

l a r  t o  those descr ibed here, w i l l  improve t h e  focus, economy, and success o f  

t h i s  work. 

The nex t  decade i s  l i k e l y  t o  
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