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Theraw w i t h  theophylline has been optimized through 

the use of controlled-release formulations. 

introduction of sustained-release tkophylline products I 

frequent dosing of the drug was mandatory i n  mst patients. 

?his was as a result of the short elimination half l i f e  for 

this drug in a large segm=nt of the population and a 

relatively narrow therapeutic range for optirnal 

pharmacological response. 

Previous to the 

As recently as the early 70's analytical m r k  w i t h  this 

drug was rather limited and its pharmcokinetics poorly 

understood. 

established a linear correlation beheen the logar i th  of 

the serum concentratim and pulmxLary function . The 

design of dosage regimens based on the total body clearance 

of theophylline was also suggested. by studies perforrrred by 

Work by Dr .  Richard Ogilvie, hcwwer, 
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1380 GONZALEZ AND GOLUB 

w i l v i e  and by Jenne and h i s  m r k e r s  2'3. 

var iabi l i ty  in the clearance of this drug was not fu l ly  

appreciated unt i l  E l l i s ,  K o y s o o k o ,  and Levy reported the i r  

resul ts  of a study i n  30 pediatric patients '. They found 

a man elimination half l i f e  of only 3.7 h r ,  but the 

individual values ranged f r m  1.4 to  7.8 hr. 

studies with adult asthrmtics resulted in a mean half l ife 

of 8.2 h r  with a range of 6.1 t o  12.8 hr  

obvious that theophylline violates the rules  which are 

frequently quoted to exclude drugs froan sustained release 

formulations; that is, you do not incorprate into a 

sustained release product a drug with a short or a long half 

l i f e .  Given the large doses required fo r  theophylline 

therapy and the narrm therapeutic index, it w u l d  seem that 

theophylline is indeed a poor candidate for controlled- 

release. 

theophylline t e s t i f i e s  to  the contrary. Thus, saw of the 

historical rules or guidelines must be reevaluated in l igh t  

of our current formulation technology. 

The 

Similar 

5 . It is qui te  

"he w i d e  patient acceptance of controlled-release 

Key Pharmaceuticals' f i r s t  contribution in the 

sustained-release theophylline market was Thee-@. 

1 is a diagram of a Theo-Dur tablet which illustrates the 

canposition of the tablet. 

enJsedded i n  a base which contains a fraction of the dose as 

w e l l  as excipients to control the release of theophylline. 

Figure 

"he tablet consists of pellets 
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THEO-DUR~ AND THEO-DUR  SPRINKLE^ 1381 

FIGURE 1 

Schemtic diagram of a 300 q Thec-Dur Tablet .  

The mjor i ty  of the active drug, hmever, is found in the 

pellets which are coated before being blended with the base 

and ccanpressed into tablets. 

scored tablets in 100, 200, and 300 q strenq-ths. 

Thee-Dur is available as 

Dr. Welling has already discussed in his paper in t h i s  

publication data i l lustrat ing the zero-order release 

kinetics of Thee-Dur a f t e r  a single dose. 

sumnarizes the results of a mltiple-dose study w i t h  

Theo-Dur in six healthy subjects '. 
crossover ccknparing Theo-Dur to an elixir reference product 

and a sustained-release capsule. 

Figure 2 

The study was a 3-y 

A l l  medications were dosed 
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1382 GONZALEZ AND GOLUB 
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FIGURE 2 
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X 

-I- 
24 

Theophylline serum concentrations obtained a f t e r  dosing 
every 12 hours for  4 days. 
12 burs a f t e r  the evening dose on the morning of Day 5. 
Each serum concentration represents the rean of six 
subjects. 
was Slo-Phyllin Gyrocaps 250 rrg. 

The 24 hr sample was collected 

The tablet used was Theo-DUr 300 r rg;  the capsule 

every 12 hours for  4 days before characterization of the 

plasma concentration-tim profile. 

fluctuation of the plasma levels a t  steady state was 

significantly greater for  the imneaiate release product and 

the capsule. The difference between the maximum and minimum 

serum concentrations for  the reference, capsule and mRo-Dur 

were 7.6, 4.7, and 1.4 p g / d  respectively. Tfie doses used 

Tke degree of 
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THEO-DUR~ AND THEO-DUR  SPRINKLE^ 1383 

in this study were conservative; 250 q for the elixir and 

capsule and 300 mg for the tablet. 

used, the differences betwen the m i n r u m  and minimm serum 

levels would be even greater. 

If larger doses had been 

A cckoparison of the areas under the serum 

concentration-tk curves ( A X )  at steady state after dose 

normalization revealed no statistical differences; thus, 

both the capsule and tablet were ccmpletely absorbed. As 

has been errphasized by both Dr. Robinson and Dr. Welling 

there is a potential source of error in trying to estimate 

elimination rate constants frm single doses of medication 

with prolonged duration of absorption; 

bioavailability study may thus provide misleading 

infomtion if the Auc to infinity is extrapolated with a 

rate constant calculated from the sustained-release dose, 

since absorption may be continuing. 

mnitoring in such cases should be carried out mll beyond 

the product's absorption phase. 

substantial intra-subject variation in elimination, there is 

a risk also in using the elimination rate constant fran the 

imnediate release reference product. 

avoids these canplications and offers the mst convenient 

and best assessment of bioavailability for a 

sustained-release product. 

A single-dose 

Ideally, drug level 

Since theophylline has a 

A multiple dose design 

Figure 3 shows the mxin serum concentration-tim3 

profile for theophylline in 20 pediatric patients, after 
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1384 GONZALEZ AND GOLUB 

FIGURE 3 

&an serum theophylline concentrations for 20 pediatric 
astlrmatic patients (+ S.E.M.) dosed every 12 hours with 
n-Leo-Ixlr tablets. (Reprinted with permission fran Reference 
7)  

dosing every 12 hr with Theo-Dur '. 
samples were drawn over 24 hours thus characterizing two 

doses at steady state. 

In this study, blood 

The stability of the serum 

concentrations with twice-a4ay dosing suggested the 

usefulness of this product in pediatric therzm. Y'hhc?se 

patients, haever, were old enough to be able to swallow 

tablets. 

difficulty in swallowing intact tablets or capsules, such 

controlled-release preparations offer no advantages. 

For those pdiatric or geriatric patients who have 

Theo-~ur sprinkleTM was designed for those patients who 

experience difficulty in swallawing tablets or capsules. 
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THEO-DUR~ AND THEO-DUR  SPRINKLE^ 1385 

It is intended to be used sprinkled on soft food which can 

then be easily swallmed by a patient. To facilitate dose 

titration,the product is available in 50,75,125, and 200 mg 

strengths. 

patients to open the capsules without spilling of the 

contents. 

Sprinkle pellets taken shortly after dispersal in water. 

The pellets range in size fran 600 to 800 microns and as 

seen in Figure 4 are quite spherical in shape. They are 

It is packaged in oversized capsules to enable 

Figure 4 is a photanicrograph of "heO-Dur 

FIGURE 4 

Photanicrograph of Theo-Dur Sprinkle Pellets taken 
imnediately after dispersal in water. 
pellets range frcm 600-800 microns. 

The size of the 
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1386 GONZALEZ AND GOLUB 

prepared using a fluidized bed coating technique which 

allm the active drug to be coated onto sucrose crystals. 

The polymr coating which controls the release of 

theophylline is sprayed on after the active drug layer has 

been applied. 

The theaphylline release characteristics of this 

prcduct e r e  detennined by dissolution testing through an 

appratus designed by Key's Wthods Llevelcpmnt Laboratory 

and is based on a previously reported method . !LIE 

mthod utilizes the rotating paddle dissolution apparatus as 

described in the U.S.P. XX. 

msdified to avoid prcblems normally encountered w i t h  

pelletized or mic?rcencapsulated formulations, such as 

floating of the pellets on the surface of the dissolution 

media and adhesion of the pellets to the walls of the flask 

or shaft of the paddle. 

mesh basket is suspended in sirdated intestinal fluid, and 

the pellets are placed inside the basket. 

of the fluid is performed to obtain a d a t i v e  percent 

dissolved-tk profile. Figure 5 is a diagram of the 

apparatus usecl in these studies while Table 1 lists a 

typical dissolution profile for a lot of Theo-Ixlr Sprinkle. 

8 

The USP Mew, however, was 

A stationary stainless steel, 40 

serial sampling 

Linear regression of the data gave a correlation 

coefficient of 0.994 indicating that the product released 

theophylline with apparent zero order kinetics. The slope 
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n 

Standard Baskat 
A r D H c ~ i b e d  - 
in USA XX. 

1387 

Pkxlglau covsr 
Plate 

standard MuokrtbM 
v0sselarDescribed 
hr U I R  XX. 

Hanm Rotating Paddle 

Diagram of the Fixed Basket 
Dissolution Apparatus 

FIGURE 5 

Dissolution apparatus used for testing the release rate of 
theophyllhe f m n  Theo-Dur Sprinkle. 

Table 1 

Dissolution Profile for lot F 

r2 = 0.988 
m = 0.129 
b = 0.017 

Mean currailative 
E’raction Dissolved (n=6) 

0.0 
0.122 
0.273 
0.589 
0.841 
0.990 
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1388 GONZALEZ AND GOLUB 

of the dissolution profile served as a quantitative measure 

of the dissolution rates. 

established by testing products with different levels of 

coating and damnstrating that dissolution was faster with 

less coating. 

The validity of the mthod was 

Studies to evaluate the bioavailability of different 

formulations were conducted at the University of Tennessee 

in collaboration with Arthur Straughn, Pharm.D. A typical 

pilot study consisted of a two way crossover canparing 

500 xrg of an hmdiate release standard to 500 or 600 q of 

Theo-Dur Sprinkle. 

product was sprinkled onto a tablespoonful of applesauce 

which fasting subjects swallmed with water. 

sampling was carried out for at least 30 hours, and serum 

concentrations were assayed in duplicate using the 

procedure. 

illustrated in Figure 6. 

the mean serum concentration tim curves, Iat F of Theo-Dur 

Sprinkle had a 1-r rmximum concentration and a larger tire 

to peak, both of which are characteristics of a prolonged 

tim for absorption. 

kinetics of this product, the serum profiles w e  

transformed using a Wfication of the Wagner-Nelson 

Equation . 

The dose of the controlled-release 

Serial blood 

The results of a bioavailability study are 

As m y  be seen frm the plot of 

Tb best evaluate the absorption 

9 
The Wagner-Nelson equation may be written as 
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T H E O - D ~  AND THEO-DUR  SPRINKLE^ 1389 

a 
0 

+ 
0 5 10 15 20 25 30 

t (HOURS) 

FIGURE 6 

Serum concentration-tk profile for Theo-Dur Sprinkle 
(asterisks) and an inmAiate release reference tablet 
(circles) obtained in a typical bioavailability study. 
points are mean concentrations obtained in six subjects. 

The 

where At is the munt of drug absorbed a t  I3.m t; V is 

the v o l ~  of distribution; Ct is the serum concentration 

a t  tinu3 t, and 8 is the apparent first order rate constant of 

elimination. when t = m ,  4. 1 s iq l i f i e s  t o  

0%. 2 )  
A - = BCm C d t  
V 

If 4. 1 is then divided by 4. 2 the following results 

The ratio of At/Am is s h p l y  the fraction of the dose absorbed 

a t  t k t ~  t, Ft, and 4. 3 m y  be rewritten as 
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1390 GONZALEZ AND GOLUB 

t 

Ct/8 + /" C d t  
W (%I. 4)  0 F =  

t 1 C d t  
0 

Using 4. 4 the data in Figwe 6 was transfomed into a 

mdified Wagner-Nelson plot; t h i s  may be seen in Figure 7. 

The data has been fi t ted by linear regression and it is 

w e n t  that the drug is being released a t  a fairly 

constant rate for 8-10 hours. 

Since both the dissolution and in vim data =re 

plotted as a cumlative fraction of the dose-time profile, it 

was rather straight-forward to arrive a t  an i n  vitro/in vim 

axrelation. 

certain tim point was plotted against the cumulative fraction 

absorbed in vim a t  the s a m  I5.m point. 

that a linear relationship exists between the fraction dissolved 

The d a t i v e  fractim dissolved i n  vitro a t  a 

Figure 8 demnstrates 

1 

.8 

.6 

.4 

.2 

0 

t(HOURS) 

FX ABSORBED: CODE LOT F 

FIGURE 7 

W f i e d  V&gner-Nelsan plot prepred fran the data in Figure 6. 

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.
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X 
LL 

1 

.8 

.6 

.4 

.2 

0 

LR-PLOT r 
,..--b 

.2 .4 .6 .8 1 

FX DISSOLVED 
(FD) vs (FA): CODE LOT F 

FIGURE 8 

In vitro/In vivo correlation plot for The0-W Sprinkle 
prepard from the data in Table 1 and Figure 7. 

and fraction absorbed, r2 = 0.9974. A similar relationship 

has previously been demonstrated by Levy et  al. for aspirin 

Once an in  vitro/in v i m  correlation is established, it is 

10 . 

possible to rnodify fomla t ions  and mnitor them solely with 

dissolution studies. This greatly reduces the needs for  

costly and tirrre cansunning bicavailability trials. 

In previous studies w i t h  Tko-Dur tablets, an equation 

was  derived which could be used to predict single dose serm 

concentration-tirrre profiles from in vi t ro  data  his 

relationship could be used additionally to predict steady- 

state serum concentrations from single dose studies 

The tquation is derived froan the rnodified Wagner-Mlson 

Quation, 4. 4. 

following equation results 

11,12 

Ekpandhg 4. 4 and solving for Ct, the 
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1392 GONZALEZ AND GOLUB 

(4.5) t Ct = Ft B im C dt - B i  C dt 

The integral fran 0 to tire t can be defined in terms of the 

trapezoidal rule as follows in 4. 6. 

Ct = B CFt JoD C dt - (Ct + Ct-l) - Jt-l C dtl (4.6) 
0 2 0 

Where At is the time interval frcan the previous t b  pint, 

t-1, to tirrre t; Ct-l and Ct are the respective 

concentrations used to calculate the A X  for the tire 

interval. 

prior to that obtained at time t. 

“he intqral frm 0 to t-1 represents the area 

Rearranging 3. 6 yields 
m 

Ct + BAt Ct + Ct-l = B Ft { C dt 
2 2 

4. 7 can be further sirrplified to 

Ct (@+ 1) = B Ft JmC dt - f3Jt-l C 
0 0 

2 

The final relationship is obtained by 

c =  t 

p-1 Ft Jm C dt - C dt - 5 Ct-l 0 0 

At 1 
2+ 3 

- BJt-’ 0 C dt (Q. 7) 

d t  - Ct-1 (Q. 8) 
2 

solving for Ct 

(4. 9) 

The Ft values cbtained through 4 . 4  can then be used 

in 4. 9 to generate Ct values at any tire. 
dose data can be used to project steady-state serum cuzves 

and predict the results of a multiple dose study. Table 2 

illustrates the similarity of projected serum concentrations 

Thus single D
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THEO-DUR~ AND THEO-DUR  SPRINKLE^ 1393 

Table 2 

Serum Theophylline Concentrations obtained af te r  dosing with 
Theo-Dur Sprinkle every 12 hours for 5 doses and by 
projection with Eguation 9 

t i m , h r  

48 
49 
50 
52 
54 
56 
60 

6.2 
6.6 
6.2 
6.8 
7.0 
6.8 
5.4 

FIGURE 9 

5.8 
5.8 
5.5 
6.2 
7.3 
7.3 
5.8 

Photanicrograph of Theo-Dur Sprinkle a f te r  theophylline has 
begun t-o dissolve and diffuse through the polymer coating of 
the microspheres. 
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FI- 10 

GONZALEZ AND GOLUB 

Photanicrograph of Theo-Dur Sprinkle a f t e r  theophylline has 
canpletely diffused out of the microspheres. The dark spot 
on the pellet shows soane tkophylline remaining to  dissolve. 

a t  steady state versus the results obtained after a multiple 

dose study with Theo-Dur Sprinkle. 

By altering the B in 4. 9, this relationship can be 

used to predict the results of multiple dose studies in 

populations w i t h  different rate constants of elimination for 

theophylline. 

Theo-Dur data obtained in adults to project steady state 

senxn concentrations in children . 

4uat ion  9 has been used successfully with 

12 
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THEO-DUR~ AND THEO-DUR S P R I N I U E ~  1395 

In closing, the following figures have been included to 

illustrate the dissolution of theophylline from Theo-Dur 

Sprinkle pellets. 

spherical nature of Theo-Dur Sprinkle, is a photmicmgraph 

taken imnediately after the pellets were added to water. 

Figure 9 shows the pellets after they have been hydrated and 

theophylline has started to dissolve. 

theophylline in the pellets is seen as clear areas. 

dissolution appears to be a randm process in that sane of 

the pellets in the center of the figure show little evidence 

of dissolution while other pellets have large gaps where the 

drug has dissolved and diffused through the polymer coating. 

Figure 10 illustrates what is seen after all the 

thecphylline has dissolved. 

devoid of theophylline with the exception of one which shows 

a dark spot where sane drug rains. 

majority of the spheres seen are q t y  polymer sacks 

floating in the liquid. 

Figure 4, which was used to illustrate the 

‘Ike absence of 

The 

The microspheres are totally 

At t h i s  stage the 
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