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Abstract The oral bioavailability of liquid-filled theophylline capsules 
relative to a nonalcoholic aminophylline solution was determined in 
normal volunteers. In addition, theophylline absorption and elimination 
kinetics were reexamined. There were no statistically significant differ- 
ences between the bioavailability of capsules and liquid as measured by 
the area under the curve (AUC) from time 0 - m ( p  > 0.05). The bio- 
availability parameters of C&,, t,,,, and AUC were determined from 
actual serum theophylline concentration-time data and from a nonlinear 
least-squares fit of the serum concentration-time data. Theophylline 
absorption from the capsules was noticeably faster than from the liquid 
in most subjects, although the differences in absorption rates were not 
significantly different ( p  > 0.05). The determined apparent volume of 
distribution, elimination half-life, and plasma clearance of theophylline 
were similar to values reported by other investigators. Marked inter- and 
intraindividual variations in the elimination half-life were noted. 
Keyphrases Theophylline-oral dosage forms, pharmacokinetics, 
bioavailability, capsule compared to liquid Muscle relaxants (smooth 
muscle)-theophylline, oral dosage forms, pharmacokinetics, bioavail- 
ability, capsule compared to liquid Bioavailability-theophylline, 
various oral dosage forms 

~~~~~ 

The clinical importance of satisfactory oral theophylline 
bioavailability is well recognized in the scientific and 
medical communities. Bioavailability problems, particu- 
larly with tablets and capsules, are thought to  be related 
primarily to the dosage form formulation and not to 
physiological factors that influence absorption (1). 

Although reported bioavailability studies of various 
theophylline oral dosage forms have demonstrated satis- 
factory bioavailability, all commercial oral theophylline 
dosage forms may not have equally satisfactory bioavail- 
ability (2,3). It is important to evaluate the bioavailability 
of each theophylline formulation to confirm that formu- 
lation factors do not affect in uiuo absorption. 

One major goal of this investigation was to evaluate the 
relative bioavailability of liquid-filled oral theophylline 
capsules' in a random, crossover study. The rationale was 

* Somophyllin capsules, lots 02977 and 07677, Fisons Corp., Bedford, Mass. 

to determine if any formulation factors associated with 
liquid-filled capsules might affect theophylline bioavail- 
ability when compared to the bioavailability from a 
nonalcoholic, rapidly absorbed aminophylline oral liquid2. 
Another major goal was to examine the absorption and 
elimination kinetics of theophylline when administered 
as a liquid-filled capsule or as a liquid. 

EXPERIMENTAL 

Subjects-Seven male and seven female subjects, 21-40 years old, were 
selected with the approval of the Institutional Human Subjects Review 
Committee. Valid written informed consent was obtained from each 
subject prior to entrance into the study. The body weight (mean f SD, 
67 & 12 kg) of the volunteers was within 10% of normal limits for their 
height and build (4). 

All subjects were determined to be in good physical health, with no 
history of alcoholism or cardiovascular disease. They were judged to be 
medically sound based on a medical history, physical examination, vital 
signs, ECG, and the usual battery of blood and urine clinical chemistry 
tests. All subjects were nonsmokers and, had not smoked regularly a t  any 
time within the last 3 years. 

All subjects were instructed to refrain from any medication for a t  least 
7 days prior to the study and to abstain from alcohol and xanthine-con- 
taining foods or beverages for 24 hr prior to dosing. All volunteers were 
fasted, with the exception of water, for 12 hr prior to dosing, and the 
fasting was continued for 4 hr after dosing. A modest meal, low in car- 
bohydrates and fat, was served at  4 hr, and a light dinner, likewise low 
in fat and carbohydrates, was served at  8 hr after dosing. 

Drug Administration and Blood Sampling-On each study day, 
an oral dose equivalent to 300 mg of anhydrous theophylline was ran- 
domly administered either as liquid-filled capsules or as a nonalcoholic 
aminophylline solution. Previous analysis for potency showed the cap- 
sules to contain 98% of the label claim. The study days were separated 
by a washout period of 7 days, after which the subjects took the alternate 
formulation. On each study day, the subjects were administered the 
medication with 240 ml of water a t  approximately 800 am. 

Predose blood samples (1 ml) were obtained immediately before dosing 
via an indwelling catheter in the forearm vein. After dosing with the 
capsules, blood samples were collected at  0.25,0.5,0.75, 1,1.5,2,3,4,5,  
6,7,8,10,12,16, and 24 hr. After dosing with the liquid, blood samples 

* Somophyllin oral liquid, lot 02287, Fisons Corp., Bedford, Mass. 
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were collected at  5,10,15,20,25,30,40, and 50 min and at 1,1.6,2,3,4, 
5,6,7,8,10,12,16, and 24 hr. Some of the later blood samples were drawn 
by venipuncture after removal of the indwelling catheter. Serums were 
separated from coagulated blood samples and frozen at  -2OO until as- 
sayed for theophylline. During each study period, blood pressure and 
pulse and respiratory rates were recorded at regular intervals. Any side 
effects were noted. 

Theophylline Assay-Serum theophylline determinations were made 
by high-pressure liquid chromatography (HPLC) as follows. Serum, 200 
pl, was treated with an equal volume of acetonitrile containing the in- 
ternal standard, b-hydroxyethyltheophylline, to precipitate serum 
proteins. After centrifugation, a 20-pl sample of the supernate was in- 
jected immediately on a microparticulate reversed-phase column3. The 
column was used with a septumless injectorq, a solvent delivery system 
consisting of a dual-piston pump6, and a fixed-wavelength UV absorbance 
detector6 equipped with a 280-nm filter. The eluting solvent was 7% ac- 
etonitrile in a 0.01 M acetate buffer adjusted to pH 4. The flow rate 
through the column was 2 ml/min. The sensitivity for 0.005 aufs was 0.5 
pg/ml of serum. 

The coefficient of variation for intra- and interday analyses of duplicate 
serum theophylline controls was negligible (<%). This method is specific 
for theophylline. Theophylline recovery was virtually 100% from spiked 
serum samples, and a plot of peak height ratio (theophylline/internal 
standard) as a function of theophylline concentration was linear up to 
40 pg/ml. During the study, the analyst was unaware of the treatment 
regimen. 

Pharmacokinetic AnalysigSerum theophylline concentrations 
(mean f SE)  were tabulated at  each sampling time and plotted as a 
function of time on Cartesian coordinates. Individual serum data for each 
subject after each dose were fitted graphically to obtain initial estimates 
and by nonlinear least-squares regression analysis to a one-compartment 
pharmacokinetic model defined by: 

(Eq. 1) 

where C is the theophylline concentration at any time, t ,  after dosing; 
F is the fraction of dose, D, absorbed; vd is the apparent volume of dis: 
tribution; and K,, an4 KE are the apparent first-order rate constants of 
absorption and elimination, respectively. In some cases, a lag time, to,  
had to be introduced into Eq. 1 to obtain an optimal fit. 

Nonlinear regression analysis was performed on a digital computer7 
using the NONLIN program (5). From computer analysis, values for K,,, 
absorption half-life ( t  I/~+,IJ, KE. and elimination half-life ( t  1/2.ciim) were 
obtained. Additional pharmacokinetic parameters were calculated as: 

where Cl is plasma clearance, A U C h ,  is the area under the actual serum 
theophylline concentration-time curve from zero to infinity, B W is the 
individual body weight in kilograms, and F is assumed to be 1, a n d  

where vd and K E  are as defined for Eq. 1. 
The area under the individual serum concentration-time curve from 

zero to infinity was determined by the trapezoidal rule. When the last 
data point was >0.5 pg/ml, the area from the last data point to infinity 
was calculated as the quotient of the last data point and the overall 
elimination rate constant, KE. The AUCo-.. also was calculated from 
computer-fit parameters as described in: 

where (FD/Vd)[K,,/(K, - KE)] was the intercept of the best computer 
fit of the individual data. 

The other bioavailability parameters, time of maximum serum theo- 
phylline concentration (tmJ and maximum serum theophylline con- 
centration (Cmm), were obtained directly from the actual serum assay 
values and from the nonlinear least-squares fit. 

The relative bioavailability, Frel, of the liquid-filled theophylline 
capsules was calculated using the AUCo-., values corrected for intrain- 

9 Bonda ak CIS, Waters AFociates, Milford, Mass. 
4 hodel &K, Waters Associa.tes, Milford, Mass. 
5 Model 6000A, Waters Associates, Milford, Mass. 
6 Model 440, Waters Associates, Milford, Mass. 
7 Prime Computer Co., Framiegham, Mass. 
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Figure 1-Mean serum theophylline levels in 14 subjects after a W - m g  
oral theophylline dose. Key: 0, capsules; and 0, liquid. 

dividual variation in the elimination rate: 

(Eq. 5) 
( A U C h . . ,  capsule)(Ks, capsule) 

( A U C e - ,  liquid)(KE, liquid) FreI = 

Statistical A n a l y s i g A  two-way analysis of variance for a randomized 
complete block experimental design was performed on the bioavailability 
parameters calculated from the actual assay values ( A U C e - ,  t,,, and 
Cma) obtained for each dosage form to determine the significance of 
differences between the capsules and liquid. A paired t -test of the other 
pharmacokinetic parameters determined if there were any significant 
differences in the mean values after administration of a capsule or 
liquid. 

RESULTS AND DISCUSSION 

The mean &SE) serum theophylline levels in 14 subjects as a function 
of time after administration of 300 mg of theophylline either as a liq- 
uid-filled oral capsule or as an oral liquid are illustrated in Fig. 1. As ex- 
pected, individual serum theophylline concentrations at each sampling 
time varied, but the curves of mean serum theophylline levels in Fig. 1 
show that the two dosage forms produced serum levels over time that were 
essentially the same. Semilogarithmic plots of mean serum theophylline 
concentrations versus time revealed a monoexponential decrease in ob- 
served serum levels after the peak with no significant distribution phase, 
indicating that a one-compartment open model is appropriate for eval- 
uating the pharmacokinetics of these data. The correlation coefficients 
observed for individual serum level data fitted to the one-compartment 
open model were 20.95 in all cases. 

The bioavailability parameters, i.e., the area under the serum level- 
time curve (AUCo-...), the maximum serum level (Cmax), and the time 
to maximum serum level (tma), are listed in Table I. The parameters were 
obtained from both the experimentally observed serum theophylline 
levels and the computer-generated, one-compartment fits of the indi- 
vidual data. The AUC values for both the capsules and the liquid, when 
corrected for intraindividual variation in elimination, were not signifi- 
cantly different 0, > 0.05). The mean (fSE) relative bioavailability (F,I) 
of the oral theophylline capsules was 1.01 f 0.06 (Table I) with a range 
of 0.70-1.56. With paired individual data, the F,,I was larger for the 
capsules in six of the 14 subjects. The difference in bioavailability between 
the formulations was not significant (p > 0.05). A previous study showed 
that the absolute bioavailability of the oral aminophylline liquid used 
as a reference dosage form in this study was Thus, the absolute 
bioavailability of the oral theophylline capsules probably approximates 
100%. 

The oral liquid was absorbed rapidly, as noted from the mean (fSE) 
t- value of 1.24 * 0.3 hr (range of 0.25-4.0 hr). The oral capsules ap- 
peared to have rapid and complete dissolution in uiuo, as indicated from 
the mean (AS%) tmm value of 0.98 f 0.3 hr (range of 0.25-5.0 hr). Al- 

8 Data on file, Fisons Corp., Bedford, Mass. 
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Table I-Bioavailability Parameter Values (Mean f SE) for 
Theophylline after Oral Administration of a 300-mg Dose to 14 
Subjects 

Formulation Statistical 
Parameter Liquid Capsule Significance 

AUCa, pg hr/ml 
Observedb 98.0 f 6.4 104 f 8.3 NS ( p  > 0.05) 
Calculatedc 95.0 f 6.4 118 f 11.0 

Cm,, pdml 
Observed 11.5 f 0.7 15.1 f 1.2 Significant 
Calculated 10.3 f 0.6 11.5 f 0.7 (I) < 0.05) 

tmam hr 
Observed 1.24 f 0.3 0.98 f 0.30 NS ( p  > 0.05) 
Calculated 1.20 f 0.2 0.92 f 0.20 

- 1.01 f 0.06 NS ( p  > 0.05) 
Frd 

Observed 
Calculated - 1.09 f 0.04 

0 From zero to infinity. * Based on actual aasa values in sefum. c Based on 
computer fit of data to one-compartment model. JCorrected for intraindividual 
variation in elimination. 

though the tmaX observed after capsule administration occurred earlier 
in time, the differences were not significant ( p  > 0.05). Intersubject 
variability in theophylline absorption was estimated using the coefficients 
of variation (standard deviation X 100/mean) of the bioavailability pa- 
rameters of both dosage forms, and the tmax values showed the greatest 
variation. 

The mean tmax observed iq this study for the oral liquid was similar 
to the mean t,, reported (1) for a hydroalcoholic theophylline solution 
(1.4 hr, SE = 0.03) administered to 10 patients and similar to the mean 
t ,  reported (3) for a similar solution administered to 12 subjects (1.208, 
SD = 0.620). The ranges and variability oft,, in the earlier studies were 
essentially the same as those observed in the present investigation. By 
contrast, the mean t,, observed in the oral capsule study (0.98 f 0.3 hr) 
was earlier than the mean tmru reported (1,3) for oral, compressed tablets 
(2.0 f 0.9 and 1.458 f 0.542, respectively), although greater intrapatient 
variability was observed in this study. The rapid absorption from the oral 
capsules may be related to the absence of the disintegration step char- 
acteristic of oral tablets or to the suspending medium within the oral 
capsule. Indeed, Lindenbaum (6) reported that digoxin bioavailability 
from a liquid concentrate contained in a soft gelatin capsule was better 
than the bioavailability of a nonalcoholic digoxin solution or tablet, al- 
though this result has not been found consistently (7). 

The measured mean C,, after capsule administration was 15.1 f 1.2 
pg/ml. This Cm, was significantly different (p < 0.05) from the measured 
mean C,, of 11.5 f 0.7 pg/ml for the oral liquid. The higher C,, of the 
capsules is consistent with the shorter tmax and faster K ,  (Table 11) ob- 
served for this formulation. 

The values for theophylline absorption, distribution, and elimination 
calculated for the capsules and liquid are listed in Table 11. The mean 
(fSE) K,  for the capsule (13.98 f 3.1) was significantly different ( p  
< 0.05) from the mean (fSE) K, (5.22 f 1.18) for the liquid, although 
the corresponding mean tabs-l/2 (fSE) values for the capsules (0.18 f 
0.06) and liquid (0.27 f 0.07) were not significantly different (p > 0.05). 
The absorption lag times ( to) were averaged for the capsule and liquid 
formulations. The difference between the mean lag times was significant 
(p < 0.05), with the capsule to equal to 0.143 f 0.038 (fSE) and the liquid 
equal to 0.047 f 0.017. The faster K, after the capsule accounted for the 
higher Cmax and shorter tmax observed for the formulation. 

Theophylline elimination kinetics after capsule and liquid adminis- 
tration were essentially the same. The K E  for the capsule was 0.11 f 0.01 
W E ) ,  and the corresponding t l / z  was 6.98 f 0.61 (*SIC). The K E  and 
the t1/2 for the liquid were 0.12 f 0.01 (fSE) and6.19 f 0.31,respectivety, 
and there were no significant differences ( p  > 0.05) between the formu- 
lations in either K E  or t1 /2.  These elimination parameters are in agree- 
ment with those reported for theophylline by other investigators (8). 
Some researchers have reported significant intrapatient variability in 
K E  and t 1 / 2  after single doses, with both short and long time intervals 
separating the individual doses. In this study, intrapatient variability 
in K E  and t l l z  also was noted. For example, nine subjects exhibited an 
increase in tl /z and five subjects had a decrease in t1/2 from one study 
period to the next. The mean percentage difference in t l i z  was 26% (range 

By contrast, there was very little intrapatient variability in Vd. After 
the capsule, the mean v d  was 0.38 f 0.01 (ISE); after the liquid, the 
mean v d  was 0.42 f 0.02 (ASE).  These values are within the range of 

of -30-+54%). 

Table 11-Pharmacokinetic Parameters (Mean f SE) for 
Theophylline after Oral Administration of a 300-mg Dose to 14 
Subjects 

Formulation Statistical 
Parameter Liquid Capsule Significance 

K,, hr-l 5.22 f 1.18 13.98 f 3.10 Significant 
(LI < 0.05) 

t 1/2-atm hr 0.27 f 0.07 0.18 f 0.1.6 NS (p > 0.05) 
to, hra 0.047 f 0.017 0.143 f 0.038 Significant 

(p < 0.05) 
KE,  hr-l 0.12 f 0.01 0.11 f 0.01 NS ( p  > 0.05) 

6.19 f 0.31 6.98 f 0.61 NS ( p  > 0.05) 
0.38 f 0.01 NS (p > 0.05) v d ,  literskg 0.42 f 0.02 

ClB, ml/min/kg 0.84 f 0.06 0.70 f 0.07 NS ( p  > 0.05) 

t 1/2-elim, hr 

~ 

4 Where t o  is equal to absorption lag time. 

mean values expected for the subject population in this study (9). The 
difference in v d  between formulations was not significant ( p  > 0.05). 

Theophylline clearance was not significantly different after the capsule 
or liquid (p > 0.05). However, the mean clearance after the liquid was 
0.84 f 0.06 ml/min/kg ( I S E ) ,  slightly faster than, but not significantly 
different from, the mean clearance of 0.70 f 0.07 ml/min/kg (fSE) found 
for the capsule. The difference between the mean clearance values was 
not unexpected and was primarily related to the intrapatient variability 
in K E  and/or t 1 / 2  and not in vd. The mean clearance values were similar 
to and within the range of values reported elsewhere (10,ll). 

No significant side effects were reported during the study. Palpitations 
and mild headaches occurred in two subjects and coincided with peak 
serum theophylline concentrations. Vital signs were not altered during 
the study. 

SUMMARY 

Liquid-filled, soft gelatin theophylline capsules are unique among the 
large number of theophylline dosage forms. Solid oral theophylliie dosage 
forms are thought to have many practical advantages over theophylline 
solutions. For example, the capsules evaluated in this study effectively 
masked the bitter theophylline taste. In addition, liquid-filled capsules 
may improve GI tract tolerance of the sometimes irritating theophyl- 
line. 

The capsules evaluated appear to be a solid dosage form with rapid 
dissolution in oiuo. They produce serum theophylline concentrations 
comparable to an oral theophyuine liquid, and the relative bioavailability 
is the same as the oral liquid. Thus, in practice, these capsules would act 
as a reliable dosage form for oral theophylline administration. 
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