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Abstract 

 Mathematical modeling and prediction of in-vivo performance in terms of the in-vivo 

drug absorption is of prime importance in the field op pharmacy in relation to the design and 

development of oral dosage forms. In order to be able to modify the design of a dosage form 

to comply with certain requirements, the in-vivo absorption characteristics form the basis. 

The quantitative determination of in-vivo absorption characteristics is not possible, 

mathematical technique based on system approach, convolution and deconvolution provides 

the precise answer. We present details of implementation of system approach and 

deconvolution for the prediction of in-vivo absorption characteristics in terms of rate of 

absorption of drug and cumulative drug absorbed as a function of time. Plasma 

concentration versus time profile of a certain product that can be fitted to a bi exponential 

equation is considered and prediction of the in-vivo absorption rate and cumulative amount 

absorbed as a function of time is described in detail and findings discussed. 
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Introduction: 

In design and development of oral dosage-form pharmaceutical industry requires 

characterization of various parameters of interest to pharmaceutical industry [1]. This 

assumes importance while submission of product details to regulatory agencies like US Food 

and Drug Administration (US FDA) [2]. Many times it is required to provide in-vitro in-vivo 

correlation (IVIVC. When a certain drug with certain dosage-form is tested in humans 

conducting a bio-study on certain number of subjects like 12 or 24 or even more at times it 

results in a table of values of plasma concentration of drug as a function of time. In such a 

bio-study the subjects under test are subjected to a washout period where they are kept under 

controlled conditions so that any residual drug is washed out. Then a dosage form is 

administered (there are different types of bio-studies) blood samples are drawn at 

predetermined intervals and stored after proper labeling. The plasma concentration of drug is 

determined for all the individuals and concentration of drug in blood plasma is measured 

using suitable technique. The resulting table or plot of plasma concentration of drug as a 

function of time is constructed which is usually referred to as plasma profile.  

In the process of making of a dosage-form the design has to comply with certain 

requirements, if it is a new design, it has to be within certain range as determined by the laid 

down conditions. If it is the modification of design, there is some standard plasma profile and 

the design has to be as close to the reference product as possible [3-5]. This involves the 

information of what is the rate of absorption of drug at different time point or the in-vivo 

drug absorption as a function of time. This in-vivo absorption is not always same as the in-

vitro drug release, in such cases an IVIVC is needed which is in-vitro in-vivo correlation [6-

8]. This relationship helps prediction of in-vivo absorption for a given in-vitro drug release. 

The problem is that a plasma profile is available as a reference and the plasma profile of the 

test product has to mach that of reference. This requires knowledge of in-vivo drug 

absorption profile for both the test and reference product [9-11]. Determination of these in-

vivo absorption profile is not possible with the convention pharmacokinetic models and the 

results are not reliable [12-15]. Some time back Weng Pederson introduced the concept of 

System Approach that makes use of mathematical concepts of Convolution and 

Deconvolution [16]. The relation between the three i.e. the Unit Input Response (UIR or 

U(t)), the Drug Input Rate I(t) and Plasma Concentration Profile C(t) is :  

C = I * U        (1) 

or 

 −==

t

duuUutItUtItC
0

)()()()()(    (2) 

In the above equations ‘C’ is the plasma concentration of drug as a function of time and I is 

the Unit Input Response (UIR), the plasma concentration of drug as a function of time and ‘I’ 

is the rate at which the drug is absorbed in-vivo. Equation 1 and 2 represent the convolution 

equation and the convolution integral respectively. In equation 2, t is the variable for time and 

‘u’ is a dummy variable used to evaluate the definite integral. The symbol ‘*’ in equation 1 

and 2 is not regular multiplication but stands for convolution of ‘I’ and ‘U’. 
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The opposite of Convolution is the Deconvolution and the equation representing 

Deconvolution is: 

 

)(/)()( tUtCtI =
     (3) 

The input rate of drug absorption can be determined by solving equation 3 for I(t). As it is 

opposite of integration it amounts to solving a differential equation and the process becomes 

simple if the two functions C(t) and U(t) are available in analytical form. If the data is 

available in tabular form, attempts can be made for fit the data to a suitable equation, at 

times; fitting the data to piece wise polynomial is also used. In DDS design or modification 

one needs the information on how the drug is absorbed as a function of time, therefore the 

Deconvolution of equation 3 has to be solved. There are different methods for performing 

Convolution and Deconvolution like Laplace transform and numerical methods if the data is 

in the form of tables [17,18]. The numerical Deconvolution is a very unstable process and 

needs utmost care. The implementation of Convolution is as follows. For convolution first the 

Laplace transform of the three functions is to be determined and then the product of the 

Laplace transform of I and U is found [19, 20]. The inverse Laplace transform of the product 

of the two Laplace transforms of I and U is the convolution of the said two functions. 

 

Laplace Transform Technique 

The Laplace transform of a function f(t) by definition is given by 

  )()()(
0

sfdttFetFL st == 


−
        (4) 

Inverse Laplace transform is just the opposite of this and standard tables are available in text 

books and literature that give Laplace transform and their invers for commonly used 

mathematical functions. Their multiplication and division rules are also available in literature. 

The Laplace transform takes a continuous time signal and transforms it to the s-domain.  

 

  )()( sitIL =      )()( sUtL =  and   )()( sctCL =  (5) 

Here the main function in time domain is denoted by capital letters and their Laplace 

transform in s – domain is denoted by lower case letters. The convolution of two functions 

I(t) and U(t) resulting in the function C(t) is  

                         )()()( tUtItC =        (6)

 
In Laplace domain 

                              )()()( tUtILtCL =       (7)

 
In s – domain  

)()()( susisc =         (8)

 It is to be noted that the dot between the last two functions of equations 7 and 8 represents 

actual multiplication where as the ‘*’ in equation 6 stands for convolution. For deconvolution
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       (11) 

The ‘/’ sign in equation 9 is not simple division it represents Deconvolution. The 

Deconvolution of the two functions C and U in equation 9 is the inverse Laplace transform of 

i(s) in equation 11. 

 )()( 1 siLtI −=

  

      (12) 

Using this procedure the in-vivo drug absorption as a function of time i.e. I(t) can be 

determined which can be compared with the standard and information about what changes in 

the test product are needed in terms of excipient used and other properties related to 

dissolution can be controlled.

 Implementation of Deconvolution 

To demonstrate the validity and importance of predictions using mathematical techniques in 

pharmacokinetic we consider a plasma profile of certain drug and implement entire procedure 

of prediction of in-vivo profile. In-vivo profile is the data or plot of the amount of drug 

absorbed as a function of time [17,19]. The plasma concentration of drug versus time plot is 

shown in Fig. 1. The plasma profile has a Tmax of 6 hours and Cmax of 278.5 ng/ml. The 

Area Under the Curve is 3477.41 ng∙hr/ml for 0 to 36 hour and AUC (0 – ∞) is 3495.65 

ng∙hr/ml. 
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Fig. 1 Plasma concentration of drug versus time plot, the plasma profile 

 

The plasma profile has a finite value till about 36 hours and what is desired is to estimate the 

amount of drug absorbed as a function of time. This requires implementation of the 

mathematical procedure of Deconvolution as discussed earlier. For the implementation of 
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Deconvolution shown in equation 9 – 12 which in turn requires the UIR or U(t). The UIR can 

be obtained using trailing part of the plasma profile shown in Fig. 1 after a time where 

absorption phase of the drug is over and normalizing the AUC to unit dose or 1 mg of drug. 

The plasma profile is fitted to a suitable analytical function and so is the UIR data. The 

equation fitting to the plasma concentration of drug versus time is given in equation 13 and 

the equation best fitting to the UIR data obtained from the trailing part of the plasma profile 

where the absorption phase is over is given in equation 14. 

 

 t0.78 - t0.32 - t0.1749 -  25.548 33.2286  078.1738)( eeetC +−=

 

 (13) 

  31.7)(   t0.32 -etU =

 

       (14) 

The Laplace transform of the two functions respectively is  

 
( )

 
)78.0()1749.0(0.32s

5152.603194s19-448747232331.29999976-
)(

+++

+
=

ss

e
tCL  (15) 

 
32.0

31.7
)(

+
=

s
tUL         (16) 

Dividing right hand side of equation 15 by right hand side of equation 16 and simplifying and 

then splitting into partial fractions we get 

78.0

5.34

1749.0

34.5

0.32)(s

19-4.572664e
)(

+
−

+
+

+
=

ss
sI     (17) 

Taking the inverse Laplace transform of equation 17 gives the equation of the in-vivo drug 

input rate I(t) as 

t0.78-t0.1749-t*0.32-19- e34.5-e34.5+e102.094)(  =tI  (18) 

The in-vivo rate of drug absorption shown in equation 18 is presented graphically in Fig. 2. 
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Fig. 2  Plot of In-vivo drug absorption as a function of time (Input rate) 
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Traditionally and also from the point of view of taking a decision regarding what 

modification in the drug absorption as a function, along with the drug absorption rate, the 

cumulative amount of drug absorbed as a function of time is found to be very useful. The 

cumulative amount of drug absorbed in-vivo as a function of time can be obtained integrating 

the in-vivo rate of drug absorption as a function of time from equation 18. Plot of cumulative 

amount of drug absorbed as a function of time is shown in Fig. 3. 
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Fig. 3  Plot of cumulative amount of drug absorbed in-vivo as a function of time 

 

The cumulative amount of drug absorbed in-vivo is shown in Fig. 3 which is obtained by 

integrating the equation 18. The cumulative amount of drug absorbed as a function time 

shows the after the absorption phase is over, after about 20 hours, the amount of drug 

absorbed plot becomes flat and the total amount of drug absorbed is about 150 mg which is 

consistent with the data used. 

 

Results and discussion 

In the field of pharmacy, particularly in the design and development of oral dosage forms like 

tablets and capsules, to comply with the requirements it becomes very important to know the 

in-vivo performance in terms of the drug absorption as a function of time. The existing 

techniques in pharmacokinetics, other than the one presented here, are incapable of providing 

realistic and reliable result. We demonstrated that for a product with 150 mg of drug and 

given plasma performance, the system approach and Deconvolution can be very useful and 

reliable to predict in-vivo drug absorption which is of key importance is product design and 

development. This can be used to control at what time how much drug is to be released or 

absorbed. This becomes extremely important for long acting dosage-forms like slow release, 

sustained release etc. 

 

 

 

 

YMER || ISSN : 0044-0477

VOLUME 21 : ISSUE 12 (Dec) - 2022

http://ymerdigital.com

Page No:561



ACKNOWLEDGEMENT  

Principal Maulana Azad College, Aurangabad 431008 for providing research facility. Unisoft 

Pharma Solutions, Aurangabad for sharing important information techniques and tools and 

training. Principal Dr. Anil P Battase, GRN College of Pharmacy, Sawarde, Chiplun 415606, 

Maharashtra, India and Dr.  Nityanand Zadbuke, Manager (F&D), RV Lifesciences Limited, 

Aurangabad, for sharing useful information and guidance from time to time related to system 

approach and pharmaceutical applications. 

 

References: 

 

1. Nunzia La Maida, Alessandro Di Giorgi, Simona Pichini, Francesco Paolo Busardò, 

Marilyn A. Huestis, ‘Recent challenges and trends in forensic analysis: Δ9-THC isomers 

pharmacology, toxicology and analysis’, Journal of Pharmaceutical and Biomedical Analysis, 

Vol. 220, No 9, 2022)    

2. Eva Sanchez Armengol, Alexander Unterweger & Flavia Laffleur, ‘PEGylated drug 

delivery systems in the pharmaceutical field: past, present and future perspective’, Drug 

Development and Industrial Pharmacy, Volume 48, Issue 4 (2022), pp 129-139 

3. G. Mehdiyeva V. Ibrahimov and M. Imanova, ‘An Application of Mathematical 

Methods for Solving of Scientific Problems’, British Journal of Applied Science & 

Technology 14(2): 1-15, 2016, Article no.BJAST.22964 ISSN: 2231-0843, NLM ID: 

101664541  

4.  Caiping Zhuo, Zanchun Wang and Weiran, ‘On the Entire Solutions of a Nonlinear 

Differential Equation of Hayman’, British Journal of Mathematics & Computer Science, 

2015; 5 : 3. Article no. BJMCS, 2015, 028, 408-413 

5. Skvortsov LM. ‘Explicit two-step Runge-Kutta methods’, Math Modeling, 

2009;21:54-65 

6. Mehdiyeva G, Imanova M, Ibrahimov V. A, ‘Way To Construct An Algorithm That 

Uses Hybrid Methods’, Applied Mathematical Sciences, HIKARI Ltd. 2013;7(98): 4875-

4890 

7. Temur hilachava, Maia Chakaberia, ‘Mathematical Modeling of Nonlinear Processes 

Bilateral Assimilation’, Georgian Electronic Scientific Journal: Computer Science and 

Telecommunications 2015, |No. 2(46) 

8. S.HeY.LiR.Z.Wang, ‘Progress of mathematical modeling on ejectors’ Renewable and 

Sustainable Energy Reviews, Volume 13, Issue 8, October 2009, Pages 1760-1780 

9. Blower S, Bernoulli D., ‘An attempt at a new analysis of the mortality caused by 

smallpox and of the advantages of inoculation to prevent it’, Rev Med Virol, 2004; 14:275 – 

88 

10. Ajmera, M Swat, C Laibe, N Le Novère, V Chelliah, ‘The impact of mathematical 

modeling on the understanding of diabetes and related complications’, Volume2, Issue7, July 

2013, Pages 1-14 

11. Silber, H.E., Jauslin, P.M., Frey, N., Gieschke, R., Simonsson, U.S. & Karlsson, 

M.O., ‘An integrated model for glucose and insulin regulation in healthy volunteers and type 

2 diabetic patients following intravenous glucose provocations.’ J. Clin. Pharmacol. 47, 

1159– 1171 (2007). 

YMER || ISSN : 0044-0477

VOLUME 21 : ISSUE 12 (Dec) - 2022

http://ymerdigital.com

Page No:562

https://www.sciencedirect.com/journal/journal-of-pharmaceutical-and-biomedical-analysis
https://www.tandfonline.com/author/Sanchez+Armengol%2C+Eva
https://www.tandfonline.com/author/Unterweger%2C+Alexander
https://www.tandfonline.com/author/Laffleur%2C+Flavia
https://www.sciencedirect.com/science/article/abs/pii/S1364032108001779#%21
https://www.sciencedirect.com/science/article/abs/pii/S1364032108001779#%21
https://www.sciencedirect.com/science/article/abs/pii/S1364032108001779#%21
https://www.sciencedirect.com/journal/renewable-and-sustainable-energy-reviews
https://www.sciencedirect.com/journal/renewable-and-sustainable-energy-reviews
https://www.sciencedirect.com/journal/renewable-and-sustainable-energy-reviews/vol/13/issue/8
https://ascpt.onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Ajmera%2C+I
https://ascpt.onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Swat%2C+M
https://ascpt.onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Laibe%2C+C
https://ascpt.onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=le+Nov%C3%A8re%2C+N
https://ascpt.onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Chelliah%2C+V
https://ascpt.onlinelibrary.wiley.com/toc/21638306/2013/2/7


12. Kjems, L.L., Volund, A. & Madsbad, S., ‘Quantification of beta-cell function during 

IVGTT in type II and non-diabetic subjects: assessment of insulin secretion by mathematical 

methods.’ Diabetologia 44, 1339– 1348 (2001). 

13. J.E. Riviere, J. Gabrielsson, M. Fink and  J. Mochel, ‘Mathematical modeling and 

simulation in animal health. Part I: Moving beyond pharmacokinetics’, Journal of veterinary 

pharmacology and therapeutics, Volume 39, Issue3, June 2016, Pages 213-223 

14. C. Bon, P. L. Toutain, D. Concordet, R. Gehring, T. Martin-Jimenez, J. Smith, L. 

Pelligand, M. Martinez, T. Whittem, J. E. Riviere, J. P. Moche, ‘Mathematical modeling and 

simulation in animal health. Part III: Using nonlinear mixed-effects to characterize and 

quantify variability in drug pharmacokinetics’, Journal of veterinary pharmacology and 

therapeutics, Volume41, Issue2, April 2018, Pages 171-183 

15. Meindert Danhof Elizabeth, C.M.de Lange, , Oscar E.Della Pasqua, Bart A.Ploeger, 

Rob A.Voskuyl, ‘Mechanism-based pharmacokinetic – pharmaco-dynamic (PK-PD) 

modeling in translational drug research’, Trends in Pharmacological sciences, Volume 29, 

Issue 4, April 2008, Pages 186-191 

16. Weng-Pedersen, P, ‘Novel Method of Calculating Absolute Bio-availability in 

Nonlinear Pharmacokinetics’, J. Pharm. Sci 74:90–93, 1985 

17. Patrick Poulin, Frank J.Burczynski and Sami Haddad, ‘The Role of Extracellular 

Binding Proteins in the Cellular Uptake of Drugs: Impact on Quantitative In Vitro-to-In Vivo 

Extrapolations of Toxicity and Efficacy in Physiologically Based Pharmacokinetic-

Pharmacodynamic Research’, Journal of Pharmaceutical Sciences,  Volume 105, Issue 2, 

February 2016, Pages 497-508 

18. M.A. Nguyen et.al. ‘A survey on IVIVC/IVIVR development in the pharmaceutical 

industry – Past experience and current perspectives’European Journal of Pharmaceutical 

Sciences, Volume 102, 1 May 2017, Pages 1-13 

19. Jaber Emami, ‘In vitro - In vivo Correlation: From Theory to Applications’, J Pharm 

Pharmaceut Sci  9 (2):pp 169 -189 , 2006  

20. Abdullah Asli, Iuliana Zspldos-Marchis, ‘Teaching Applications of Mathematics in 

other Disciplines: Teachers’ Opinion and Practice’, Acta Didactica Napocensia, Vol. 14, No. 

1, 2021 

 

 

 

YMER || ISSN : 0044-0477

VOLUME 21 : ISSUE 12 (Dec) - 2022

http://ymerdigital.com

Page No:563

https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Riviere%2C+JE
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Gabrielsson%2C+J
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Fink%2C+M
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Mochel%2C+J
https://onlinelibrary.wiley.com/toc/13652885/2016/39/3
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Bon%2C+C
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Toutain%2C+P+L
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Concordet%2C+D
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Gehring%2C+R
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Martin-Jimenez%2C+T
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Smith%2C+J
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Pelligand%2C+L
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Pelligand%2C+L
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Martinez%2C+M
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Whittem%2C+T
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Riviere%2C+J+E
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Mochel%2C+J+P
https://onlinelibrary.wiley.com/toc/13652885/2018/41/2
https://www.sciencedirect.com/science/article/abs/pii/S0165614708000497#%21
https://www.sciencedirect.com/science/article/abs/pii/S0165614708000497#%21
https://www.sciencedirect.com/science/article/abs/pii/S0165614708000497#%21
https://www.sciencedirect.com/science/article/abs/pii/S0165614708000497#%21
https://www.sciencedirect.com/journal/trends-in-pharmacological-sciences/vol/29/issue/4
https://www.sciencedirect.com/journal/trends-in-pharmacological-sciences/vol/29/issue/4
https://www.sciencedirect.com/science/article/abs/pii/S0022354915000404#%21
https://www.sciencedirect.com/journal/journal-of-pharmaceutical-sciences
https://www.sciencedirect.com/journal/journal-of-pharmaceutical-sciences/vol/105/issue/2
https://www.sciencedirect.com/journal/european-journal-of-pharmaceutical-sciences
https://www.sciencedirect.com/journal/european-journal-of-pharmaceutical-sciences
https://www.sciencedirect.com/journal/european-journal-of-pharmaceutical-sciences/vol/102/suppl/C

