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ABSTRACT

The main aims of the present study were to establish an in vitrofin vivo correla-
tion for multiple-unit capsules of paracetamol by means of statistical prediction
models and to investigate the effect of a number of in vitro variables on the dis-
cussion rate of paracetamol from the formulation. A fractional factorial screen-
ing design was used to investigate the effects of the variables agitation, pH, os-
molality, viscosity, and the presence of bile salt on the dissolution rate of
paracetamol. The effects were evaluated in two separate partial least-squares
models, in which the responses were expressed as the cumulative percentage of
paracetamol dissolved at specified time-points {model I) and as the shape (B) and
scale () parameters according to the Weibull function (model II).

It was concluded that agitation and viscosity had significant effects on the dis-
solution rate of paracetamol. Statistical models based on the responses from models
I and II were then used to predict the in vitro conditions most closely correlated
with the in vitro dissolution of paracetamol after administration of the formula-
tion to 10 healthy volunteers. The predicted optimal in vitro conditions were similar
for the rtwo models and not too far from what is expected from the gastrointesti-
nal tract. The experimental verification of the in vitro conditions showed that both

*To whom correspondence should be addressed. Fax: +46 8 553 28836. e-mail: rana.aloul@pain.se.astra.com
371

Copyright © 1998 by Marcel Dekker, Inc.

RIGHTS

i,



Drug Development and Industrial Pharmacy Downloaded from informahealthcare.com by Xavier University on 01/30/12

For personal use only.

372

Abuzarur-Aloul et al.

models were equally good, and contributed to high degrees of correlation with the
in vivo dissolution behavior of the formulation during 9 hr. The relationships
obtained when plotting the percentage dissolved in vitro versus in vivo werey =
LIx (* = 0.98) andy = 1.1x (t? = 0.94) for models I and II, respectively. Based
on these results, it is difficult to state a preference for one of the models. Finally,
the use of statistical prediction models to develop critical in vitro tests is a suc-
cessful approach in the establishment of associations between dissolution behav-
ior in vitro and in vivo for oral extended-release systems.

INTRODUCTION

The nonsalicylate analgesic and antipyretic drug
paracetamol (acetaminophen) has been successfully used
for many years. It has, however, been suggested that a

better therapeutic effect might be achieved in some cases

by prolonging the efficacy of each dose of paracetamol
by administering it as an extended-release (ER) formu-
lation (1-4). Such a system would enable a reduced
dosing frequency and maintain a stable therapeutic ef-
fect for an extended period.

The rate and extent of absorption of paracetamol are
controlled by the dissolution and intestinal permeation
of the pure drug, both of which are known to be rapid
and complete following oral administration of conven-
tional rapidly dissolving formulations (5-7). The appli-
cation of an ER technique, however, will intentionally
influence the dissolution behavior and be a critical fac-
tor for the absorption and the therapeutic effect. The
clinical rationale of an ER formulation of paracetamol
has thus to be investigated only when there is a system
available which takes full account of the specific physi-
cal, chemical, and pharmacokinetic properties of para-
cetamol (Table 1).

In a previous study in healthy volunteers we have
shown that the rate and extent of absorption are con-
trolled by the release rate from experimental multiple-
unit formulations of pure paracetamol cores with mem-
brane-controlled dissolution (8). The peak plasma
concentration time and the area under the plasma con-
centration versus time curve were prolonged and re-

duced, respectively, when the in vitro dissolution rate
from the formulations was decreased. The same rank-
ing was obtained for three different formulations when
the dissolution rate in vitro or in vivo was considered.
Consequently, the use of an ER-coating technique on
pure paracetamol cores seems to be a promising ap-
proach.

To ensure batch-to-batch bioequivalence of a
paracetamol ER product, it is necessary to use a control
method, before it is released onto the market, which has
been shown to produce in vitro data that are quantita-
tively associated with the dissolution rate in vivo. Be-
fore such a correlation can be found, both the dissolu-
tion technique and the composition of the dissolution
liquid have to be characterized. We have shown that
statistically designed experiments are highly capable of
making such characterizations (9-11). A partial least-
squares (PLS) model is preferable to multiple linear
regression for the evaluation of the dissolution data since
the latter always depends on the values obtained at pre-
ceding time-points (11). The cumulative amount released
versus time curve has been used in our previous inves-
tigations. Since it is known that the shape of the release
profile might play a role, it seems of interest also to
apply the Weibull function (12,13) to release data and
to investigate the shape and scale parameters in a sta-
tistical model.

The primary aim of the present study was to arrive
at a correlation for the dissolution rate in vitro and in
vivo from an ER-coated multiple-unit formulation of
paracetamol. Underlying aims were to find the critical

Table 1
Biopharmaceutical Properties of Paracetamol (5,6,8,31)

Relative
Solubility (mg/ml) Partition Coefficient Bioavailability
Drug (Water, 37°C) pK, (Octanol/Water, pH 7.4) (p.o.fli.v., %)
Paracetamol 21.4 9.5 0.5 60-90
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in vitro dissolution variables by means of a statistical
model and to compare the dissolution in the model by
using cumulative curves as such or as described by the
parameters’ shape and scale.

MATERIALS AND METHODS
Dosage Forms

Paracetamol cores (100%) were coated in a fluidized-
bed apparatus using an aqueous suspension of ethyl-
cellulose 10 cps (Aquacoat®, Dow Chemicals Inc.,
Philadelphia, PA). A dose corresponding to 500 mg was
dispensed in hard gelatin, ER capsules. Effervescent tab-
lets containing 500 mg paracetamol came from the
Swedish market (Alvedon®, Astra, Sodertilje, Sweden).

In Vitro Dissolution Test

The in vitro dissolution tests were performed using
the apparatus IT method (paddle) (14). The substances
used in the dissolution media were hydrochloric acid §
M, sodium chloride, acetic acid 100%, glucose, etha-
nol 99.5%, povidone 90 (Kollidon®, BASF AG, Ger-
many), and sodium taurocholate (Sigma Chemical Co.,
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Sweden). All chemicals were of analytical grade. The
media were prepared by mixing all the components with
a magnetic stirrer for at least 2 hr. Milli-Q water used
was deaerated with helium for 20 min. The osmolality
was adjusted by adding glucose and the measurements
were performed as described elsewhere (10,11). A ro-
tational viscosimeter (Stress Tech, Rheologica Instru-
ments AB, Lund, Sweden) was used to determine the vis-
cosity after the addition of povidone 90 (50.4-66 g/1,
depending on the desired viscosity). The shear rate and
shear stress were 180-190 sec™! and 3.47-6.18 N/m?,
respectively. The pH, osmolality, viscosity, and tempera-
ture of the media were checked before each experiment.
The temperature of all the samples was held constant at
37°C and the measurements were done in duplicate.

The different media were used in a randomized or-
der, according to Table 2. The hard gelatin capsules
were emptied and only the ER cores of paracetamol
were used. Six parallel vessels containing 900 ml of
dissolution medium were used in each test. Samples
were taken at 20, 30, 45, 60, 90, 120, 180, 240, 360,
420, and 540 min. The amount of paracetamol dissolved
was analyzed by high-performance liquid chromatogra-
phy (HPLC) with UV detection at 245 nm.

Table 2
Experimental Worksheet; Variables Investigated and Their Levels

Viscosity Bile Salt Osmolality Agitation
Exp. No. Run Order pH (mPa - sec) (mM) (mmol/kg) (rpm)
1 20 1.2 g 0 250 75
2 2 7.4 0 0 250 25
3 18 1.2 30 0 250 25
4 4 7.4 30 0 250 75
5 1 1.2 0 0.04 250 25
6 5 7.4 0 0.04 250 75
7 11 1.2 30 0.04 250 75
8 3 7.4 30 0.04 250 25
9 8 1.2 0 0 450 25
10 13 7.4 0 0 450 75
11 17 1.2 30 ] 450 75
12 16 7.4 , 30 0 450 25
13 15 1.2 0 0.04 450 75
14 7 7.4 0 0.04 450 25
15 9 1.2 30 0.04 450 25
16 10 7.4 30 0.04 450 75
17 12 43 15 0.02 350 50
18 6 43 15 0.02 350 50
19* 14 4.3 15 0.02 350 50
200 19 4.3 15 0.02 350 50
*Replicates.
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Statistical Experimental Design

The fractional factorial screening design chosen was a
251 design, comprising 16 runs. In order to examine
repeatability, four replicates were added at the center
(see Table 2). The resolution was V+, i.e., showing
unconfounded main effects and two-factor interactions
(15). The effects of the variables were varied from a
low to a high level and two separate models were tested.
The responses in model I were expressed as the cumu-
lative percentage of paracetamol dissolved at specified
time-points from 30 to 540 min. The responses in model
II were expressed as the shape (B) and scale (1) param-
eters according to the Weibull function (16):

%R(f) = (1 - exp (-/m)P) 100 + v 0))

where %R(t) is the estimated percentage of drug dis-
solved at time ¢. The shape parameter (B) describes the
form of the in vitro curve, while the scale parameter (n)
represents the time when 63.2% of the drug is dissolved
(13). y is added to the equation to compensate for the
deviation from 100% drug dissolved. B and n were
calculated for the dissolution profiles by the least-
squares method, using the Solver function in Microsoft
Excel 5.0c.

The effects of the significant variables according to
model II were obtained by predicting B and i in Modde.
The prediction was made with all of the variables at
their mid-levels except for the variable in question,
which was varied at a low and a high level. In order to
transform the effects to percentage of dissolved
paracetamol, f and i were transformed to in vitro dis-
solution profiles.

The effects were then calculated as the difference
between the maximum and minimum value obtained.

The in vitro evaluation of the tests was performed in
Modde 3.0 (Umetri AB, Ume4, Sweden) by using a
PLS mode! (17). The experimental settings in Table 2
were used as X and the responses were used as Y. The
accuracy of the statistical model used is described by the
R? and Q? parameters. R? is the fraction of the data
explained by the model, whereas Q? is the predictive
ability of the model. R? and Q? values close to 1 indi-
cate good models. The statistical significance of the
variables and interaction terms was o = 0.05. The ef-
fects of the variables investigated were expressed as
percentage of paracetamol dissolved.

Design of the In Vivo Study

The in vivo study was performed at St. Goran’s
Hospital in Stockholm, Sweden, and was approved by
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the local Ethics Committee. Each volunteer was fully
informed both in writing and verbally about the aim of
the study, which was carried out according to the Dec-
laration of Helsinki. The investigation was conducted as
a randomized, single-dose, crossover study in 10 healthy
volunteers aged 18-45 years (five females and five
males).

The subjects received two effervescent tablets or two
ER capsules on two different occasions with at least 1
week between the trial periods. The subjects were fasted
overnight and drug administration took place at 8 a.m.
The two effervescent tablets were dissolved in 75 ml of
tap water and the glass was rinsed with an additional 25
ml. The capsules were administered with approximately
100 ml of tap water. A standardized breakfast was al-
lowed 4 hr after drug administration. Venous blood
samples were collected in heparinized Venoject® tubes
1/32, 2/3%, 1, 2, 4, 6, 8, 10, 12, 24>, 28®, and 32° hr
after dosing (*: only after effervescent tablets, ®: only
after ER capsules). The samples were centrifuged and
stored at approximately -20°C until assayed. The
sample analysis has been described elsewhere (2).

The mean cumulative in vivo dissolution of
paracetamol from the ER formulation was calculated by
numerical deconvolution of the individual plasma ver-
sus time profiles (18). The effervescent tablet dissolved
in water was used as the reference. The calculations
were performed by a program developed in RS/1 Com-
mand language (BBN Software Products Corp., Boston,
MA). B and n were calculated for the in vivo dissolu-
tion profile according to the Weibull function (16).

In Vitro/In Vivo Correlation

The statistical model used for predicting the in vitro
conditions which produce a close association with the
dissolution in vivo has been successfully applied previ-
ously (10,11). The in vitro conditions were adjusted to
the in vivo data using the least-squares method and the
Solver function in Microsoft Excel 5.0c. The general
equation was

%Dissolved = Constant + 3, (B;x;)
+ 2% Byxix) + € 2)

where B; corresponds to the unscaled and regular coef-
ficients for the ith factor calculated in Modde, f; is the
unscaled and regular coefficients for the interaction
between the ith and the jth factors, x; represents the ith
variable and the constant represents the mean value of
all the experiments. The experimental error is shown
by e.
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The difference sum of squares, which is the differ-
ence between the in vivo curve and the predicted or
verified in vitro curve, was used as a measure to com-
pare the two statistical models. The association between
the in vitro and in vivo profiles was compared by lin-
ear regression, obtained after plotting the percentage of
paracetamol dissolved in vitro versus the percentage of
paracetamol dissolved in vivo, at the same times.

RESULTS AND DISCUSSION

Evaluation of In Vitro Drug Dissolution

The 20 in vitro dissolution profiles of the paracetamol
ER cores are presented in Fig. 1(a). At 8-9 hr, an un-
explained deviating curve shape is seen for some of the
experiments. The variation among the replicates is
shown in Fig. 1(b). The maximum standard deviation
was 2.6% at 6 hr.

All of the responses were normally distributed and
did not need to be transformed for any of the models.
The interaction terms that had to be included in both
models were pH*viscosity, pH*bile salt, pH*osmolality,
viscosity*bile salt, viscosity*osmolality, and vis-
cosity*agitation. No significant model error was seen
(p 2 0.05).

Model I

The R? and Q? values were found to be within the
ranges 0.80-0.97 and 0.34-0.66, respectively. Figure 2
shows a linear relationship in which the observed and
the predicted percentage of paracetamol dissolved at 240
min are almost equal. The time chosen is representative
of all of the responses in model I.

Model 11

The R? and Q? values obtained for model II were
0.91-0.95 and 0.61-0.67, respectively. The relationship
between the predicted and observed responses was
found to be the same as for model I. The parameters
found to describe the shape of the dissolution curves in
vitro are presented in Table 3. The f§ values obtained for
experiments 1-20 were 0.7-1.1, which reflects small
differences between the shape of the dissolution profiles.
Generally, the shape of an exponential dissolution curve
is characterized by a f value close to 1. When B > 1,
the curve is S-shaped with an upward curvature,
whereas B — oo indicates a curve degenerating to a step
function (13). The n values obtained were 7.3-17 hr,
which means that there are large variations between the
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different dissolution profiles, when considering the time
when 63.2% of the drug is dissolved.

Effects of Variables Investigated

The variables observed to have statistically significant
effects on the amount of paracetamol dissolved (p =
0.05) were agitation and viscosity, as shown in Figs.
3(a) and (b). Both these effects are consistent with the
Noyes-Whitney theory of dissolution (19). The results
were similar irrespective of which model was used.

Model 1

An increased agitation from 25 to 75 rpm increased
the dissolution and the maximum effect occurred at 540
min, i.e., 9 + 2.3%. An increase from 100 to 150 rpm
was previously found to have an insignificant effect on
the dissolution rate, which means that agitation rates as

Table 3

The Obtained Shape and Scale Parameters for Experiments
1-20, for the In Vivo Profile and the Predicted and Verified
In Vitro Profiles from Statistical Models I and Il

Experiment Shape Parameter, B Scale Parameter, n
1 0.8 542
2 0.9 513
3 0.9 992
4 1.1 598
5 0.8 512
6 0.8 440
7 1.0 700
8 0.9 1024
9 0.7 653

10 0.9 584

11 1.0 676

12 1.0 814

13 0.9 449

14 0.8 736

15 0.9 871

16 1.0 699

17 1.0 699

18 0.9 676

19 0.9 632

20 0.9 598

In vivo 0.6 1416

Model I pred.* 0.5 621

Model I exp.? 0.9 1199

Model II pred 0.7 1236

Model II exp. 0.7 1030

*pred, = Predicted values.
bexp. = Experimentally found values.
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Figure 1. (a) The obtained dissolution profiles in vitro and in vivo (thick line). Error bars are denoted as standard deviations
for the in vivo dissolution profile. (b) The obtained dissolution profiles from the replicates (experiments 17-20).
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Figure 2. A plot of the observed versus the predicted percentage of paracetamol dissolved at 240 min. The numbers are the

experiments.

low as 25-75 rpm are more critical for the dissolution
rate of paracetamol from the present type of ER formu-
lation (8). The viscosity, which was chosen to simulate
possible food effects, decreased the dissolution rate. An
increase from 1 to 30 mPa - sec decreased it by at most
12 + 4.5% at 240 min. Generally, the presence of food
in the gastrointestinal tract results in increased viscos-
ity of the stomach contents, which may have a negative
effect on the dissolution rate of drugs. However, it is
known that paracetamol should not be administered with
food, mainly because its absorption is dependent on the
rate of gastric emptying, which on the other hand is
dependent on the type of food administered (20). For
example, it has been shown that absorption is delayed
to varying extents, depending on whether a meal with
a high content of carbohydrates, fiber, or fat is given
(21-23). However, the total amount of paracetamol
absorbed has been shown to be unaffected by food in-
take when administered in conventional rapidly dissolv-
ing formulations (20).

Model II

Generally, the results from model II are similar to
those from model I. A positive effect of at most 8 +

3.4% at 540 min was seen as a result of increased agi-
tation and the dissolution rate of paracetamol decreased
by 12 + 3.6% at 360 min when the viscosity increased.
Both agitation and viscosity were observed to have sig-
nificant effects on both the B and r parameters. The
effects of increased viscosity and agitation on f§ was,
however, small: 0.2 + 0.04 and 0.1 + 0.04, respec-
tively. In addition, the time needed to reach 63.2% dis-
solved drug was reached by 244 + 55 min as a result
of increased viscosity from O to 30 mPa - sec. The
corresponding effect of the agitation was a decrease of
179 + 55 min.

In Vivo Drug Dissolution

The mean dissolution profile of paracetamol after
administration of the ER formulation to healthy volun-
teers is shown in Fig. 1(a). Close to 10, 30, and 35%
of the dose is dissolved within 1.5, 6, and 9 hr, respec-
tively, indicating a slow and incomplete dissolution of
paracetamol in vivo. The range within the relative ex-
tent of bioavailability (capsule/effervescent tablet) be-
tween the 10 volunteers was 0.55-0.98 (mean 0.78 +
0.14), which also indicated variable and incomplete
absorption of paracetamol.
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Figure 3. (a) Model I, the effects of the most significant variables, viscosity and agitation, on the dissolution rate of paracetamol.
The error bars indicate 95% confidence intervals. (b) Model 11, the effects of the most significant variables, viscosity and agita-
tion, on the dissolution rate of paracetamol. The error bars indicate 95% confidence intervals.

The B and n values obtained for the in vivo profile
were 0.6 and 23.6 hr, respectively (Table 3). Both the
shape of the in vivo curve and the time when 63.2% of
the drug has been dissolved were best reflected by the
predicted and experimentally verified in vitro profile
according to the optimal in vitro conditions from model
I1. The B and n values were 0.7 and 17.2-20.6 hr,
respectively, indicating a close conformity with the val-
ues of the in vivo profile.

In Vitro/In Vivo Correlation
Optimal In Vitro Conditions

The predicted optimal in vitro conditions are pre-
sented in Table 4. The conditions are similar for the two
models and close to what is expected from the gas-
trointestinal environment. A pH of 7.4 seems relevant,
since the main absorption site of paracetamol is known

to be the distal jejunum (24). The low agitation inten-
sity predicted by our models is supported by studies in
which the agitation intensity in the human gastrointes-
tinal tract has been estimated by comparing the charac-
teristics of in vitro and in vivo release of paracetamol
ER formulations (25). The in vivo value for the osmo-
lality is about 290 mmol/kg, although it rises after food
intake and depends on the composition of the food. For
example, it has been found that the osmolality in the
gastric fluids rises to 440 mmol/kg after administration
of, for example, a milk/doughnut meal (26,27). The
predicted concentration of the bile salt was also within
the known physiological limits, i.e., 0.75-1 mM (28).
Although the predicted level was outside the experimen-
tal domain, it did not affect the results obtained in the
evaluation of the models. The predicted levels of viscos-
ity were, however, higher than the values in the fasted
state, which are estimated to be 1-3 mPa - sec in the
stomach and 5-8 mPa - sec in the small intestine (26).
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Evaluation of the Models

Models I and II were experimentally verified by test-
ing the ER formulation in the predicted in vitro condi-
tions. The experimentally measured values of viscosity,
osmolality, and pH were used in the models instead of
the predicted values. The difference sum of squares,

Figure 3. Continued

_ [l agitation
Ol viscosity
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which is the difference between the in vivo curve and
the predicted or verified in vitro curve, was 58.1 for
model I and 30.5 for model II (the mean standard de-
viation per datapoint was 2.9 and 2.1, respectively) (see
Table 4). Accordingly, a small difference in favor of
model II is seen. Figures 4(a) and (b) present a very
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Table 4
The Predicted Optimal In Vitro Conditions for Models I and 11

In Vitro Conditions Model I Model II
pH 7.4 7.4
Agitation (rpm) 25 25
Osmolality (mmol/kg) 280 450
Viscosity (mPa - sec) 23 30
Bile salt (mM) 0.08 0.10
Difference sum of squares® 10.2 10.5

{(Mean standard deviation per datapoint, %) (1.2) (1.2)
Difference sum of squares® 58.1 30.5

(Mean standard deviation per datapoint, %) 2.9) 2.1)

*Theoretical difference sum of squares (in vivo-predicted).
Experimentally found difference sum of squares (in vivo-verified).
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Figure 4. (a) Model 1, the association between the predicted in vitro dissolution profile of 500-mg paracetamol cores, the veri-
fying in vitro dissolution profile, and the in vivo dissolution curve. The prediction was based on the cumulative percentage of
paracetamol dissolved (model I). The experimentally measured values of viscosity, osmolality, and pH were used in the models
instead of the predicted values. (b) Model II, the association between the predicted in vitro dissolution profile of 500-mg paracetamol
cores, the verifying in vitro dissolution profile, and the in vivo dissolution curve. The prediction was based on the shape of the
in vitro curves (model II). The experimentally measured values of viscosity, osmolality, and pH were used in the models instead
of the predicted values.
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(a) A linear correlation between the dissolution of 500-mg paracetamol cores according to model I in vitro, and the

mean dissolution in vivo calculated by numerical deconvolution (N = 10). (b) A linear correlation between the dissolution of 500-
mg paracetamol cores according to model II in vitro, and the mean dissolution in vivo calculated by numerical deconvolution

(N = 10).
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close association between the predicted and the verify-
ing in vitro dissolution profile of paracetamol cores, and
the in vivo dissolution curve during 9 hr.

Plots of the percentage dissolved in vitro for models
I and II versus the percentage dissolved in vivo [see
Figs. 5(a) and (b)] also gave good correlations. The
regression lines calculated without an intercept were
found to be y = 1.1x for model I (* = 0.98) and y =
1.1x (#* = 0.94) for model 1I. The slope of both lines
differed significantly from 1 (confidence interval 0.95).
In both cases, the dissolution rate in vitro was thus
found to be insignificantly higher than that in vivo. The
results described show that the two models produce
similar results in this case, and it is impossible to state
a preference for one of them. However, the use of a
curve shape might offer an advantage in other situations,
i.e., for other drugs or types of ER systems.

Biopharmaceutical Drug Classification

In accordance with recent discussions, the ratio of the
permeation constant of paracetamol ER cores to the
dissolution constant was calculated (29,30). The ratio
was found to be close to 1, indicating that the rate-con-
trolling step of paracetamol from the formulation is lim-
ited by both dissolution and permeation rate. Polli et al.
have suggested that if the fraction of a dose absorbed is
large and if the dissolution and permeation are about
equal, it is possible to find moderate correlations (0.95
> R? > 0.85) between the dissolution rate of a drug
in vitro and in vivo. Our results are in agreement with
this suggestion.

CONCLUSIONS

An experimental ER system of the analgesic com-
pound paracetamol was developed and used in this
study. Our results indicate that it is possible to find an
in vitro test that is predictive of the in vivo behavior of
this ER formulation. PLS prediction models were used
as suitable tools. The in vitro dissolution from the for-
mulation was described both by the shape of the in vitro
curve and by the cumulative percentage dissolved at
specified time-points. High in vitro/in vivo correlations
were achieved during 9 hr with both models and the two
models were found to be equally good. It was concluded
that agitation and viscosity had significant effects on the
dissolution rate of paracetamol from the ER cores and
had to be considered. The in vitro conditions that most
closely correlated with the in vivo dissolution of
paracetamol after administration of the formulation to 10

Abuzarur-Aloul et al.

healthy volunteers were predicted. Finally, the use of
statistical prediction models to develop critical in vitro
tests is a successful approach in the establishment of
associations between dissolution behavior in vitro and in
vivo for oral ER systems.
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