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Purpose. To present a model-dependent approach for the assessment of
the in vivo drug dissolution profile based on in vitro data for the multiple
unit dosage form, as an alternative to the numerical method proposed in
the study by Hayashi et al., Pharm. Res. 12:1333-1337 (1995).
Methods. The data for aspirin granules administered to heaithy subjects
obtained in the above mentioned study were re-evaluated. The subject
dissolution system was considered to consist of two subsystems con-
nected in series, i.e. the subsystem describing the gastric-emptying
process and the subsystem describing the intestinal dissolution process.
The frequency response method was used to model the subject dissolu-
tion system.

Results. The model in vivo dissolution profile of aspirin, assessed as
the integral of the model weighting function of the subject dissolution
system, was in agreement with the in vivo cumulative absorption profile
calculated by the Wagner-Nelson method.

Conclusions. Comparison of dynamic properties of the subject dissolu-
tion system with the subsystem describing the gastric-emptying process
yielded quantitative confirmation of the decisive role of the gastric-
emptying process in the in vivo drug dissolution after administration
in the multi unit dosage form.

KEY WORDS: aspirin; pharmmacokinetics; dissolution; weighting
function; convolution; bioequivalence.

INTRODUCTION

Hayashi et al. (1) proposed a numerical convolution
method for the assessment of drug dissolution profiles in the
gastrointestinal (GI) tract based on in vitro data for the enteric-
coated multiple unit. The goal of our study was to present an
alternative model-dependent approach, utilizing the theory of
linear dynamic systems and the system modeling in the fre-
quency domain (2).

MATERIALS AND METHODS
Materials

In study (1), enteric-coated aspirin granules were adminis-
tered to healthy subjects. The enteric-coated BaSQO, granules
were administered concurrently to determine the gastric-
emptying rate of the subject. The dissolution profile of aspirin
in the GI and the absorption profile in the systemic circulation
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Fig. 1. Schematic representation of the subject dissolution system
Hpsge. Hoe—subsystem describing the gastric-emptying process,
Hps—subsystem describing the intestinal dissolution process,
D—aspirin dissolution rate in the GI tract, /—input of aspirin granules,
E—gastric-emptying rate.

were assessed by the numerical convolution and by the
Wagner-Nelson method (3); respectively. In our study, the
data from Table II and Table III of study (1) were re-
evaluated and the results for the representative subject Y.S.
are presented.

System Definitions

In our study, the subject dissolution system Hpsge Was
considered to be complex and consisting of two subsystems
connected in serial, i.e. the subsystem Hgg describing the
gastric-emptying process and the subsystem Hp describing
the intestinal dissolution process (Figure 1). The system
Hpsce. the subsystems Hgg and Hp;s were defined using
their transfer functions (4) expressed by Eq. 1, Eq. 2, and
Eq. 3, respectively

D(s)

Hps ge(s) = 7(;)— , ¢))]
E

Hoels) = 7((5—)) , @

Hpis(s) = % : 3)

in the Laplace s-domain, where D was aspirin dissolution rate
in the GI tract, 7 was the input of aspirin granules, and E was
the gastric-emptying rate. Eq. 4 was written for the transfer
function Hpys Ge(s) (4)

Hpys.6e(s) = Hps(s) Hge(s). “4)

Assessment of In Vive Dissolution Profile

Neither the subsystems Hgg, Hps nor the system Hps e
were available for measurement and thus the following proce-
dure was used to obtain their model transfer functions:

* The model transfer function Hy, . (s) was estimated using
the in vivo system Hgg g, corresponding to the adminis-
tration of BaSO, granules to the subject, and defined by
Eq. 5

EBaSO4 gran. (S)

(5)

H, = )
GE‘REF(S) IBaS04 grum(s)

where Eg,so, gran. Was the gastric-emptying rate of BaSO, gran-
ules after administration in the form

3To whom correspondence should be addressed. (e-mail:
{exfamadu@savba.sk}) 184504 gran () = DoseBaSOAS( 0, 6)
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t was time, and () was the Dirac delta pulse. Analogously to
study (1), the properties of the subject subsystem describing
the gastric-emptying rate were assumed to be similar for both
aspirin and BaSO, granules and thus Hy(s) was considered
to be similar to HMGE’REF(S)

HMGE(S ) = HMGE.REF(S ) @)

« The model transfer function Hy,,, (s) was estimated using
the in vitro system Hps yirro, defined by Eq. (8)

D

_ aspirin gran. (S)
Hps,yro(s) = T T
aspirin gran.(s)

®)

where Dgpirin gran. Was the in vitro dissolution rate of aspirin
granules after the input in the form

Iaspirin gran.(t) = Doscaxpirin grun.a(t)' (9)

Since, in study (1) the in vitro dissolution profile was
presented in an integral form [§ Dogirin gran (T) 7, in our study
Eq. 10 was employed to determine the model transfer func-
tion Hpys virro(s)

-1
s Daxpirin gran. (S)

-1
§ Iaspirin granA(s) ’

Hpjs.yirro(S) = (10)
where 57" Dyspirin gran.(8) and ST Ligpivin gran.(8) were the Laplace
transforms of the measured in vitro dissolution profile and the
integral of the input, respectively (4). Analogously to study (1),
the in vitro and in vivo dissolutions of aspirin granules were
assumed to be similar and thus H,,, (s) was considered to be
similar to HMD,S‘V”RO(S)

an

* The model transfer function Hy,, ;.(s) was estimated
as the product of Hy,(s) and Hy, (s)

H MDIS,GE(S )=H MGE(S H, MDIS(S ).

The model transfer functions were used in the form of Eq. 13

HMDIS(S) = HMDIS‘VITRO(S)'

a2

ag + ais + a,8% + -+ + a,s"
MY+ bys + bys? + o + b’

Hy(s) = G (13)
where Gy was the gain, ag, ..., a, b, ..., b, were the
parameters, and n and m were the orders of the numerator and
denominator polynomials, respectively. Optimal models of the
transfer functions and optimal frequency bands were selected
according to the procedure described in study (6), using the
Complex Criterion (CC) (5) and the Akaike Information Crite-
rion (AIC) (10) in the frequency and time domain, respectively.
Model weighting functions, Wy,(r), were determined in analyti-
cal form (8), as the impulse responses (4) of the optimal model
transfer functions. The model of the in vivo dissolution profile
of aspirin was assessed as the numerical integral of the model
weighting function of the system Hpsge.

Comparison of System Dynamic Properties

The model parameter MRT), of the subsystems Hgg, Hpys
and the system Hps gy were determined according to Eq. 14
a;

MRTM = b1 -,
ay

(14)
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using the point estimates of the parameters of the optimal model
transfer functions (7), (9). To compare dynamic properties of
the dissolution system Hp;sce and the subsystem describing
the gastric-emptying rate Hgg, the criterion Cgy, expressed by
Eq. 15

5 — Jm IWMDIS,GE(t) _ WMGE(t)i dt

0 I GMms GMGE

2

Cayn. = 100%, (15)
was proposed and applied.

The arguments presented were based on the assumption
that aspirin kinetics was linear. All calculations were performed
using the program CXT-MAIN (http://www.cpb.uokhsc.edu/

pkin/pkin.html) (6-10).

RESULTS

The calculated normalized frequency response (5) of the
system Hgpger and its optimal seventh-order model in the
frequency band [0,3] rad A~! is shown in Figure 2a. The left
part of Table I summarizes the values of the CC and AIC criteria
corresponding to this model (the first row) and to some other
model candidates. The point estimates of the parameters of the
optimal model transfer function Hyp (), used to approxi-
mate the model transfer function Hy,(s), are listed in the first
column of Table II. Figure 3a illustrates the gastric-emptying
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Fig. 2a and 2b. Polar plots of the calculated normalized frequency
responses of the systems Hggrer and Hpys virro (full circles) and their
optimal models (full lines) in the complex plane.
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Table I. Values of Statistical Criteria of Model Transfer Functions

HMGE,REF(S)
Wmax = 3 rad h™!

H Mpis, VITRO(S)

©max = 10 rad h™!

0.3

0.2 1

0.1 1

0.0

Durisova and Dedik

a

Model CC AIC Model CC AIC
59-7% —484.8 —31.7 24 —215.2 433
4-6 —221.5 —34.9¢ 3-5 =233.7 d
3-5 =134.5 d 2-5 —2254 d
1-3 —89.8 —33.8 14 —52.9 d
2-3 -97.6 -33.7 1-3 -35.2 67.8

4 The degree of the numerator polynomial (n) of the model given by
Eq. 13.

5 The degree of the denominator polynomial (m) of the model given
by Eq. 13.

¢ The model produces negative estimates of the gastric emptying rate
in the terminal phase of the time interval.

4 The model has no solution in the time domain.

rate of the subject as determined in study (1) and its approxima-
tion by the output of the optimal model Hy, (s), estimated in
our study. The model weighting function Wy, (¢) is given by
Eq. 16 and shown in Figure 4.

Wi, (t) = 104.1 {3.195 70725 +

™09 —3,398 cos(0.4137) — 0.42 sin(0.413)] +
¢ 94510196 cos(0.1671) + 0.644 sin(1.0671)] +
e™381[6,196 1073 cos(1.747¢) ~ 0.112 sin(1.7475)]}.

(16)

The calculated normalized frequency response of the system
Hpys,vitro and its optimal fourth-order model in the frequency
band [0,10] rad h~! is shown in Figure 2b. The right part of
Table I summarizes the values of the CC and AIC criteria

Table II. Point Estimates of Parameters of Model Transfer Functions

HMGE,REF(S) = HMDIS,VITRO(S) =
HMGE(S) HMDIS(S) HMDIS,GE(S)
ag(—) 1.000 0.993 0.993
a(h) 1.230 0.027 1.249
az(hZ) 2.105 0.027 2.153
ax(h) 0.989 — 1.074
as(h) 0.472 — 0.554
a5(h5) 0.107 — 0.146
a(,(h") — _— 0.015
a7(h7) — — 0.003
b,(h) 4,507 0.630 5.138
b,(h?) 9.172 0.152 12.167
b;(h3) 11.175 0.015 17.662
ba(h) 9.084 0.001 17.600
b5(h5) 5.099 — 12.681
b(,(h(’) 1.831 — 6.620
b7(h7) 0.462 — 2.552
bg(h®) —_ — 0.663
bg(hg) —_ — 0.100
bm(hm) —_ — 0.010
by (h'Y) — — 0.001
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Fig. 3a. Gastric-emptying rate of the subject (triangles) and the output
of optimal model Hy,;,(s) (full line). Fig. 3b. In vitro dissolution profile
of aspirin granules (full circles), its approximation by the integral of
Wtpis.vrrol® (full line), and by the integral of Wy, . () (dot-and-
dashed line).
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Fig. 4. Model weighting functions Wy, (¢) (full line), Watpis,cel8) (dot-
ted line), and the model weighting function determined by the numerical
convolution of a data set generated by Wy, (1) with a data set generated
by Waeps.virro(t) (squares).
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corresponding to this model (the first row) and to some other
model candidates. The point estimates of parameters of the
optimal model transfer function 2 [TR—) % used to approxi-
mate the model transfer function Hy,,,(s), are listed in the
second column of Table II. The corresponding model weighting
function Wtpis virro® is given by Eq. 17

(1) = 100.2{e~300 2,032 cos(1.419%)

WMD/s, VITRO

+ 10.837 sin(1.4199)] + an

e 321172.032 cos(7.676£) + 0.854 sin(7.6760)1}.

Figure 3b shows the in vitro dissolution profile of aspirin gran-
ules, as determined in study (1) and its approximation by the
integral of Waypc reo(?).

The point estimates of the parameters of the model transfer
function Hyy, ¢ . (s) of the subject dissolution system, are listed
in the third column of Table II. The corresponding model of
the dissolution profile of aspirin granules in the subject is shown
Figure 5. The same figure illustrates the dissolution profile
and the absorption profile of the subject as estimated by the
convolution method and Wagner-Nelson method, respectively
in study (1). The model weighting function Wy, is given
by Eq. 18 and shown in Figure 4.

Witors o) = 104.1{5.120 ¢ 775 4

e 70345 —0.365 cos(1.067r) + 0.786 sin(1.0671] +
€709 4,825 cos(0.4131) — 2.149 sin(0.4130)] +
e793810.102 cos(1.747¢) — 0.041 sin(1.7471)] +
e 300 0.030 cos(1.4190) + 0.21 sin(1.4197] +

e 321 —2.292 1073 cos(7.676f) — 7.25 1073 sin(7.6761)]1}.
(18)
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Fig. 5. In vivo aspirin dissolution profile (full circles) and aspirin
absorption profile (dashed line), as determined in study (1). Model of
in vivo aspirin dissolution profile, obtained as the integral of
WMms,as(’) (dotted line) and the model of the in vivo aspirin dissolution
profile determined as the integral of the weighting function obtained
by the numerical convolution of a data set generated by Wy, (1) with
a data set generated by WM?),s,vnRo(’) (squares).
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The estimation of the model parameter MRT), of the sub-
systems Hgg, Hp;s, and of the system Hps g yielded the values
of MRTy;,. = 3.3 h, MRTyy,,. = 0.6 h, and MRTyy,,; .. = 3.9
h, respectively. It is obvious that

MRTyp g o = MRTy g, + MRTy,, (19
which is in agreement with Eq. 12 (12). The value of
MRTy,, is approximately 18% of the value of MRT),,, i..
the subsystem Hp;s was much faster than the subsystem Hgp.
For the given subject, the calculation of the criterion Cyy,
yielded the value of 84.3%. The criterion value enabled to
quantify that 84.3% of the dynamic properties of the dissolution
system were similar to the dynamic properties of the subsystem
describing the gastric-emptying process in the subject. This
result confirmed that the gastric-emptying process can be con-
sidered the decisive process for the in vivo drug dissolution
after administration in the multi unit type dosage form (1).

DISCUSSION

The points of both frequency responses (Figure 2) can be
considered as lying on continuous curves. This is in agreement
with our assumption of the possibility to approximate aspirin
kinetics by linear models (5).

The high orders of the models of the systems Hygy per
and Hpypo irpo correspond to the loops in the frequency
responses (Figure 2) and in the case of the system Hy, ... to
the two peaks in the gastric-emptying rate of the subject (Figure
3a). These findings indicate that the systems are complex and
contain time delays (7). From the theoretical point of view, the
only optimal model in the form of Eq. 13 of the system with
the time delay, is a model with numerator and denominator
polynomial degrees converging to infinity (11). Consequently
in practice, the higher-order the frequency model, the better
approximation of the system with the time delay. For such a
model only point estimates of parameters can be reasonably
assessed, but not interval ones, and the optimal model must
simultaneously fulfill the following conditions: i) the optimal
maximum frequency ma is selected in this way that
the calculation of the CC criterion yields the minimum value
in the frequency domain; ii) the optimal frequency model can
be reversely transformed into the model output in the time
domain, where it produces neither artificial oscillations nor
negative estimates; iii) the calculation of the AIC criterion
yields the minimum value in the time domain (5), (7).

Theoretically, the drug dissolution taking place in an infi-
nite volume under constant conditions obeys zero-order kinet-
ics. The zero-order model weighting function Wyg, . ... () of
aspirin dissolution, obtained using the linear regression within
the initial 1 A, is given by Eq. 20

WM?)IS WVIT RO(t)

fort e (0, 1.14]1 h
fort e (—, 0l hort € (1.14, ) i’

(20)
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and its integral is shown in Figure 3b. To approach the finite
volume condition, the Weibull function is frequently used in
practice. Since the general form of the Laplace transform of
that function does not exist, the model HMD,&V,TRO(s) was used
in our procedure. The numerical convolution of a data set
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generated by Wy, .. (f) with a data set generated by
Wie(t) yields the model weighting function profile nearly
identical with Wy,,,. . (1), in spite of the different methods used
for their determination and the different orders of
Watdys virro® and WMms,er o) (Figure 4). Similarly, the integral
of the weighting function obtained by the numerical convolution
of a data set generated by Wadss virro(1) With a data set generated
by Wy,,.(?) yields the in vivo dissolution profile nearly identical
with that obtained as the integral of Whtpis oD (Figure 5).

In study (13), the bioequivalence index was proposed for
evaluating the similarity of two plasma concentration curves.
The criterion Cy, is a version of the bioequivalence index,
modified for evaluating the similarity of two normalized model
weighting functions (5) of two pharmacokinetic systems. It has
two limit values, i.e. 100% and 0%. The closer the value of
the criterion to 100%, the higher the probability that the dynamic
properties of the two systems compared would be similar. The
closer the value of the criterion to 0%, the higher the probability
that the dynamic properties of the two systems compared fail
to be similar. The criterion could be used to advantage in
bioequivalence studies for overcoming the problem of quantita-
tive comparisons of two rates of extravascular bioavailability
(14) of the drug after administration in two dosage forms.

The new procedure presented in our work is model-depen-
dent and methodologically uniform, using exclusively concepts
of the theory of linear dynamic systems. In study (1), the same
time interval in which the in vitro dissolution of aspirin granules
was nearly completely was used as the first time interval of the
determination of the gastric-emptying rate. Consequently, as can
be readily demonstrated, the in vivo dissolution profile of aspirin
assessed by the numerical convolution method in that study was
very close to the integral of the gastric-emptying rate calculated
by the rectangular rule, and it practically did not reflect the disso-
lution rate of aspirin. Our procedure enabled to estimate the in

Duriova and Dedik

vivo dissolution profile of aspirin, reflecting both the dissolution
rate of aspirin and the gastric-emptying rate. Moreover, our pro-
cedure provided quantitative confirmation of the decisive role of
the gastric-emptying process in the ir vivo drug dissolution after
administration in the multi unit dosage form (1).

ACKNOWLEDGMENTS

This work was supported in part by Grant 1021/96 from
the Slovak Grant Agency. The authors are grateful to the Journal
reviewers for constructive comments on the manuscript.

REFERENCES

1. T. Hayashi, T. Ogura, and Y. Takagishi. Pharm. Res. 12:1333-
1337 (1995).

2. J. Schoukens and R. Pintelon. Ildentification of linear systems. A
Practical Guide for Accurate Modelling, Pergamon Press, Lon-
don, 1991.

3. J. G. Wagner and E. Nelson. J. Pharm. Sci. 53:1392-1403 (1964).

4. M. G. Singh. Systems and Control Encyclopedia, Theory, Technol-
ogy and Application, Pergamon Press, Oxford, 1987.

5. L. Dedik and M. DuriSova. J. Pharmacokin. Biopharm. 22:293—
307 (1994).

6. L. Dedik and M. DuriSova. Int. J. Bio-Med. Comput. 39:231—
241 (1995).

7. M. DuriSov4, L. Dedik, and M. Balan. Bull. Math. Biol. 57:787—~
808 (1995). .

8. L. Dedik and M. DuriSovd. Comput. Methods Programs Biomed.
51:183-192 (1996).

9. L. Dedik and M. DuriSova. Clin. Res. Reg. Affairs 13:199-210
(1996).

10. H. Akaike. In A. E. Mehra and D. G. Lainiotis (eds.). System
Identification. Advances and Case Studies, Academic Press, New
York, 1976, pp. 27-96.

11. H. Padé. Ann. de I’Ecole Normale 9:1-93 (1892).

12. M. Weiss. Theoretische Pharmakokinetik, Verlag Gesundheit,
Berlin, 1990.

13. A. Rescigno. Pharm. Res. 9:925-928 (1992).

14. A. Pidgen, J. Pharm. Pharmacol. 48:11-16 (1996).



