
Introduction

The current study was aimed at providing a short review of four

studies published previously which showed that advanced

computational and modeling tools from the theory of dynamic

systems can be successfully used in mathematical modeling in

pharmacokinetics. The model development in the studies

reviewed here was performed in the following successive steps:

In the first step, a pharmacokinetic dynamic system was

defined using: i) a Laplace transform of a mathematical function

approximating drug administration to a human subject or an

animal, and considered as an input to the body and/or to a

pharmacokinetic dynamic system, and ii) a Laplace transform of

a mathematically described plasma or blood concentration-time

profile of an administered drug, and considered as an output of a

pharmacokinetic dynamic system (Dedík and Ďurišová, 1994;

Ďurišová et al. 1995; Ďurišová and Dedík, 1997; Levitt 2002).

In the second step, a pharmacokinetic dynamic

system was used to mathematically represent static and

dynamic properties of the pharmacokinetic behavior of an

administered drug in a body (Weiss and Förster, 1979;

Werotta, 1996; Xiao et al. 2012).

In the third step, a mathematical model of a

pharmacokinetic dynamic system was developed using

either the computer program named CXT (Dedík and

Ďurišová, 1994; Ďurišová et al. 1995; Ďurišová and Dedík,

1997), or the computer program named CTDB (Dedík et al.

2007) and the non-iterative modeling method published

previously (Levy, 1959).

In the fourth step, the following simplifying

assumptions were made: a) initial conditions of a

pharmacokinetic dynamic system were zero; b)

pharmacokinetic processes occurring in the body after a

drug administration were linear and time-invariant; c)

concentrations of a drug administered were the same

throughout all subsystems of a pharmacokinetic dynamic

system, where subsystems were integral parts of a

pharmacokinetic dynamic system; d) no barriers to the

distribution and/or elimination of an administered drug
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existed; e) a pharmacokinetic dynamic system was stable and

did not become unstable during an investigation phase.

In the fifth step, a pharmacokinetic dynamic system was

described with the transfer function, denoted by H(s):

(1)

In Eq. (1), is a Laplace transform of plasma or bloodC(s)

concentration-time profile of an administered drug, where sC(t)

is complex Laplace variable, t is time, and is a LaplaceI(s)

transform of a drug administration.

In the sixth step, either the computer program named CXT

(Dedík and Ďurišová, 1994; Ďurišová et al. 1995; Ďurišová and

Dedík, 1997) or the computer program named CTDB (Dedík,

2007), and a non-iterative modeling method published

previously (Levy, 1959) were used to develop a transfer

function mathematical model of the pharmacokineticH (s)m

dynamic system defined. The transfer function model H (s)m

described by Eq. (2) was used in four studies reviewed here

(Dedík and Ďurišová, 1994; Ďurišová et al. 1995; Ďurišová and

Dedík, 1997):

(2)

On the right-hand-side of Eq. (2) is the Padé approximant (Levy,

1959; Beckermann and Kaliaguine, 1997) to the transfer

function model is an estimator of a model parameterGH (s)m

called a gain of a dynamic system are additionala .....a , b .....b1 n 1 m

model parameters, is the highest degree of the nominatorn

polynomial, and is the highest degree of the denominatorm

polynomial, where (Dedík and Ďurišová, 1994; Ďurišován < m

et al. 1995; Ďurišová and Dedík, 1994;Yates, 2006).

In the seventh step, the transfer function was convertedH (s)m

into an equivalent frequency response function, denoted by

F (i )M jω (Dedík and Ďurišová, 1994; Ďurišová et al. 1995). After

that, the non-iterative method (Levy 1959) was used to develop a

frequency response function model and to determineF (i )M jω

point-estimates of parameters of a frequency response function

model in the complex domain. The frequency responseF (i )M jω

function model used in the four studies reviewed here isF (i )M jω

described by the following equation:

(3)

Analogously as in Eq. (2), is the highest degree of the numerator

polynomial of the frequency response function model F (i ) mM jω

is the highest degree of the denominator polynomial of the

frequency response function model where , is theF (i ) n m iM jω ≤

imaginary unit, and is the angular frequency in Eq. (3)

(Levy, 1959; Dedík and Ďurišová, 1994; Ďurišová and

Dedík, 1994; Ďurišová et al. 1995;Yates, 2006).

In the eighth step, a frequency response function model

F (i )M jω was refined using the Monte-Carlo and the Gauss-

Newton method in the time domain.

In the ninth step, the Akaike Information Criterion (Akaike

1974) was used to select the best frequency response

function model and point estimates of parameters ofF (i )M jω

the best frequency response function model of aF (i )M jω

dynamic system under study in the complex domain. In the

final step, 95 % confidence intervals for parameters of the

best frequency response model were determined inF (i )M jω

the time domain.

The transfer function model and the frequencyH (s)m

response function model have been implemented inF (i )M jω

both computer programs CXT and CTDB. A demo version

of the computer program CTDB is available free of charge

at: http://www.uef.sav.sk/advanced.htm. The computer

program CXT is out of date; therefore it was not used in the

studies: (Dedík, 2007; Ďurišová, 2012; Ďurišová, 2014).

In the following text, pharmacokinetic dynamic systems

were simply called dynamic systems. Frequency response

function models analogous to that one described by Eq. (3)

were used in four studies reviewed here. Based on

mathematical models of dynamic systems developed,

potentially most important pharmacokinetic variables were

determined.

In the first study reviewed here (Dedík and Ďurišová,

1994), the frequency response modeling method has been

introduced to pharmacokinetics, and the use of the

frequency response modeling method was exemplified

employing the data kindly provided by the authors of the

study (Trnovec et al. 1984) which described an

investigation of bioavailability of gentamicin

intratracheally administered to guinea pigs. The results

obtained in the study (Dedík and Ďurišová, 1994) revealed

that: 1) intratracheally administered gentamicin was

virtually completely systemically available; 2) the rate of

gentamicin bioavailability determined using the frequency

response method was a smooth line but the rate of

gentamicin bioavailability determined using a

deconvolution method was a broken line; 3) accurate

approximations of the plasma concentration-time profiles

of gentamicin were obtained using the frequency response

but not using the compartment method for all guinea pigs.

The research performed in the study (Dedík and Ďurišová,

1994), indicated firstly that computational and modeling
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tools from the theory of dynamic systems, and a frequency

response modeling method can be advantageously used in

mathematical modeling in pharmacokinetics, see Figure 1. The

full text of the study (Dedík and Ďurišová, 1994) is available free

of charge at:

http://www.uef.sav.sk/advanced_files/Frequency%20response.

pdf.

The second study reviewed here (Ďurišová et al. 1995) is a

sequel to the earlier study (Dedík and Ďurišová, 1994). It

described a procedure for building a structured model of a

complex pharmacokinetic dynamic system. The structured

model built consisted of a sub model of a proportional linear

subsystem, two of simple linear subsystems and two sub models

of parallel subsystems with time delays. The research performed

the study (Ďurišová et al. 1995) indicated clearly that a

combination of mathematical modeling in the frequency and

time domain can be efficiently used in pharmacokinetics. The full

text of the study (Ďurišová et al. 1995) is available free of charge

at: http://www.uef.sav.sk/advanced_files/ref-16.pdf.

The third study (Ďurišová and Dedík, 1994) reviewed here,

described an investigation of pentacaine pharmacokinetics in

healthy subjects, using the data collected in a phase I clinical trial

of pentacaine. Pentacaine is a carbanilate type local anesthetic,

recently recognized as an antiulcer agent (Babuľová et al. 1988;

Štolc, 1988). For modeling purposes, a frequency response

modeling method and a compartment method were used. The

results obtained in the study (Ďurišová and Dedík, 1994)

revealed that better approximations of plasma

concentration-time profiles of pentacaine were obtained

using the advanced frequency response modeling method

(Dedík and Ďurišová, 1994) than using a compartment

method in all subjects participating in a phase I clinical trial

of pentacaine (Ďurišová and Dedík, 1994), see Figure 1.

The mean residence time, (denoted by ), is anMRT

important pharmacokinetic parameter. However, to the

author's knowledge, physiologically based structures of

MRT (thereafter structures) have not been published

before 2012. The reason for this is probably that MRT

structures cannot be identified with traditional

pharmacokinetic methods, commonly used to calculate

MRT. Therefore, an advanced computational and modeling

method originated in the area of dynamic systems, and the

theoretical pharmacokinetic (Figure 2) were used to

identify a physiologically based structure of a mean

residence time ( ) of a drug administered in a singleMRTiv

dose intravenously to a hypothetical subject in the study

(Ďurišová, 2012). The forth study (Ďurišová, 2014)

reviewed here described an identification of a

physiologically based structure of a mean residence time

MRTiv of a drug orally administered in a single dose to a

hypothetical subject and a physiologically based structure

of a mean residence time, of a drug administeredMRTpo

intramuscularly in a single dose to a hypothetical subject.

A physiologically based structure of a mean residence time

3

Figure 1. Full lines descriptions of plasma concentration-time pro�les of pentacaine by models developed using a frequency response method,:
doted lines: descriptions of plasma concentration-time pro�les of pentacaine by models developed using a compartment method.
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MRTim of a drug administered intravenously in a single dose to a

hypothetical subject, determined in the study (Ďurišová, 2012),

is described by the following equation:

(4)

The right hand side of Eq. (4) includes five terms which relate to

a drug transport to the blood circulation through the following

subsystems: The cardiopulmonary subsystem thecpH

corresponding term is The portal venous subsystem the,F Hcp p.

corresponding term is The hepatic portal subsystem the,F Hp h.

corresponding term is The subsystem that mathematicallyF Hh o.

describes the pharmacokinetic behavior of an administered drug

in non-eliminating tissues, the corresponding term is TheFo.

subsystem that mathematically represents enterohepaticHr

cycling (EHC), if present. The corresponding term is (seeFr

Figure 2). The subsystem is illustrated using dotted lines because

EHC is not always present. The physiologically based structures

of were identified using advancedandMRT MRTpo im

computational tools from the theory of dynamic systems and two

theoretical pictures: theoretical pharmacokinetic Figures 3 and 4.

Figure 2. A scheme of a circulatory model of a dynamic system

mathematically representing a pharmacokinetic behavior of a drug

administered in a single dose intravenously. I iv stands for a single-δ

dose intravenous drug administration to a hypothetical subject, δ

stands for the Dirac delta function . stands for the concentration-Cv

time profile of the administered drug in the venous blood, stands forHcp

the cardiopulmonary subsystem, representing the drug transport

through both heart and lungs. stands for the portal subsystemHp

mathematically representing the portal transport of the administered

drug. stands for the hepatic subsystem representing the hepaticHh

transport of the administered drug, Ho stands for the subsystem

mathematically representing non-eliminating tissues, stands for theHr

subsystem representing the enterohepatic cycling. and standsC , C Cp h o

for the concentration-time profile of the drug administered through the

subsystem subsystem and subsystem Ho respectively.H H Q , Q , Q ,p h cp p h

Qo stands for the blood flow through a body subsystem, each body

subsystem is specified by a subscript. The symbol × denotes a

summation operator. The subsystem is illustrated using dotted lines;Hr

enterohepatic cycling is not always present.

Figure 3. Circulatory model of a dynamic system mathematically

representing the pharmacokinetic behavior of a drug administered

orally in a single dose to a hypothetical subject. stands for anIpo

oral drug administration.

Figure 4. Circulatory model of a dynamic system mathematically

representing the pharmacokinetic behavior of a drug administered

intramuscularly in a single dose to a hypothetical subject. Iδim

stands for the intramuscular drug administration. For the meaning

of other symbols see Figure 2.

The identification of the physiologically based structures of

MRT MRTpo imand and was performed in the following

successive steps:

In the first step, two theoretical pharmacokinetic

figures were used to illustrate drug disposition after a single

oral and intramuscular drug dose administered to a

hypothetical subject, see theoretical pharmacokinetic

Figure 2 and theoretical pharmacokinetic Figure 3,

respectively.

In the second step, the dynamic systems, denoted by

poH ,Himand were defined, and used to mathematically

represent dynamic processes impacting drug disposition

after oral and intramuscular drug administration,

respectively. In definition of the dynamic systems andHpo

Him a Laplace transform of a function mathematically

approximating a drug administration was considered as an
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input to the system and/or and a function mathematicallyH Hpo im

approximating a concentration-time profile of a drug

administered in blood or plasma was considered as an output of

the dynamic system (Dedík and Ďurišová, 1994;H Hpo imand/or

Ďurišová et al. 1995; Ďurišová and Dedík, 1997).

In the third step, circulatory models of the dynamic systems

and Weiss andwere developed ( Förster, 1979). In theH Hpo imand

forth step, the transfer functions the dynamicofH  (s) H(s)po imand

systems were derived, using the methodand H Hpo imand

described previously (Dedík and Ďurišová, 1994; Ďurišová et al.

1995; Ďurišová and Dedík, 1997; Dedík at al. 2007). Finally, the

circulatory models, the transfer functions andH  (s) H(s)po imand

Eq. (5) and Eq. (6), were used to identify physiologically based

structures of and :MRT MRTpo im

Eq. (5)

Eq. (6)

The physiologically based structure of the mean residence time

MRTpo identified in the study (Ďurišová, 2014) is described by the

following equation:

Eq. (7)

In Eq. (7): is the mean residence time corresponding to theMRTs

subsystem namely to the subsystem describing the followingHs

processes: disintegration of an oral drug dosage form, drug

liberation and dissolution, hepatic and intestinal first-pass effects

(if present) and gastric emptying. is the mean residenceMRTp

time corresponding to the subsystem Hp namely the subsystem

describing the portal transport of the drug. is the meanMRTh

residence time corresponding to the subsystem Hh namely to

the subsystem describing the hepatic transport of a drug

administered, see theoretical pharmacokinetic Figure 3.

Naturally, in Eq. (7) is the same as that in Eq. (4). The sumMRTiv

of the mean residence times + + in Eq. (7)MRT MRT MRTs p h

corresponds to the transport of an administered drug from the

gastrointestinal tract to the blood circulation. The

physiologically based structures of identified in the studiesMRT

(Ďurišová, 2012; Ďurišová, 2014) are physiologically

meaningful; accordingly these structures exhibit potential to

contribute to already established pharmacokinetic knowledge

about mean residence time.

Discussion

In the four studies reviewed in here, a human body was regarded

as a functional physiological unit. In four studies reviewed

here, dynamic systems were used as working tools to

mathematically represent processes impacting drug

disposition, after an intravenous, oral and intramuscular

drug administration to hypothetical subjects. The dynamic

systems used in the four studies reviewed here exhibited no

physiological significance. ADME is an acronym

frequently used in pharmacokinetics. It stands for

absorption, distribution, metabolism, and elimination

(Veng-Pedersen, 2001).

Figure 1 has been taken from the study (Ďurišová and

Dedík, 1994) reviewed here, which described an

investigation of pentacaine pharmacokinetics in healthy

subjects. A definition of a dynamic system in the four

studies reviewed here was performed in the following way:

(a) a mathematical function approximating a drug input to

the body was used as an input to a dynamic system, and a

mathematical function approximating a response of the

body to a drug input was used as an output of a dynamic

system.

There are the following highly significant differences

in terminology between pharmacokinetics and the studies

reviewed here , which may cause a ser ious

misunderstanding: The first important difference is

between the physiological nature of an information

conveyed by a physiological system and the functional

nature of an information conveyed by dynamic systems

used in the studies reviewed in the current study. The

second important difference is between the use of the term

“dynamic”: In pharmacokinetics, the term “dynamic” is

commonly employed in expressions describing drug

actions. In the studies reviewed here, the term “dynamic”

was used to indicate that the systems under study changed

over time.

Differences between traditional pharmacokinetic

methods used to determine and the method used in theMRT

studies (Ďurišová, 2012; Ďurišová, 2014) were left

unexplained. Instead of a comparison of the methods

considered here, the study gave rise to a reasonable

expectation that the structures identified in the studiesMRT

(Ďurišová, 2012; Ďurišová, 2014) may be useful for

pharmacokinetic research. Primarily, this is because MRT

determined by traditional methods integrate influences of

several processes impacting drug disposition in the body

into single numerical quantities, and do not provide any

information about related physiological backgrounds.

Concluding remarks

The structure identified in studies (Ďurišová 2012;MRT
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Ďurišová 2014) have not been experimentally validated up to

now. Their validity can be verified by further investigations,

mainly experimental investigations. The studies (Ďurišová

2012; Ďurišová 2014) presented a new view on “old” principles

associated with . They attempted to contribute to theMRT

current understanding of without an intention to criticizeMRT

traditional approaches to . According to the best of theMRT

author's knowledge, and after a Medline search, it can be stated

that physiologically based structures of have of not beenMRT

described in the literature before the year 2012.

The models developed and used in all studies reviewed here,

successfully described the pharmacokinetic behavior of drugs

under study. The modeling method used in the studies reviewed

here is universal; therefore it is applicable to any kind of a

dynamic system, not only in the field of pharmacokinetics but

also in many other scientific or practical fields. The four studies

reviewed here showed that mathematical and computational

tools from the theory of dynamic systems can be advantageously

used in pharmacokinetic modeling. Readers interested in the use

of an advanced modeling method used in the studies reviewed

here are invited to visits the author's web page (an English

version): http://www.uef.sav.sk/advanced.htm, where they will

find several previously published full-text articles authored

and/or co-authored by the author of the current study, which

considered can be downloaded free of cost.

For the sake of conciseness, 1) mathematical details of the

advanced modeling and computational tools used were restricted

to a bare minimum; 2) significant differences between traditional

pharmacokinetic methods and the modeling and computational

method used in the four studies reviewed was left uncommented.

The modeling method used in the in the studies reviewed here

can be easily elucidated using: 1) the explanatory picture (in

black and white); and 2) full text studies (authored and/or

coauthored by the author of the current study) available online at:

http://www.uef.sav.sk/advanced.htm.

The current showed that an integration of key concepts

from pharmacokinetics and bioengineering is a good and

efficient way to study dynamic processes in pharmacokinetics,

because such integration combines mathematical rigor with

biological insight.
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