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sullnmuy 

Ultradol is a new, non-steroidal, anti-inflammatory drug under clinical investigation. Sustained-release (SR) formulations, ranging 

from 200 to 600 mg in strength, have been developed to improve patients convenience and subsequent compliance, when compared 
with twice daily (b.i.d.) administration of immediate-release capsules. In vitro dissolution testing and clinical bioavailability studies 

have been completed for the SR formulations. A pilot bioavailability study was conducted in order to evaluate the relationship 

between in vitro dissolution and absorption. The computer program NONLIN was used to model both in vitro drug release and in 
viva plasma concentration-time profiles. Based on the results of the pilot study and the kinetic modeling, optimum target in vitro 

release rates were identified. Dosage forms exhibiting these in vitro release profiles were evaluated in a bioavailability and dose 

proportionality study over the range of 200-600 mg daily doses. The SR formulations were b&equivalent to their respective 

immediate release doses and were dose-proportional. The in vivo performance was accurately predicted by in vitro dissolution data. 

Introduction 

Etodolac (Ultradol) is a new, non-steroidal, 
anti-inflammatory drug presently marketed inter- 
nationally and is the subject of a New Drug 
Application in the United States. Etodolac has 
been shown to be effective in the treatment of 
rheumatoid arthritis and osteoarthritis and in the 
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relief of moderately severe postsurgical pain (Jacob 
et al. (1985); Giglo and Campbell (1986)). Devel- 
opment of sustained-release (SR) formulations of 
etodolac, ranging from 200 to 600 mg in strength, 
was undertaken to facilitate patient convenience 
and thus improve patient compliance. SR formu- 
lations should provide equivalent extent of bio- 
availability as immediate release formulations 
when measured by area under the plasma etodolac 
concentration-time curves (AUC). 

data to define a correlation between the rate of in 
This paper describes the use of plasma etodolac 

vitro dissolution and bioavailability. Once estab- 
lished, this in vitro-in vivo correlation was used to 
set target in vitro release rates for two additional 
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strengths of the same formulation. The in vivo 
performance of these SR dosage forms was com- 
pared to equivalent daily doses of immediate re- 
lease Ultradol capsules in a steady state bioavaila- 
bility/dose proportionality study. 

Materials and Methods 

Dosage forms 
The etodolac reference solution and Uitradol 

immediate release capsules and SR tablets were 
manufactured by Ayerst Laboratories, Inc. Im- 
mediate release capsule formulations were used in 
the strengths of 100 and 200 mg. The SR tablet 
strengths were 200, 400 and 600 mg. The aqueous 
reference solution contained 25 mg of etodolac/ 
ml. 

Subjects 
A total of 51 adult male volunteers participated 

in two different studies. All subjects were in good 
health and physical condition. Their ages ranged 
from 18 to 35 years (mean 27 years). Their weights 
ranged from 58 to 86 kg (mean 71 kg) and their 
heights from 163 to 188 cm (mean 177 cm). All 
subjects gave their written consent after the study 
objectives and procedures had been explained to 
them. No abnormalities were found on medical 
examination, in the results of laboratory tests, 
electrocardiograms or chest x-rays. 

Study design 

study I 
A pilot study was conducted as a 3-period, 

cross-over, bioavailability study in 14 subjects. 
Subjects were assigned, in a random manner, to 
one of 3 groups. The sequence of dosing for these 
groups was in accordance with a 3 X 3 latin square 
design. Each subject was administered single 400 
mg oral doses of etodolac as experimental SR 
formulations, A or B, or the reference solution. 

Study II 
The bioav~labi~ty and dose proportionality of 

the chosen SR formulation from the first study 
were evaluated in a second study. This second 

study was conducted as a steady state, rando- 
mized, incomplete block in 37 volunteers. All 37 
subjects received a 400 mg daily dose of Ultradol 
as 200 mg immediate release capsules b.i.d. and as 
a single 400 mg SR tablet. Eighteen of the 37 
subjects received a 200 mg daily dose as 100 mg 
Ultradol capsules b.i.d. and as a single 200 mg SR 
tablet. The remaining 19 subjects received a 600 
mg daily dose as 300 mg Ultradol capsules (100 
plus 200 mg) b.i.d. and as a single 600 mg SR 
Ultradol tablet. All doses were administered for 3 
days. Steady state conditions were confirmed by 
comparison of the plasma etodolac concentration 
in the pre-dose blood samples on days 1-3. 

Drug administration 

The first dose in each period, for both studies, 
was administered following a 10 h fast. Subse- 
quent doses in the b.i.d. regimen were adminis- 
tered at 12 h after the initial dose. All doses were 
administered with 100 ml of water. Standard meals 
were served 2 h after the first dose and then again 
at 6 and 10 h, followed by a snack at 14 h. 

Blood sampling 

Blood samples were taken by venipuncture 
using 7 ml EDTA-treated, evacuated, blood sam- 
pling tubes. Samples were centrifuged in a 
refrigerated centrifuge (O-10” C) for 15 min at 
2500 rpm. The plasma was transferred to disposa- 
ble, polypropylene tubes, capped, and frozen until 
analysis. All samples were submitted to the 
laboratory personnel without identification of the 
dose administered. The code was broken after 
analysis was complete. 

Dissolution testing 

Dissolution of the SR tablets was performed in 
an aqueous medium using USP apparatus. Quanti- 
tation of etodolac in the dissolution medium was 
performed by UV at an absorbance reading of 278 
nm. 

Assay of etodoiac in plasma 
Plasma etodolac concentrations were deter- 

mined using two ~~-performance liquid chro- 
matographic (HPLC) methods. Samples from the 
pilot study were analyzed by the HPLC/UV 



123 

method of Cosyns et al. (1983) with a limit of 
quantitation of 0.2 pg/ml. Samples from the sec- 
ond study were analyzed using both the method of 
Cosyns et al. (1983) and a more sensitive HPLC/ 
fluorescence method with a limit of quantitation 
of 0.018 /rg/rnl. 

Both methods use the same extraction proce- 
dures. Specifically, the plasma was acidified with 1 
N HCl and extracted into 5 ml of 5 : 95 (V: v) 
isopentanol : hexane. Four ml of the hexane layer 
were removed and etodolac was back extracted 
into 1.0 ml of glycine buffer at pH 11.0. A 0.8 ml 
aliquot of the glycine buffer was acidified with 
0.02 ml of 2.5 M phosphoric acid and 0.05 ml was 
injected onto a C,, reverse phase HPLC column. 
The mobile phase in both cases was 32% (v/v) 
acetonitrile in 0.04 M potassium phosphate buffer. 
The UV method measured etodolac absorbance at 
226 nm. The fluorescence method used an excita- 
tion wavelength of 280 nm and an emission wave- 
length of 350 nm. 

For both methods, a matrix standard curve was 
run with each set of samples. For the fluorescence 
method, no internal standard was used. The mean 
recovery of the HPLC/fluorescence method was 
103.1% (range: 100.0% at 0.035 pg/ml to 109.1% 
at 0.018 pg/ml) over an etodolac concentration 
range of 0.018 pg/ml to 1.11 pg/ml. The preci- 
sion of the assay method as measured by the 
coefficient of variation (CV) ranged from 1.7% at 
0.444 pg/ml to 5.8% at 0.018 fig/ml. The mean 
CV over the entire range (0.018 to 1.11 pg/ml) 
was 7.2%. Plasma spiked with etodolac at varying 
concentrations was analyzed along with the un- 
known samples each day to ensure acceptable 
performance of the method. 

Data analysis 
The relative rate of absorption of etodolac from 

each of the formulations administered in the bio- 
availability and dose proportionality study was 
assessed from the peak plasma etodolac level 
(C,,) and the time at which it occurred (t,,, ). 
The relative extent of bioavailability from these 
formulations was estimated by determining the 
area under the plasma etodolac concentration- 
time curve (AUC) over the 24 h dosing interval 
using the trapezoidal method. The statistical sig- 

nificance of differences in the data was assessed 
using an analysis of variance (ANOVA) ap- 
propriate for the study design. The computer pro- 
gram, SAS (Statistical Analytical Systems), was 
used to calculate the various parameters and per- 
form the ANOVA. 

The plasma etodolac concentration-time 
curves, following administration of the etodolac 
solution in the pilot study, were plotted log-lin- 
early and feathered to define the pharmacokinetic 
model for etodolac and to obtain the initial micro- 
constant estimates for each subject. These initial 
estimates were used in a subroutine for NONLIN 
(Metzler et al., 1974) to determine the least squares 
estimates of the microconstants. The initial esti- 
mate for sampling compartment volume (V,) was 
determined from a previous study (Cayen et al., 
1981). The fraction absorbed (E) was assumed to 
be 82% based on urinary excretion data following 
an oral dose of “C-etodolac corrected for total 
14C recovered (Cayen et al., 1981). 

The apparent elimination half-life ( tl,2P) from 
plasma was calculated from the terminal log-linear 
portion of the plasma etodolac concentration-time 
curve (p phase). The apparent volume of distribu- 
tion during the /? phase (V&3) was calculated by: 

VOP = Cl/P 

Apparent oral clearance (C/) was calculated for 
each subject as the product of the apparent volume 
of the central compartment (VI) and the elimina- 
tion rate constant from the central compartment 

(k,,). 

In oitro-in oivo correlations 
Correlations between in vitro dissolution and 

bioavailability were studied for each experimental 
SR candidate from Study I (formulations A and 
B). Dissolution data were plotted as percent re- 
leased vs time. The first derivative of the dissolu- 
tion curve was calculated over each time interval 
measured. These first derivatives were used as 
sequential zero order input functions to the 
pharmacokinetic model for etodolac to simulate 
plasma etodolac profiles. These simulations were 
then compared to the plasma profiles measured 
after dosing with either SR formulation A or B. 
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Based on the results of these simulation com- 
parisons, target dissolution profiles were calcu- 
lated for the higher (600 mg) and lower (200 mg) 
strength SR dosage forms. Subsequent comparison 
of the simulated profiles and the measured plasma 
etodolac levels from Study II were also made. 

Results 

A Z-compartment, open model was found to 
adequately describe the pharmaco~netics of 
etodolac from a solution in man (Fig. 1). Absorp- 
tion into and elimination from the central com- 
partment (Compartment 1) were assumed to occur 
by first order processes (k, and k,,, respectively). 
The mean least squares estimates for the intercom- 
partmental rate constants, k,, and k,,, and other 
NONLIN fitted parameters for subjects receiving 
a 400 mg etodolac solution are presented in Table 
1. The model parameters for the disposition of 
etodolac in subjects receiving a 200 mg capsule in 
the bioavailabi~ty/dose proportionality study 
(Study II) are compared to those determined for 
the solution from the pilot study (Study I) in 
Table 1. Similar values for C1, t1,2/3, Vi, Vi,/?, 
k 21, k,, and k,, were determined in both studies. 
The apparent absorption rate constant of etodolac 
from the solution was approximately 10 times 
greater than from the immediate release capsules. 

Fig. 1. Two compartment open model for etodolac disposition. 

Elimination rate constant, k,,, and intercompartmental rate 

constants, k,, and k,,, are assumed to be first order. The 

apparent absorption rate constant, k,, for the solution = 12.7 

hh’, for the capsule =1.24 hb’ and for the SR tablets= a 
series of zero order inputs. 

The model parameter estimates were also de- 
termined when the model was constrained by a 
simultaneous fit of both the solution and capsule 
data (Table 1). The parameter estimates from the 
simultaneous fit indicate that the disposition of 
etodolac is consistent among different subject 
populations and is independent of the input. 

The mean dissolution data from the SR formu- 
lations A and B, expressed as the mean percent 
released at each time point, are presented in Table 
2. Rank order correlation between in vitro dissolu- 
tion, measured as the rate of release of etodolac 
from the dosage form over each of the 4-h inter- 
vals, and relative bioavailability, measured as 

*UC,SR,/AUC(,f) 1 was observed. The release rate 
of etodolac from formulation A was 6-30% slower 

TABLE 1 

Comparison of wrenn etadaictc disposition constants and kinetic parameter estimates from a solution, cm immediate &ease capsule and 
simu~ta~eo~ fit of both the s~iution and capsule data 

k,t, (h-r) 

kt, (h-l) 

k,, (h-l) 

v, (0 
k, (solution) (hh’) 

k, (capsule) (h-‘) 

tt/zB (h) 
CI (ml/h X kg) 

k’,, (f/kg) 

Values are mean ( f SD.) 

Pilot Study 

(n=14) 

(400 mg solution) 

0.406 ( + 0.128) 
0.446 ( f 0.293) 

0.347 (k0.239) 

7.02 ( rt 2.03) 

12.7 (rf: 11.2) 

5.97 (k1.70) 

36.3 ( f 7.36) 

0.31 (fO.lO) 

Bioav~labi~lity/dose 

proportionality study 
(n = 37) 

(200 mg capsule) 

0.391 (+ 0.188) 

0.696 ( f 0.353) 
0.276 (+ 0.222) 

6.28 (+ 2.73) 

1.24 (+ 0.711) 

8.38 (+ 3.84) 

38.5 (f 13.6) 

0.465 (+ 0.219) 

Simultaneous fit 

0.432 ( + 0.097) 

0.557 ( f 0.247) 

0.358 (+O.OSO) 

6.62 ( f 1.47) 

4.02 ( i 1.65) 

1.39 ( f 0.37) 

6.75 (f 1.52) 

42.2 ( f 4.96) 

0.41 (+ 0.05) 



TABLE 2 

Mean dissolution of etodolac from Ultradol SR tablets (n = 12) 

Time (h) Formulation A Formulation B 

S released % released 

0 0 0 
4 26 32 
8 45 53 

12 58 68 

14 64 73 

--t 400 rng Oral Solution 
0 400 n-q SR-A 

------ 400 mg SR-A (Simulation) 
0 400 mg SR-B 

--- 400 ma SR-B (SimulctionJ 

0 4 8 12 16 20 24 28 32 

Hours 

Fig. 2. Observed and simulated mean plasma etodolac con- 

centrations from 400 mg Ultradol SR tablets and a 400 mg 
Ultradol solution. The observed concentrations were from 
Study I and the simulated concentrations were generated from 

in vitro dissolution data. 

125 

than from formulation B consistent with the dif- 
ference in the relative bioavailabilities (78 and 
84%, respectively). 

Using the in vitro dissolution data and the 2 
compartment model, plasma etodolac levels were 
simulated for SR formulations A and B. In Fig. 2, 
the simulated plasma concentrations are com- 
pared with those measured in the pilot study. 
From the results of the pilot study, SR formula- 
tion B was chosen as an acceptable sustained 
release formulation of etodolac based on its AUC 
being 84% of the reference solution (Table 3). 

The mean results of the bioavailability/dose 
proportionality study (Study II) in which the 200, 
400 and 600 mg SR formulations were compared 
to equivalent immediate release doses, are shown 
in Fig. 3. For each strength, the SR formulation 
showed equivalent bioavailability to its reference 
dose (Table 4). Etodolac C,, and AUC values, 
whether from the SR formulation or the im- 
mediate release doses, were found to be linearly 
related to dose. When normalized to the 200 mg 
dose, no significant differences (P I 0.05) were 
observed between AUC or C,,,,, values (Table 4). 
Furthermore, for the immediate release capsules, 

the Lx values were not significantly different. 
Similarly, no significant differences were observed 
for the t,, values of the SR tablets. 

Simulated plasma etodolac concentration-time 
curves using the dissolution data as input into the 
2-compartment model for the 200,400 and 600 mg 
SR formulations are compared to the mean results 

TABLE 3 

Relative bioavailability of two 400 mg Ultradol SR formulations compared to a 400 mg solution 

Parameter 

c f S.E.M. @g/d) j,,Bx 
% of reference 

P 

t + S.E.M. (h) max 
% of reference 
P 

AUC (O-w) f S.E.M. 
(Pg x hr/ml) 

% of reference 
P 

Ultradol SR 
formulation A 

1.73 f 0.93 
20.9 

< 0.001 

9.3 * 1.1 
1597 
-C 0.001 

104 f 7.6 
78.3 
0.002 

Ultradol SR 

formulation B 

9.11 f 1.25 
24.7 

< 0.001 

7.0 f 0.66 
1179 
< 0.001 

111 f 7.4 
83.7 
0.005 

Ultradol 
oral solution 

36.8 * 3.02 
_ 

_ 

0.55 f 0.08 
_ 
_ 

133 + 7.7 
_ 
_ 
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3. Observed and simulated mean plasma etodolac con- 
centrations from 200 (A), 400 (B) and 600 (C) mg Ultradol as 
either SR tablets or immediate release capsules. The observed 
concentrations were from Study 11 and the simulated con- 

centrations were generated from in vitro dissolution data. 

from Study II in Fig. 3. Again, good correlation 
was observed between the simulated and the ob- 
served levels in each case. 

Discussion 

The etodolac disposition constants and kinetic 
parameters from Study I and II are remarkably 

close considering the two studies were carried out 
in different subjects. The slower apparent absorp- 
tion rate from the capsule compared to the solu- 
tion is consistent with the disintegration and dis- 
solution time required for solid dosage forms com- 
pared to solutions. While there appears to be a 
relatively large difference in values of k,, esti- 
mated from the solution and capsule, this dif- 
ference may reflect poor parameter estimation as 
indicated by the relative standard deviations for 
both values. This is somewhat supported by a 
similar problem with the k,, parameter estimates. 
The similarity in the parameter estimates de- 
termined by individual and simultaneous fits to 
the plasma data for the solution and capsule indi- 
cate that the input rates can be manipulated and 
provide very predictable plasma etodolac profiles. 

Values for t,,,P, CI and V,p are very similar 
to estimates previously reported by Cayen et al. 
(1981). In their work, the half-life was estimated 
to be 7 h compared to 6 and 8 h in the present 
studies and Cl was estimated at 40.8 ml/h x kg 
compared to 36.3 and 38.5 ml/hr X kg reported 
here. If Cl is calculated by non-compartmental 
methods i.e. F X dose/AUC, values of 34.7 and 
42.8 ml/h X kg are obtained for the solution and 
capsule, respectively. The lower value for Cl from 
the solution (34.7 ml/h x kg) may reflect more 
efficient systemic absorption than the value as- 
sumed here (0.82). If a value of 1.0 is assumed for 
F, as was done by Cayen et al. (1981), a CI value 
of 42.4 ml/h x kg is obtained. Their reported 
value for I’,/3 was 0.41 l/kg where values in the 
present studies ranged from 0.31 to 0.46 l/kg. 

Significantly (P < 0.05) lower C,, and later 
t max values were measured after the second daily 
administration of all doses (100, 200 and 100 plus 
200 mg) of the immediate release capsules (Fig. 3). 
This supports the observation previously reported 
by Kraml et al. (1984) who noted that the plasma 
etodolac levels at 12 h after the first dose of a 100 
mg b.i.d. administration were lower than 12 h 
after the second 100 mg dose. While it is tempting 
to suggest the etodolac pharmacokinetics may be 
subject to a diurnal effect, in both studies the 
fasting conditions were not maintained from the 
first to the second daily dose. The first daily dose 
was preceded by at least a IO h fast while a meal 
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TABLE 4 

Relative steady staie bioavailability and dose proportionality of Ultradol SR compared to equivalent daily dose of immediate-release 
Ultradol 

Parameters 

c f S.E.M. (c~g/ml) ,,,= 

I% of reference 
P 
c ratio max 

AUC (O-24) + S.E.M. 

(pg x h/d) 
4: of reference 
P 

AUC ratio 

t + S.E.M. (h) max 
% of reference 
P 

C,,,,/C,, f S.E.M. 

I of reference 
P 

100 b.i.d. mg 200 SR mg 200 b.i.d. mg 400mgSR 300 b.i.d. mg 600 SR mg 

7.34 f 0.50 4.58 f 0.46 14.5 f 0.71 7.47 + 0.36 20.8 1.53 f 11.9 1.08 f 

_ 62.4 _ 51.5 57.2 
-C 0.001 < 0.001 c: 0.001 

1.00 ** 1.00 * 1.98 ** 1.63 * 2.84 ** 2.59 * 

53.9 * 4.1 51.5 + 3.7 111 f 5.5 95.1 + 4.2 162 11.7 + 146 14.4 + 

95.6 85.4 90.0 
0.607 < 0.001 0.022 

1.00 ** 1.00 * 2.06 * * 1.85 * 3.01 ** 2.83 * 

1.5 + 0.2 7.2 f 0.7 1.3 f 0.1 7.9 f 0.5 1.7 f 0.3 7.8 f 0.7 
_ 480 _ 608 459 

-C 0.001 < 0.001 <. 0.001 

7.82 f 0.87 8.66 f 1.11 8.16 f 1.08 7.20 f 0.93 7.47 f 0.86 7.43 + 1.02 

111 88.2 99.5 
_ 0.627 0.423 0.939 

* Relative to 200 mg SR 

l * Relative to 100 mg b.i.d. 

was served 2 h before and a snack 2 h after the 
second dose. Since food has been demonstrated to 
lower the rate of absorption of etodolac in dogs, 
the possibility that the lower C,,,,, after the second 
daily dose was due to a difference in the fasting 
status of the subjects cannot be ruled out. 

Etodolac has been shown to be effective in 
relief from dental pain at single doses of 50 to 200 
mg, from rheumatoid arthritis over the range of 
100-600 mg/day and from osteoarthritis over the 
range of 100-600 mg/day (Pinalo, 1985). Kraml 
et al. (1984) reported the average plasma etodolac 
levels [AUC (0 - T)/T] from 100, 200 and 300 mg 
b.i.d. doses of the immediate release capsules were 
2.2, 4.6 and 6.8 pg/ml, respectively. Mean plasma 
etodolac levels from the 200, 400 and 600 mg 
Ultradol SR tablets, measured in the present study, 
were quite similar (2.1, 4.0 and 6.1 pg/ml, respec- 
tively) and are expected to provide equivalent 
therapeutic relief. A clinical study is ongoing to 
confirm the therapeutic equivalence of these SR 
formulations. 

Development of SR dosage forms can be sig- 
nificantly aided by the utilization of computer 
models that are specific for the drug and the 
formulation. However, the disposition kinetics of 
the drug must be able to be characterized in order 

to define the basic model and to evaluate the 
effect of varying input rate on plasma levels. For 
Ultradol SR, when the input function was esti- 
mated from the in vitro rate of dissolution over 
discrete time intervals, a direct correlation be- 
tween the dissolution profile and the relative bio- 
availability of the formulation was observed. Once 
established, the correlation between dissolution 
rate and bioavailability enabled accurate predict- 
ion of dosage form performance in vivo from in 
vitro dissolution profiles. Additional, such a corre- 
lation may be useful in establishing meaningful 
dissolution specifications and limits for sustained 
release dosage forms. 

The present studies indicate that Ultradol SR is 
as equally bioavailable as the immediate release 
Ultradol capsules administered b.i.d. and is dose- 
proportional over the range of 200 to 600 mg. 
Further, the bioavailability of Ultradol SR could 
be accurately predicted from in vitro dissolution. 
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