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Calculation of the blood level of a drug taken orally
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Abstract

Oral dosage forms with controlled release are generally investigated either by in vitro or in vivo tests and the
problem of correlating these results appears. A numerical model is built, taking into account the characteristics of
drug release out of the dosage form along the gastrointestinal tract, the stages of absorption in the blood
compartment and of elimination. The dosage form is obtained by dispersing theophylline as a drug in Eudragit RS
playing the role of a polymer matrix. The process of drug release is controlled by diffusion, with a constant
diffusivity. The following results are obtained: the kinetics of release of the drug out of the dosage form, the kinetics
of the drug in the blood compartment, and the kinetics of drug elimination.
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1. Introduction

Various oral dosage forms with controlled re-
lease of the drug are prepared by dispersing the
drug in a polymer and compressing the dry mix-
ture into tablets or pressing the humid paste into
beads and drying them (Vergnaud, 1992). When
these monolithic devices are in contact with a
liquid, the liquid enters the polymer, dissolves the
drug and enables the drug to leave the device.
The polymer matrix may be eroded or not, and
the two main mechanisms (Feijen, 1984) control-
ling drug release appear with erosion of the poly-
mer (Heller, 1984; Bidah and Vergnaud, 1990) or
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diffusion through the polymer (Vergnaud, 1993).
As a result, the drug is released from the dosage
form over a long period of time. When the pro-
cess is controlled by diffusion, the rate of drug
release decreases exponentially with time. These
devices are evaluated using in vitro tests by deter-
mining the kinetics of drug release in a synthetic
gastric liquid at 37°C at a given rate of stirring,
and the parameters of interest are, in the case of
a diffusional process, the diffusivity, the partition-
ing factor and the coefficient of mass transfer on
the surface (Bakhouya et al., 1994),

Dosage forms with controlled release are eval-
vated using in vivo tests with healtly volunters
performed under given conditions (Skelly et al.,
1990). Of course, in vivo tests necessitate greater
investment than in vitro tests, and attempts have

0378-5173 /95 /$09.50 © 1995 Elsevier Science B.V. All rights reserved

SSDI 0378-5173(94)00385-8



166 B. Nia et al. / International Journal of Pharmaceutics 119 (1995) 165-171

Glossary

Symbol  Meaning

B positive roots of Eq. 4

Brn positive roots of Eq. 6.

C concentration of the drug in the dosage
form

D diffusivity (cm® /s)

h coefficient of mass transfer on the surface
(cm/s)

2L height of the cylinder.

M,, M,  amount of drug released out of the dosage
form after time ¢, after infinite time

R radius of the cylinder

R, R, dimensionless numbers

X amount of drug in the gastrointestinal tract

Y amount of drug in the blood compartment

Z amount of drug eliminated

r,z radial, longitudinal coordinates for the cylinder

been made in order to find correlations between
in vitro and in vivo tests. The kinetics of drug
release obtained with in vitro tests were thus
compared to the input function resulting from
deconvolution of the drug level-time history in
the blood compartment (Aoki et al., 1992; Koch,
1992). In order to obtain an acceptable correla-
tion between these curves, the operational condi-
tions for the in vitro test were sometimes modi-
fied (Aly Sas and Megwa, 1989). Some parame-
ters were found to be of interest: the rate of
stirring selected for the in vitro test (Nicklasson,
1990); the residence time of the dosage form
along the gastrointestinal tract (Sournac et al.,
1988). In vitro and in vivo evaluation was per-
formed with oral sustained release floating dosage
forms made of various hydrophilic polymers (Hil-
ton and Deasy, 1992). The nature of the food in
the stomach was also considered as a parameter
for the release with in vivo tests (Verhoeven et
al., 1989; Junjinger et al., 1990). Very often, im-
portant deviations were shown between in vitro
and in vivo curves (Finne and Urtti, 1992). In
fact, the process of drug transport is different
with in vitro and in vivo tests (Ouriemchi et al,,
1995). With the in vitro test, the system is closed,
while it is open with the in vivo test, the drug
being constantly transferred out of the dosage
form into the blood compartment and then elimi-
nated. Moreover, two kinds of dosage forms with

a polymer matrix are on the market, that in which
the release is controlled by diffusion and the
other where the process is controlled by erosion
(Vergnaud, 1993; Bakhouya et al., 1994)

The first purpose in this study is to build a
numerical model able to describe the process of
drug transfer in vivo, by considering a dosage
form with drug release controlled by diffusion.
The model takes all the known facts into account:
the kinetics of drug release obtained with in vitro
tests and the two main characteristics with the
diffusivity and the coefficient of mass transfer at
the surface; the rate constants of absorption in
the blood compartment and of elimination, and
the volume of the blood compartment. The case
of a dosage form cylindrical in shape is selected,
as it is widely used. The residence time of the
dosage form along the gastrointestinal tract is
also considered.

The second objective is to use the model for
calculating various kinetics of interest in the case
of theophylline: not only the kinetics of release of
the drug out of the dosage form obtained with in
vitro tests at various pH values, but also the
kinetics of the drug in the blood compartment
and elimination are evaluated. A mathematical
treatment is considered for the diffusion of the
drug through the polymer device with a constant
diffusivity. As this diffusivity varies slightly with
the pH, a mean value for the diffusivity is deter-
mined by considering the residence times in the
various parts of the gastrointestine (Sournac et
al., 1988). By using the data associated with the
pharmacokinetics of theophylline, it is thus also
possible to determine the drug level in the blood
compartment.

2. Theoretical

2.1. Assumptions

The following assumptions are made:

(i) The oral dosage form is cylindrical in shape
and the drug concentration is initially uniform.

(ii) The process of release of the drug out of
the dosage form is controlled by diffusion, as
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shown from in vitro experiments, with a finite
coefficient of mass transfer on the surface.

(iii) The diffusivity slightly varies with the pH
as shown from in vitro experiments carried out at
various pH ranging from 1.2 to 8. By considering
the gastrointestinal transit of the dosage form, an
average diffusivity is obtained.

(iv) The drug is transferred by following the
pattern: release out of the dosage form in the
gastrointestine, absorption in-the blood compart-
ment and elimination.

(v) The following data: gastrointestinal tract
history, rate constants of absorption and elimina-
tion, volume of the blood compartment, are taken
from the literature (Sournac et al., 1998).

2.2. Calculation

Two stages are considered in succession: the
transient diffusion of the drug through the dosage
form and the transfer into and out of the blood
compartment.

2.2.1. Stage of diffusion through the dosage form
With the assumption of the constant mean
diffusivity, an analytical solution exists for the
transient diffusion of the drug through the dosage
form.
The basic equation with radial and longitudi-
nal diffusion is:

aC 92C  9*C
YR RPv iy
at 4z ar

1 aC
+- (1)

—n

The boundary conditions are:

aC
t>0 r=R  -D — =h(Cg-C.y)

ar

aC )
z=+L -D: (9_ = h(CL'Cext)
A

expressing that the rate at which the drug is
released out of the surface of the dosage form is
constantly equal to the rate at which the drug is
brought to the surface by internal diffusion.

The solution of the problem is given by the
product of the two series expressing the solution

for the radial and the longitudinal diffusion
(Vergnaud, 1993).

2 2
el =L ra 2R12 -exp(* B—l;Dt)
M, Bln(Bln+Rl +R1) L
4R? 2
RACE | - 22

(3)

where the B, s are the positive roots of

B-tan B=R, (4)

and the dimensionless number R,

L-h
R, = D (5)

L being half the height of the cylinder and the
B..s are the roots of

Br.Jl(Br) =Rr.JO(Br) (6)
and

R-h
R ,=—— (7)

2.2.2. Stage of transfer through the body
The rate of the drug in the blood compartment
is:

dYkaY 8
E_a_e ()

and the rate of elimination of the drug is:

deY 9
a5 " ke (9)

2.2.3. Calculation of the amount of drug trans-
ferred

The amounts of drug at the following times ¢,,
t,..t;, t, with an increment of time At are calcu-
lated in the gastrointestinal volume and in the
blood.

3. Experimental

3.1. Dosage forms

Theophylline and Eudragit RL in powder form
are intimately mixed in the ratio 50:50 by weight.
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Fig. 1. Scheme of the process.

The mixture is thus pressed into cylinders with
the following characteristics: 500 mg; diameter,
1.15 cm; height, 0.44 cm. The hardness is 8.9
(meaning that breaking rupture is attained for 89
N). The apparatus is an excentric tablet machine
AM 28.50 (Frogerais).

3.2. In vitro tests

A cylinder is placed in a flask with 200 ml of
liquid, maintained at 37°C under a stirring at 250
rpm. The pH values of the liquids are 1.2, 4, 6
and 8, respectively.

At intervals, 0.5 mil of liquid is extracted and

Mt/Min %

analyzed using a UV spectrometer (Hitachi U
1.100) calibrated at 271 nm.

4. Results

Three kinds of results are considered: the first
obtained with the in vitro tests leading to the
parameters of diffusion of the drug out of the
dosage forms, the second with the calculation of
the kinetics of the drug transferred through the
body, and especially with the drug level in the
blood compartment; the last with the effect of the
dimensions of the dosage forms.

4.1. In vitro tests.

The kinetics of release of the drug out of the
dosage forms obtained with in vitro tests are
controlled by transient diffusion, as shown in Fig.
2. The kinetics obtained either by experiments or
by calculation using Eq. 1 are well superimposed.
Moreover, the diffusivity is constant and the coef-

0 5 10 5

TIME(h)

20 25 30 35

Fig. 2. In vitro tests. Kinetics of release of the drug out of the dosage form. (1) pH 1.2; (2) pH 8.
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Table 1
Characteristics of the release of the drug

pH

1.2 4 6 8
D (x107) (cm? /s) 5.3 7 8 15
h (X10°Xcm? /s) 2 2 2 2
Table 2
Characteristics for theophylline
k,=6.03/h ko =10.089/h
V, = 26.41

Time, 15 min (stomach); 105 min (duodenal-cecal); 460 min
(gastro-cecal).

ficient of mass transfer on the surface is finite, as
the tangent at the origin of time is not vertical.
The coefficient of mass transfer on the surface h
is about the same for the various liquids at differ-
ent pH and the diffusivity slightly increases with
the pH, as shown in Table 1.

4.2. In vivo calculation

The characteristics for theophylline are given
in the literature (Sournac et al., 1988) as well as
the time of the gastrointestinal tractus. (Table 2).

It is necessary to have a constant diffusivity
when using Eq. 3.

An average value is determined for the diffu-
sivity of the drug through the dosage form by
considering the time of residence in the various
parts of the gastrointestine at various pH. The
value of 13.4 X 1077 cm?/s is thus obtained.

The following kinetics are thus obtained by
calculation, expressing the amount of drug-time
histories in various parts (Fig. 3): the kinetics in
the gastrointestine (1) and in the blood compart-
ment (3); the kinetics of the drug eliminated out
of the blood compartment (4) and of the drug
released out of the dosage form (4).

Moreover, the drug level in the blood compart-
ment is obtained from the kinetics of the amount
of drug in the blood and the volume of liquid in
the blood compartment (Fig. 4).

Some conclusions can be drawn from these
curves.

Mt (mg)

200
150

100

sor 5

1

0 5 10 15 20 25 30 as 30
TIME (h}

Fig. 3. In vivo calculation. Kinetics of the amount of drug: in
the gastrointestinal tract (1); in the blood compartment (3);
eliminated (2); released out of the dosage form (4). Dosage
form, 500 mg with 50% theophylline; cylinder with radius 0.57
cm and height 0.44 cm.

(i) The amount of drug located in the gastroin-
testine is rather low at any time.

(ii) The kinetics of the drug in the blood com-
partment follows a typical pattern with a rather
flat maximum. The maximum is attained after
around 6 h and the concentration of drug at this
time is 5.2 mg /1. The shape of this drug level-time
history is similar to that obtained from experi-
ment with Theostat tablets (Sournac et al., 1988)
exhibiting a maximum at around 6 h 15 min and a
drug level of 6.2 mg /I with a dose of theophylline
of 300 mg.

Concentration (mg/1)
6 T

[

0

0 hl [§¢) 15 20 25 30 33 40
TIME (h)

Fig. 4. Drug level time history in the blood compartment with
the dosage form: 500 mg with 50% theophylline.
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(iii) The ratio of the values of the drug level in
the blood compartment obtained with the dosage
forms made of cylinders with 250 mg drug and
with the Theostat tablets with 300 mg drug is
about the same.

(iv) Curve 4 in Fig. 3 is of interest, as it shows
clearly the effect of the residence time of the
dosage form along the gastrointestine tract. About
6% of the drug remains in the dosage form at the
end of the stage in the gastrointestinal tract. In
fact, the same drawback was observed for the
Theostat tablet (Sournac et al., 1988).

(v) As the process of release of the drug out of
the dosage form is controlled by diffusion, it is
possible to determine the effect of the dimension
of the dosage form on the process of drug trans-
fer, and especially on the kinetics of drug release
out of the dosage form.

4.3. Effect of the dimensions of the dosage forms.

As the process is controlled by diffusion, it is
clear that the time necessary for a given ratio of
drug released M,/M, is proportional to the
square of the dimensions of the dosage form, by
considering the dimensionless numbers Dt /L?* or
Dt/R? in Eq. 3.

The process of drug transfer has thus been
studied by considering three types of dosage forms
with the same amount of theophylline and the
same drug/Eudragit ratio. The three dosage
forms have the dimensions shown in Table 3.

The various kinetics of drug transfer are shown
in Fig. 5 as obtained by calculations by keeping
the same values shown in Tables 1 and 2.

The blood level-time histories are also de-
picted in Fig. 6.

The following conclusions can be drawn:

Table 3

Dimensions of the dosage forms

Dosage form Radius Height Drug weight
(i) number (cm) (cm) (mg)

1C() 0.575 0.44 250

2C(Q2) 0.456 0.35 250

3C(® 0.287 022 250

Mt (mg)

250

200

150 +

100 H

0 S 0 15 20 25 30 35 40
TIME (h)

Fig. 5. In vivo calculations for dosage forms of various dimen-
sions with the sane amount of drug: in the gastrointestinal
tract (1); in the blood compartment (2); eliminated (3); re-
leased out of the dosage form (4). 1C, one dosage form with
250 mg drug; 2C, two dosage forms with 125 mg drug each;
3C, eight dosage forms with 31.25 mg drug each.

(1) Of course, the smaller the dosage form, the
faster the kinetics of drug release out of the
dosage form.

(ii) This above conclusion is of importance,
because the transit time in the gastrointestinal
tract becomes so long that the whole drug is
extracted from these small dosage forms.

(iii) Of course, as a result of the increase in the
rate of drug release, a higher blood level is at-
tained with the smaller dosage forms. Moreover,

Concentration {mg/h
~

7 T T T T T T

6 F

5+

0 5 10 15 20 25 30 35 40
TIME (i)

Fig. 6. In vivo calculation, drug level in the blood compart-

ment: one dosage form 250 mg drug (1C); two dosage forms

with 125 mg drug each (2C); eight dosage forms with 31.25 mg

drug each (30).
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the maximum of the drug concentration in the
blood is reached at a shorter time.

(iv) A compromise has to be made for selecting
the desired dimensions of the dosage forms. Small
dosage forms can lead to the complete release of
the drug along the gastrointestinal tract, but they
are responsible for a higher drug level in the
blood compartment.

5. Conclusions

Prediction of the kinetics curves obtained with
in vivo tests is possible by calculation for oral
dosage forms with controlled release. The calcu-
lation can be rather simple by incrementing time
during the process when the diffusivity of the
drug through the dosage form is considered as
constant, while a numerical model with finite
differences is necessary when the diffusivity is not
constant.

Calculation has been performed in the case of
an oral dosage form, cylindrical in shape, with
theopylline and Eudragit, the release of the drug
being controlled by diffusion. As the diffusivity
varies slightly with the pH, an average value of
the diffusivity had to be determined by consider-
ing the residence time of the dosage form along
the gastrointestinal tract and the various values of
the pH.

Some results are obtained either from a theo-
retical or from a practical point of view. The
kinetics of the amount of drug transferred in the
blood compartment as well as the drug level in
the blood are thus obtained.

Not only the drug level-time history in the
blood compartment is obtained, but also the
amount of drug remaining in the dosage form. By
using the numerical model it is thus possible to
determine the effect of the dimensions of the
dosage form on the drug level in the blood com-
partment as well as the amount of drug remain-
ing in the dosage form.
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